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A Role for Low Hepatic Copper Concentrations in
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OBJECTIVES: Copper has a role in antioxidant defense, lipid peroxidation, and mitochondrial function, and copper
deficiency has been linked to atherogenic dyslipidemia. We aimed to investigate the potential role of

copper availability in the pathogenesis of nonalcoholic fatty liver disease (NAFLD).

METHODS: Patients with NAFLD (n=124) were compared to patients with chronic hepatitis C (n=50), hemo-
chromatosis (n=35), alcoholic liver disease (n=13), autoimmune hepatitis (n=11), and control
subjects (n=27). We determined liver and serum copper concentrations with correlation to clinical,
histological, and biochemical parameters in humans. The effect of dietary copper restriction on liver

histology and intermediary metabolism in rats was investigated.

RESULTS: Hepatic copper concentrations in patients with NAFLD were lower than in control subjects
(17.9+8.4 vs. 31.4+£8.2ug/g; P<0.001) and in patients with other liver diseases (P<0.05 for all
liver diseases). In patients with NAFLD, lower liver copper was correlated with more pronounced he-
patic steatosis (R=-0.248; P=0.010), fasting glucose (R=-0.245; P=0.008), and components
of the metabolic syndrome (MetS; R=0.363; P<0.001). Patients with nonalcoholic steatohepatitis
(NASH; n=31) had lower hepatic copper concentrations than those with simple steatosis (n=93;

P =0.038). Restriction of dietary copper in rats induced hepatic steatosis and insulin resistance (IR).

CONCLUSIONS: Reduced hepatic copper concentrations are found in human NAFLD and are associated with more
pronounced hepatic steatosis, NASH, and components of the MetS. The development of hepatic
steatosis and IR in response to dietary copper restriction in rats suggests that copper availability may
be involved in the development of NAFLD.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/ajg

Am ] Gastroenterol advance online publication, 20 April 2010; doi:10.1038/ajg.2010.170

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) has become the most
frequent cause of elevated liver enzymes in Western societies (1).
The histological and clinical spectrum of NAFLD ranges from
benign steatosis to nonalcoholic steatohepatitis (NASH) with
inflammation and scarring that may potentially progress to cir-
rhosis, end-stage liver disease, and hepatocellular carcinoma
(2,3). NAFLD is closely linked to insulin resistance (IR) and has
been firmly established as the hepatic manifestation of the meta-
bolic syndrome (MetS) that comprises visceral obesity, arterial

hypertension, dyslipidemia, and impaired glucose tolerance or
diabetes (4). The prevalence of NAFLD and other manifestations
of IR are expected to increase further in the near future as a
consequence of a sedentary lifestyle, high-caloric diets, and a
predisposing genetic background (5).

An adequate supply of copper is essential for healthy life, as
chronic copper deficiency can elicit anemia, leucopenia, mye-
lopathy, or skin abnormalities. Data from rodent models provide
evidence of an adverse effect of marginal copper deficiency on
lipid metabolism (6,7). Increased oxidative stress is considered
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a key trigger in the pathogenesis of human NAFLD (8) and one
of the enzymes counteracting oxidative stress, Cu/Zn superoxide
dismutase depends on adequate copper availability (9), suggest-
ing a link between copper availability and antioxidant defense in
NAFLD. In addition, Sprague-Dawley rats exhibited an increased
activity of the pro-inflammatory protein cyclooxygenase-2, when
fed a diet with a low copper content (10). Moreover, IR and, in par-
ticular, NAFLD are frequently accompanied by perturbations of
iron homeostasis (11,12) that are molecularly linked to low copper
bioavailability and decreased levels of the copper containing fer-
roxidase ceruloplasmin (13,14). Systemic copper deficiency causes
mitochondrial dysfunction in mice (15) and similar morphologi-
cal and functional alterations have also been described in human
NAFLD (16).

Given the multifacetted biological properties of copper, it
appeared attractive to investigate the potential contribution of cop-
per bioavailability to the development of NAFLD. In extension of
a previous study (13), we aimed to compare hepatic copper con-
centrations (HCCs) of patients with NAFLD, chronic hepatitis C,
alcoholic liver disease (ALD), hereditary hemochromatosis (HH),
autoimmune hepatitis (AIH), and subjects with normal liver tis-
sues and their relationships to clinical, histological, and biochemi-
cal parameters in a larger population. Furthermore, we aimed to
examine the effect of dietary copper supply on liver histology and
metabolic parameters in rats.

