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Abstract

Copper misbalance has been linked to fat accumulation in animals and experimental systems; 

however, information about copper homeostasis in human obesity is limited. In this study, the 

copper status of obese individuals was evaluated by measuring their levels of copper and 

cuproproteins in serum, adipose and hepatic tissues. The analysis of serum trace elements showed 

significant positive and element-specific correlation between copper and BMI after controlling for 

gender, age, and ethnicity. Serum copper also positively correlated with leptin, insulin, and the 

leptin/BMI ratio. When compared to lean controls, obese patients had elevated circulating 

cuproproteins, such as semucarbazide-sensitive amine oxidase (SSAO) and ceruloplasmin, and 

higher SSAO activity and copper levels in visceral fat. Although hepatic steatosis reduces copper 

levels in the liver, obese patients with no or mild steatosis have higher copper content in the liver 

compared to lean controls. In conclusion, obese patients evaluated in this study had altered copper 

status. Strong positive correlations of copper levels with BMI and leptin suggest that copper and/or 

cuproproteins may be functionally linked to fat accumulation.
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Introduction

Copper (Cu) is a trace element that is vital to human health. Tight regulation of Cu levels in 

cells and tissues is necessary for normal physiologic processes. Cu is a co-factor of enzymes 

involved in mitochondrial function, inflammatory response, and anti-oxidative functions. Cu 

has also been reported to play a role in fat metabolism. Dietary Cu deficiency combined with 

high fructose induces non-alcoholic fatty liver disease (NAFLD) in rats.1 Imbalance of Cu 

along with changes in the activity and abundance of Cu-dependent enzymes has been linked 

to diabetes and obesity (refs). Mice lacking the Cu transporter ATP7B in hepatocytes 

accumulate copper in the liver and develop steatosis and obesity.2 Downregulation of the 

Cu-dependent enzyme, semicarbazide-sensitive amine oxidase (SSAO), in mice leads to 

mild obesity.3 At the cellular level, the loss of Cu-dependent SSAO activity results in 

unbalanced utilization of metabolic fuels (glucose and fatty acids), accumulation of fat, and 

adipocyte hypertrophy.4

The emerging role of Cu in lipid metabolism may provide a new target for obesity research. 

However, information concerning Cu homeostasis in obese patients is limited. Elevation in 

serum Cu has been reported in obesity.5-7 In serum, the majority of Cu is bound to 

cuproproteins,8 and cuproproteins such as ceruloplasmin (Cp)9 and SSAO are higher in 

obese patients.10 Cp is a Cu-dependent ferroxidase secreted predominantly by the liver. Cp 

is involved in iron metabolism and serves as a marker of inflammation in clinical settings.11 

SSAO is an amine oxidase, which converts primary amines to the corresponding aldehydes 

with the release of ammonia and hydrogen peroxide.12 SSAO is predominantly expressed in 

adipose tissue, smooth muscle, and endothelial cells. The soluble SSAO is derived from the 

membrane-bound SSAO and released into circulation predominantly from the adipose tissue.
13

The increase of serum Cu in obese patients may reflect an increased secretion of 

cuproprotein(s) from tissues. Higher expression/secretion of cuproproteins would require 

higher supply of Cu to tissues. Currently, information about Cu levels in metabolic tissues 

such as adipose tissue or liver in obesity is lacking, and the relationship between total serum 

Cu and levels of cuproproteins like SSAO and Cp is also unclear. To address these gaps in 

our knowledge, we conducted a cross-sectional study, in which we analyzed the levels of Cu 

in circulation and two major metabolic tissues (adipose and liver) in obese individuals.

Materials and methods

Study design and participants

A cross-sectional study was conducted from October 2013 to March 2015 at the Johns 

Hopkins Medical Institutions.14 Obese patients (BMI > 40 kg m−2 or >35 kg m−2 with one 

or more obesity-associated comorbidities) undergoing bariatric surgery (Roux-en Y gastric 

bypass (RYGB) or vertical sleeve gastrectomy (VSG)) were recruited from the Johns 

Hopkins Center for Bariatric Surgery. Patients with previous weight loss surgery were 

excluded. Lean controls (BMI < 26 kg m−2) with no history of diabetes or cardiovascular 

disease were recruited from the Johns Hopkins Hospital. A total of 62 lean and 55 obese 

patients were included in this study. Participants were verbally briefed about the study and 
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signed written informed consent. All human studies were approved by the Johns Hopkins 

University School of Medicine Institutional Review Board.

Human tissue specimens

Visceral adipose tissue from obese patients was obtained from the Greater Omentum, and 

immediately placed into a sterile container containing All Protect Tissue Reagent (Qiagen) 

for stabilization until frozen on dry ice and stored at −80 °C. De-identified visceral fat tissue 

from healthy adults with a BMI < 26 was obtained from the Bayview Medical Center 

pathology laboratory. Fresh tissue was collected, frozen and stored at −80 °C. The body 

mass index (BMI) was calculated as weight/height2 (kg m−2). Obese liver tissues were 

obtained from the left lateral lobe of the liver and immediately placed into a sterile container 

containing the RNA stabilization reagent (Qiagen, Hilden, Germany) until frozen on dry ice 

and stored at −80 °C for future analysis. Normal human liver tissues were obtained through 

the Liver Tissue Cell Distribution System (Minneapolis, MN), funded by the NIH contract 

#HHSN276201200017C. All blood samples were collected in the morning following an 

overnight fast. Blood samples were centrifuged at 3200g for 7 min and the serum was 

aliquoted and stored at −80 °C for subsequent assays.

Inductively coupled plasma mass spectroscopy (ICP-MS).—For trace metal 

measurements, 200 μL of each serum sample was transferred into an acid-rinsed 15 mL 

conical tube and diluted 21× with 1% HNO3 (trace metal grade, Fisher-Scientific). ICP-MS 

analysis was performed using an Agilent 7700× equipped with an ASX 500 autosampler as 

previously described15 with the following variation. Elemental recovery was evaluated by 

measuring the NIST reference material (water, SRM 1643e, and serum, SRM 1598a) and 

was found to be >90% for all determined elements.

Analysis of Cu levels in tissues by atomic absorption spectroscopy.—70% 

nitric acid was added to adipose or liver tissue in an Eppendorf tube in an equal ratio 

(volume : weight). The tissues in nitric acid were incubated at 55 °C for 30 min. The 

samples were then diluted 40 times with ultrapure water, and the debris was removed by 

centrifugation at 14 000 × g for 1 min. Cu concentration in the supernatant was measured 

using atomic absorption spectroscopy (AA-6650G, Shimadzu, Columbia, MO). The samples 

with the same weight were homogenized using homogenizing buffer (50 mM HEPES, 

1/1000 Igepal, 150 mM NaCl, 0.25 M sucrose, 0.5 μM AEBSF and 1 : 100 protease inhibitor 

solution). The samples received 30 strokes with tight-fitting pistons. Samples were then 

centrifuged at 1000 × g for 15 min, and the supernatant was collected as tissue homogenates. 

The protein concentration was determined by the BCA assay. The Cu/protein ratio was 

measured in triplicate and averaged for each sample.

Immunoblotting

Serum was diluted 5 times with PBS, and 5 μL of diluted serum was used for protein 

separation and Western blotting. Before the electrophoretic separation of proteins, each 

sample was combined with an equal volume of 2× Laemmli sample buffer containing 5% β-

mercaptoethanol. Proteins were then resolved on 8% Laemmli SDS-PAGE and transferred to 

a PVDF membrane at 90 V for 90 min in Towbin buffer. The PVDF membrane was 
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incubated in blocking buffer (3% BSA in PBS) for 30 min before overnight incubation in 

primary antibodies in PBS at 4 °C. Primary antibodies used in immunoblotting were: the rat 

monoclonal anti-SSAO 7-106 antibody (AK 982/02), and the rabbit polyclonal antibody to 

transferrin (Abcam, ab66952). All primary antibodies were diluted in PBS at a dilution of 1 

in 1000. Secondary antibodies were: the goat polyclonal anti-rabbit IgG HRP-conjugate 

(Santa Cruz, SC-2004) and the goat polyclonal anti-rat IgG HRP-conjugate (Santa Cruz, 

SC-2006). The PVDF membrane was incubated in secondary antibodies diluted in PBST 

(0.1% TWEEN20 in PBS) at a dilution of 1 : 5000 for 1 h at room temperature.

SSAO activity

Tissue homogenates were prepared on ice by homogenizing pieces of frozen visceral fat 

from human subjects in 200 μL of homogenizing buffer (50 mM HEPES, 1/1000 Igepal, 150 

mM NaCl, 0.25 M sucrose, 0.5 μM AEBSF and 1 : 100 protease inhibitor solution). The 

samples received 30 strokes with tight-fitting pistons. Samples were then centrifuged at 1000 

× g for 15 min to remove the debris, and the supernatant was collected. The protein 

concentration of the lysate was determined by the BCA assay.

The SSAO activity was determined fluorometrically at 37 °C by measuring hydrogen 

peroxide production using the Amplex Red Monoamine Oxidase Assay Kit (Molecular 

Probes, The Netherlands) according to manufacturer’s instructions. Briefly, tissue 

homogenates of 10 μg protein were pre-incubated for 30 min at 37 °C with 100 μM 

monoamine oxidase B inhibitor pargyline. The reaction was started by the addition of 100 

μL of the reaction buffer (400 μM Amplex Red, 2 U mL−1 horseradish peroxidase, 2 mM 

benzylamine, 50 mM sodium phosphate, pH 7.4) and the fluorescence (excitation: 530 nm, 

emission: 590 nm) was monitored every two minutes for 60 min at 37 °C in a microplate 

reader. In parallel, 1 mM semicarbazide (SSAO inhibitor) was added to the same reaction 

mixture as a negative (background) control. Resorufin (7-hydroxy-3H-phenoxazin-3-one 10-

oxide) was used as a standard.

RNA isolation, reverse transcription, and real-time PCR

Human visceral adipose tissue samples (~100 mg) were homogenized using RLT buffer 

(Qiagen), incubated at RT for 5 min, and centrifuged at 12 000g × 10 min at 4 °C. The 

homogenate was carefully transferred into QIAshredder avoiding the fat layer. RNA was 

isolated using the QIAshredder and RNeasy Mini Kit (Qiagen). The first-strand cDNA was 

synthesized from 1 μg of RNA using the high capacity RNA-to-cDNA Kit (Applied 

Biosystems). The qPCR reaction was performed using the Power SYBR Green Master Mix 

on the QuantStudio6 Real-Time PCR system (Applied Biosystems) using human specific 

primers (Table S2, ESI†). Relative quantities were determined by the CT method. Transcript 

levels were normalized to Rpl19 as an internal control.

Statistical analysis

Statistical analysis was performed using Prism software version 6.0 (GraphPad Software). 

Two-tailed Student’s t-test was used when appropriate. All data in the figures and the text 

†Electronic supplementary information (ESI) available. See DOI: 10.1039/c9mt00148d
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are shown as the mean ± SEM. The p-value of less than 0.05 was considered significant. 

Correlations between the Cu levels and continuous variables were analyzed using Pearson’s 

correlation and linear regression. Linear regression analysis was performed for each 

independent variable with BMI. If variables reached statistical significance in univariate 

analysis, they were included into multivariate analysis with BMI as a dependent variable. All 

statistical analyses in Table S1 (ESI†) were performed using STATA statistical software 11.0 

(StataCorp LP, College Station, TX); data in Tables 1 and 2 were generated using R Project 

for Statistical Computing software version 1.66.

Results

Serum Cu levels positively correlate with BMI

To characterize the status of essential metals in obesity, we performed a cross-sectional 

study of obese patients (n = 55) and lean controls (n = 62). The baseline characteristics of 

the study subjects have been described16 and are summarized in Table S1 (ESI†). Briefly, 

the cohort included 117 patients. The 55 obese patients had BMI values in the range of 35.6–

68.6 kg m−2, and the 62 lean controls had BMI values from 17.6 to 26 kg m−2. The obese 

group consisted of 22 men and 89 women in the age range of 22 to 66 years old; 16 obese 

patients had type 2 diabetes, 34 patients had hypertension, and 12 patients had 

hyperlipidemia. Fasting glucose, hemoglobin A1c (HbA1c), insulin, HOMA-IR, alanine 

aminotransferase (ALT), total cholesterol, triglycerides, and leptin were significantly higher 

in the obese group, whereas HDL-cholesterol and adiponectin were significantly lower in 

obese patients relative to lean controls (Table S1, ESI†).

The concentrations of Cu and other trace metals (Fe, Zn, and Mn) in serum were measured 

for each study participant using ICP-MS. Cu levels were significantly higher in obese 

patients, in both males and females, relative to lean controls (Fig. 1A; female: 1149.8 ± 29.6 

μg L−1 vs. 992.3 ± 49.9 μg L−1; male: 955.4 ± 41.1 μg L−1 vs. 758.3 ± 35.3 μg L−1). Women 

in both the lean and the obese group had higher serum Cu compared to men (Fig. 1A; 

control: 992.3 ± 49.9 μg L−1 vs. 758.3 ± 35.3 μg L−1; obese: 1149.8 ± 29.6 μg L−1 vs. 955.4 

± 41.1 μg L−1). BMI positively correlated with Cu (p < 0.0001), Zn (p = 0.02), and Fe (p = 

0.02) (Table 1 and Fig. 1B). Following multiple regression analysis, which controlled for 

age, gender, ethnicity, and other metals, Cu was the only essential metal that retained its 

significance as a predictor of BMI (p = 0.001; Table 1). Within the obese group, only Cu 

levels significantly and positively correlated with BMI (Fig. 1C; p = 0.03). These results 

demonstrate that Cu is tightly and specifically linked to fat accumulation.

Leptin and insulin levels significantly correlate with the serum Cu levels

To better understand the relationship between Cu and various metabolic parameters in 

obesity, we examined the associations between serum Cu and alanine aminotransferase 

(ALT), aspartate aminotransferase (AST), cholesterol, triglycerides, HDL, LDL, fasting 

glucose, insulin, HbA1c, adiponectin, and leptin. Univariate analysis of the data combined 

from the lean and obese groups revealed a positive association between Cu and insulin (p = 

0.04; Fig. 2A), Cu and leptin (p < 0.0001; Fig. 2B), and Cu and HbA1c (p = 0.04; Table 2). 

Age and ethnicity did not significantly influence serum Cu; however, as mentioned above, 
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gender was a predictor of serum Cu loads (p < 0.0001; Table 2). We performed multiple 

regression analysis of metabolic parameters while controlling for age, gender, and ethnicity, 

and found that leptin (p = 0.001) and insulin (p = 0.04) retained significant association with 

serum Cu levels, whereas HbA1c did not.

Considering that both insulin and leptin are significantly correlated with BMI, to remove the 

confounder factor of BMI, we analyzed the relation between serum Cu levels and insulin/

BMI, or leptin/BMI. After normalizing by BMI, insulin lost its significant association with 

serum Cu, but leptin retained its significance as a predictor. Serum Cu levels were positively 

correlated with leptin/BMI (p = 0.001; Fig. 2C). We then examined their relation in the lean 

group and obese group separately. After removing the 5 statistical outliers, serum Cu levels 

were significantly associated with leptin in both lean and obese groups (Fig. 2D; obese 

group p = 0.0108; lean group p = 0.0196). Taken together, these results suggest that serum 

Cu positively correlates with leptin and insulin, and specifically and significantly with leptin.

Secreted Cu-containing enzymes are elevated in the serum of obese patients

In circulation, more than 95% of total Cu is bound to Cu-containing proteins.8 Cp is the 

major cuproprotein in serum, and the levels of Cp are elevated in obese patients.9,17,18 SSAO 

is another abundant Cu-dependent enzyme; the activity of SSAO in serum was shown to 

significantly and positively correlate with BMI.10 Consequently, we hypothesized that the 

elevation of serum Cu observed in our studies is caused, at least in part, by an increased 

abundance of these important cuproproteins. To test whether changes in the circulating 

levels of Cp or SSAO contribute to elevated serum Cu, we compared the abundance of serum 

CP and SSAO and the corresponding total copper levels in lean controls and obese female 

patients (Table 3). Serum samples with a comparable protein concentration from each group 

were selected, and the same volumes of serum were then loaded and analyzed by western 

blotting (Table 3). This analysis revealed that both Cp and SSAO were significantly 

increased in obese patients compared to lean controls, whereas the levels of transferrin (iron 

carrier) were not elevated, and even decreased (Fig. 3). These results are in agreement with 

the previous reports that show elevation of Cp and SSAO in the serum of obese patients.17,19

SSAO activity and Cu levels in visceral fat positively correlate with BMI

Adipose tissue is one of the major sources of soluble SSAO found in circulation,13 

especially under conditions of biological stress.20 Therefore higher levels of serum SSAO 

may reflect an elevation of SSAO in adipose tissue. To test whether this is the case, we 

measured the SSAO activity in the visceral fat from 25 obese patients (3 outliers) and 6 lean 

controls. Demographic and clinical characteristics of these patients were similar to the 

overall obese cohort (Table 1), and the average BMI was 44.38 ± 1.35 kg m−2. The average 

BMI of the 6 lean subjects was 24.48 ± 0.33 kg m−2. We found that the activity of adipose 

SSAO was significantly increased in obese patients relative to lean controls (Fig. 4A; 19.5 ± 

1.5 vs. 10.4 ± 1.7 ng per min per mg protein). Further linear regression analysis showed that 

the SSAO activity in adipose tissue positively correlated with the BMI values (Fig. 4B; p = 

0.0001).
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The increased activity of SSAO in obesity suggested that Cu levels in the visceral fat could 

also be altered. Consequently, the total Cu content in visceral fat was quantified using the 

same samples (25 obese patients and 6 lean controls) that were previously used to measure 

the activity of SSAO. When normalized to wet weight of tissue, the amount of Cu per mg of 

adipose tissue was significantly lower in obese patients compared to lean controls (Fig. 4C; 

0.28 ± 0.02 vs. 0.42 ± 0.05 ng per mg tissue). However, in “obese” samples, the contribution 

of fat to the total weight of tissue is much higher compared to control, and the adipocyte size 

is also increased. Therefore, the Cu levels expressed per wet weight of fat may not 

accurately reflect changes of cellular Cu levels. Consequently, we measured the total protein 

content in the same mass of visceral fat, and normalized Cu levels to total protein. The Cu 

levels per total protein in adipose tissue were significantly higher in obese patients (Fig. 4D; 

0.05 ± 0.004 vs. 0.035 ± 0.009 ng per mg protein) and positively correlated with BMI (Fig. 

4E; p = 0.04). Furthermore, the Cu levels in visceral fat positively correlated with the SSAO 

activity (Fig. 4F; p = 0.049). To further explore the source of elevated Cu in obese patients, 

we measured the mRNA levels for the copper uptake transporter CTR1. We also analyzed 

the mRNA levels for the Cu transporting ATPase ATP7A, which transports Cu into the 

secretory pathway and facilitates Cu delivery to SSAO. Real time quantitative PCR showed 

that both the CTR1 (Fig. 5A; p = 0.04) and ATP7A (Fig. 5B; p = 0.04) mRNA levels were 

higher in the obese group. CTR1’s mRNA levels were also positively correlated with BMI 

(Fig. 5C). Thus, the obese subjects upregulate the Cu handling machinery, in part to support 

increased SSAO activity in the fat tissue of obese patients.

Hepatic Cu is increased in obese patients and positively correlates with adipose Cu

Cp is a secreted Cu-dependent enzyme that is produced primarily by hepatocytes. The 

expression of Cp is increased in obese individuals,17 in agreement with our findings. 

However, little is known about hepatic Cu levels in the context of obesity. We obtained liver 

biopsies from 33 obese and 19 normal livers and measured Cu concentration in liver 

homogenates. The normal livers were from the “Liver Tissue Cell Distribution System”, and 

were the biopsy samples from 10 females and 9 males (age 19–64). The average BMI of the 

obese patients was 45.67 ± 1.42 kg m−2, and their demographic and clinical characteristics 

were similar to the overall obese cohort (Table 1). Obesity is often associated with liver 

abnormalities. Lower hepatic and blood Cu levels have been reported in patients with 

nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH).21,22 In 

our obese group, 4/33 (12%) patients had mild steatohepatitis with fibrosis; 7/33 (21%) had 

moderate steatosis, among them 2 had fibrosis; 16/33 patients had mild steatosis, among 

them 2 had fibrosis; and 6/33 patients had no steatosis and no fibrosis. Cu levels in the liver 

varied and were decreased in patients with most severe steatosis (Fig. 6A). However, obese 

patients with no or mild steatosis had hepatic Cu levels that were significantly higher 

compared to controls (Fig. 6B; 4.99 ± 0.39 vs. 2.56 ± 0.49 ng per mg tissue). The obese 

patients with moderate steatosis and steatohepatitis had comparable Cu levels to the control 

group (Fig. 6B). Interestingly, positive correlations were observed between the serum Cu 

and fat Cu or hepatic Cu (Fig. 6C and D), and Cu levels in the liver were significantly 

associated with Cu levels in visceral fat (Fig. 6E; p = 0.01). These correlations suggest that 

the elevation of Cu in adipose tissue and liver may be linked, implying a potential crosstalk 

between these two tissues via serum Cu proteins. The positive correlations may indicate that 
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elevated serum Cu enzymes are products of enhanced Cu utilization by tissues for increased 

production/secretion of cuproenzymes.

In summary, obese patients have elevated Cu and cuproenzymes in the serum along with 

higher Cu in tissues mostly responsible for secreted cuproproteins (e.g. visceral fat and the 

normal liver).

Discussion

Cu serves as an essential cofactor for several enzymes critical for multiple cellular pathways, 

including mitochondrial respiration, melatonin production, wound healing, and 

neurotransmitter synthesis. The suggested daily dietary intake of Cu for an adult is 1.0 to 1.6 

mg according to the third National Health and Nutrition Survey.23 Cu imbalance has been 

documented in pathologic conditions, such as inflammation,24 obesity, 

hypercholesterolemia, and fatty liver.21,25 These studies have demonstrated that the loss of 

tight regulation of Cu and Cu-dependent enzymes in tissues and circulation may contribute 

to impaired whole-body metabolism. The role of Cu in lipid metabolism has recently 

emerged. In white adipose tissue, Cu appears to regulate lipolysis26 and governs the 

absorption and utilization of major metabolic fuels through the activity of the Cu-containing 

enzyme SSAO.4 Here, to better understand the role of Cu metabolism in energy storage at 

the whole organism level, we characterized Cu and SSAO levels in obese patients. We found 

that the expansion of adipose tissue in obesity positively correlates with systemic Cu levels 

in serum (which are higher in obese patients in Table 4), in agreement with the previously 

published studies.7 We also show that Cu is elevated in visceral adipose tissue and liver with 

little steatosis in obese patients (Table 4), likely due to the concurrent increase in the 

cuproenzymes SSAO and Cp. This new information highlights Cu imbalance in obesity. Our 

results also suggest that the upregulation of biosynthesis of Cu-dependent enzymes in tissues 

could precede/underlie their increased levels in serum.

Our findings that serum Cu levels strongly correlate with BMI suggest a tight link between 

Cu homeostasis and adiposity. This correlation is observed even after controlling for age, 

gender, and ethnicity. Previously, Omar et al. reported higher serum Cu levels in 32 obese 

subjects compared to healthy controls.7 Both serum Cu and Zn levels were also found to be 

higher in obese children.27 In another study, Cu, Zn, Fe and Mn were measured in obese 

women with or without diabetes, and Cu was the only metal found to be significantly higher 

in obese women compared to healthy lean controls.28

Serum Cu levels were higher in females, in both obese and control groups. This observation 

is consistent with several previous publications demonstrating higher Cu levels in women 

than men.29 Studies of mice with a strict control on Cu intake showed a similar gender effect 

on Cu. These results suggest a gender-specific difference in Cu handling rather than dietary 

intake resulting in gender-specific differences in Cu levels.30 Previous studies found that 

chronic estrogen administration was associated with an increase in the serum Cu and 

ceruloplasmin levels.31,32 These effects of estrogen may explain the gender-specific 

differences in Cu levels.
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Besides gender, serum Cu levels are also significantly correlated with the levels of leptin and 

insulin. Leptin is a hormone that is synthesized and secreted by adipose tissue and acts in the 

brain to regulate food intake and energy expenditure. Previous studies found that leptin and 

insulin were upregulated in obese subjects, and positively correlated with fat mass.33-35 Our 

findings are consistent with these earlier results and further show a new association between 

serum Cu and circulating levels of leptin (and insulin) in obesity. Leptin and insulin are 

thought to be “adiposity signals” for the long-term regulation of body weight and have a 

compensatory role in obesity.34,36 We suggest that the correlation between Cu and leptin/

insulin, in addition to the Cu–BMI correlation, illustrates the link between Cu and adiposity. 

Interestingly, Olusi et al. reported a positive correlation between serum Cu levels and leptin 

in healthy individuals.37 We also showed that the correlation between Cu and leptin is 

independent of BMI (leptin/BMI). The tight correlation between Cu and leptin may also 

suggest a potential role of Cu in leptin secretion.

White adipose tissue (WAT) is an important endocrine organ that secretes a large number of 

polypeptide hormones, including leptin, and other adipokines and cytokines. WAT is also 

primarily responsible for secreting SSAO.13 SSAO is expressed and localized on the plasma 

membrane of adipose tissue and smooth muscle of blood vessels.38 It is a Cu-requiring 

amine oxidase that regulates glucose and fatty acid uptake and storage,4 as well as 

recruitment of leukocytes during inflammation.39,40 The activity of circulating SSAO is 

increased in diabetes, fatty liver disease, and obesity.10,41 We found an upregulation of 

SSAO in circulation and visceral adipose tissue in the context of obesity. At the same time, 

fat Cu levels per gram of protein are positively correlated with SSAO activity, which may 

provide the Cu for SSAO synthesis. Altogether, we posit that elevation of SSAO in visceral 

fat increases the abundance of secreted SSAO, which in turn contributes to a rise in the 

amount of total serum Cu.

Cp is the major Cu-containing protein in serum, and is an acute-phase plasma protein 

primarily produced and secreted by the liver and activated immune cells (e.g., monocytes 

and macrophages). We have demonstrated that liver Cu levels are significantly higher in 

obesity, which may contribute to an increase in Cp production we observed in serum. 

Previous studies suggest that proinflammatory cytokines secreted by adipose tissue are 

associated with Cp synthesis in the liver.42 We found a positive correlation between liver Cu 

levels and fat Cu levels, which suggests potential tissue crosstalk.

Conclusions

In conclusion, we found that Cu levels are higher in circulation, as well as locally within the 

adipose tissue and liver of obese patients. Cu levels in serum and adipose tissue both 

positively correlate with the body mass index (BMI), as well as SSAO activity in adipose 

tissue. Serum SSAO and Cp are elevated in obese patients. We also found that total Cu levels 

positively correlate with leptin, insulin and leptin/BMI, suggesting a protective role in 

obesity. To our knowledge, this is the first study investigating Cu levels not only in the 

serum but also in two major metabolic tissues (adipose and liver). A limitation of our study 

is the relatively small sample size. Nevertheless, the study has yielded strong evidence in 

support of altered Cu status in obesity in both serum and tissues. Our data emphasize the 
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need for further studies on the role of Cu and Cu-dependent enzymes in the development 

and treatment of obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance to metallomics

Copper homeostasis is essential for the normal metabolism of humans and animals. 

Several genetic disorders are caused by copper misbalance, and copper dysregulation co-

occurs commonly with metabolic abnormalities. The described changes of copper 

homeostasis in human obesity and especially the correlation between copper status and 

body mass index highlight the need for better understanding of the metals’ role in normal 

metabolism and in disease.
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Fig. 1. 
Cu levels in serum are higher in obese patients and positively correlate with BMI. (A) Serum 

Cu levels in female and male obese patients and lean controls (Ctrl). (B) Serum Cu 

concentration plotted against BMI values for both obese and lean patients. (C) Serum Cu 

levels are plotted against BMI values only for obese individuals. (Pearson’s r and p values 

were calculated by using a linear regression analysis. Student’s t-test, ****p < 0.0001, ***p 
< 0.001, **p < 0.01, *p < 0.05, ns p > 0.05. The data are presented as mean ± SEM.)
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Fig. 2. 
Correlations between serum Cu content and serum metabolic parameters. The serum 

concentrations of (A) leptin, (B) insulin, and (C) leptin/BMI levels in a group combining all 

obese and lean subjects are plotted against their Cu levels. (D) Leptin levels in either obese 

patients or lean controls (Ctrl) are plotted against their Cu levels. (Pearson’s r and p values 

were calculated by using a linear regression analysis.)
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Fig. 3. 
Serum ceruloplasmin and SSAO are elevated in obese subjects. A representative Western 

blot of equal volumes of serum from obese patients (n = 4) and lean controls (n = 4). The 

copper values and other characteristics of these samples are summarized in Table 3. The Cu-

containing enzymes ceruloplasmin and SSAO are elevated in obese individuals, whereas 

iron-carrying transferrin (Tf) is not elevated.
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Fig. 4. 
SSAO activity and Cu levels in visceral fat. (A) The activity of SSAO in the visceral fat of 

obese patients is significantly higher than in lean controls. (B) The activity of SSAO is 

plotted against BMI values. (C) Cu levels measured per tissue weight are lower in obese 

subjects. (D) Cu levels normalized per protein content of visceral fat are higher in obese 

patients compared to lean controls. (E) Cu levels normalized to protein are plotted against 

BMI. (F) SSAO activity is plotted against the visceral fat Cu normalized to protein. (B, E, F, 

Pearson’s r and p values were calculated by using a linear regression analysis. Student’s t-
test, ****p < 0.0001, ***p < 0.001, **p<0.01, *p<0.05, ns p>0.05. The data are presented 

as mean ± SEM.)
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Fig. 5. 
Relative mRNA levels of CTR1 and ATP7A in visceral fat. Relative mRNA levels of CTR1 

(A) and ATP7A (B) in the visceral fat of obese patients are higher than in lean controls. (C) 

Relative CTR1 mRNA levels positively correlate with BMI. (C, Pearson’s r and p values 

were calculated by using a linear regression analysis. Student’s t-test, ****p < 0.0001, ***p 
< 0.001, **p < 0.01, *p < 0.05, ns p > 0.05. The data are presented as mean ± SEM.)
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Fig. 6. 
Hepatic Cu is higher in obese patients and positively correlates with Cu in adipose tissue. 

(A) Hepatic Cu levels grouped based on the degree of liver abnormalities: (1) no steatosis 

and no fibrosis, (2) mild steatosis and no fibrosis, (2.5) mild steatosis and mild fibrosis, (3) 

moderate steatosis and no fibrosis, (3.5) moderate steatosis and fibrosis, and (4.5) mild 

steatohepatitis with fibrosis. (B) Cu levels in the liver of lean controls and obese patients. 

(C) Hepatic Cu levels are plotted against serum Cu levels (p > 0.05). (D) Cu concentration in 

adipose tissue (fat) is plotted against serum Cu concentration (p > 0.05). (E) Adipose Cu 

levels (per protein) are plotted against liver Cu levels (per protein). (A and C–E, Pearson’s r 
and p values were calculated by using a linear regression analysis. Student’s t-test, **p < 

0.01, *p < 0.05. The data are presented as mean ± SEM.)
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Table 1

Association between trace metals and BMI

BMI

Univariate analysis Multivariate analysis

Obese Combined Combined

r2 p r2 p β p

Gender −0.016 0.69 0.022 0.06 0.849 0.77

Age 0.035 0.09 0.006 0.20 0.043 0.66

Ethnicity −0.014 0.63 −0.006 0.60 −1.425 0.57

Mn −0.017 0.77 −0.009 0.99 −0.330 0.64

Zn −0.002 0.34 0.041 0.02 0.004 0.61

Fe −0.018 0.80 0.041 0.02 0.001 0.15

Cu 0.0700 0.03 0.150 <0.0001 0.017 0.001
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Table 2

Association between Cu levels in the serum and metabolic parameters

Cu

Univariate analysis Multivariate analysis

β P β p

Age 3.84 0.08 3.41 0.09

Gender −258.14 <0.0001 243.89 <0.0001

Ethnicity 34.66 0.54 37.54 0.47

AST 2.793 0.52

ALT 3.349 0.14

Total cholesterol 0.49 0.59

Triglycerides 0.47 0.14

LDL 0.95 0.34

HDL −2.713 0.08

Fasting glucose 0.30 0.87

Insulin 12. 528 0.04 12.14 0.04

Hemoglobin A1C 13.244 0.04

Adiponectin −0.005 0.11

Leptin 0.003 <0.001 0.002 0.01

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; β, unstandardized coefficient.
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Table 4

Cu levels in the lean and obese groups

Cu levels Lean Obese

Serum 913.1 ± 37.68 μg L−1 1118 ± 27.37 μg L−1

Fat 35 ± 9 ng mg−1 50 ± 4 ng mg−1

Liver 2.56 ± 0.49 ng mg−1 4.99 ± 0.39 ng mg−1
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