METHODS

Patient and control groups

We included 260 consecutively biopsied patients in our study.
Among these, 124 patients were diagnosed with NAFLD. Patients
with NAFLD had elevated liver enzymes, bright liver on ultra-
sound examination, and underwent liver biopsy after serological
exclusion of infectious, immunological, or hereditary causes of
liver disease and liver histology was compatible with NAFLD. As
liver biopsies from “truly healthy” subjects are difficult to obtain,
27 subjects (20 women, 7 men) who underwent liver biopsy dur-
ing the same period of time for unexplained elevation of liver
enzymes. These patients had no clinical, serological (infectious,
immunological, or hereditary causes of liver disease) evidence
of liver disease and normal results of ultrasound examination
and/or magnetic resonance tomography. When liver histology
was reported as normal liver tissue, these patients were classified
as control subjects for our investigation. Complete biochemical,
clinical, and liver data were available from 59 NAFLD patients and
10 control subjects from a previous study and these were included
in the present extended analysis (13). Furthermore, we compared
patients with NAFLD to patients with other liver diseases as “dis-
ease control groups” that included patients with chronic hepatitis
C, all infected with genotype 1 (hepatitis C virus infection (HCV),
n=50), AIH (n=11), ALD (n=13), and HH (n=35).

Clinical evaluation

None of the study patients had signs of cardiac or renal insuf-
ficiency or suffered from cancer, systemic autoimmune diseases,
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or infections. A diagnosis of diabetes was established if fasting
glucose levels were above 126 mg/100ml, glycosylated hemo-
globin (HbAlc) was 6.0% or higher, or when patients were
on oral antidiabetic medication. Elevated fasting glucose was
defined with glucose concentrations between 110 and 126 mg/
100ml. As insulin is known to influence ceruloplasmin expres-
sion (17), diabetics on insulin therapy were not included in the
study. To assess the prevalence of the MetS in the study groups,
we used the WHO Clinical Criteria for Metabolic Syndrome
(18). Because the waist-to-hip ratio and urinary albumin excre-
tion were not available in our study population, patients were
diagnosed as having MetS when they suffered from IR defined as
type 2 diabetes, impaired fasting glucose (110-126 mg/100 ml),
or impaired glucose tolerance (pathological glucose tolerance
test) plus any two of the following conditions: (i) arterial hyper-
tension (use of antihypertensive medication and/or high blood
pressure >140mmHg systolic of >90mmHg diastolic); (ii)
serum triglycerides >150mg/100 ml; (iii) low high-density lipo-
protein cholesterol <35mg/100ml in men or <39mg/100ml in
women, or (iv) body mass index > 30 kg/m? were present. Patients’
charts were reviewed with regard to cigarette smoking and use
of oral contraceptive medication as these factors are known to
affect ceruloplasmin levels (19,20). Written informed consent
was obtained from all study participants to use clinical data and
histological results for scientific purposes, and the analysis was
performed in accordance with the ethical standards set forth by
the Helsinki Declaration of 1975 and revised in 1983. The study
has been approved by the local ethics committee (Ethikkommis-
sion des Landes Salzburg).

Histological examination of liver biopsy samples

In humans, a minimum of 1.5cm of the liver biopsy specimen
was obtained for histopathological analysis. A small fraction
of liver tissue was used for copper quantification as described
below. Liver biopsy sets according to Menghini (Hepafix Luer
Lock) were obtained from Braun (Melsungen, Germany) and
are produced copper-free according to the manufacturer’s data
sheet. Plastic containers were used for transport and storage of
liver tissue throughout the process to ensure copper-free han-
dling. Liver biopsies were fixed in buffered formalin and embed-
ded in paraffin. Sections were stained with hematoxylin-eosin
and Masson’s trichrome for morphological evaluation. All liver
biopsies were first assessed independently by two patholo-
gists unaware of clinical data and the study objective. In cases
of discrepant results of the histological examination, samples
were jointly re-evaluated by the two pathologists and the result
agreed on was used for analysis. Histological examination of
NAFLD liver biopsies was performed according to criteria pro-
posed by Brunt et al. (21). Biopsy specimens were evaluated for
the degree of steatosis 0-3 (0, <5%; 1, up to 33%; 2, 34-66%;
and 3, >66% of hepatocytes affected), hepatocellular ballooning
(0, no ballooning; 1, mild; and 2, marked ballooning). Inflam-
mation was graded 0-3 (mild, moderate, and severe) accord-
ing to criteria proposed and portal inflammation was graded
0-3 as described. Fibrosis was scored as fibrosis stage 1, zone 3
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pericellular fibrosis; stage 2, pericellular and portal fibrosis;
stage 3, bridging fibrosis; stage and 4, cirrhosis. The diagnosis of
NAFLD was established in liver biopsies showing steatosis with
or without evidence of steatohepatitis (inflammation and hepa-
tocyte ballooning, with or without Mallory’s hyaline or fibrosis)
associated with an increased body mass index and alcohol con-
sumption of less than 20g per day for both genders. Further-
more, biopsies with steatosis and mild lobular inflammation but
without ballooning or perisinusoidal fibrosis were grouped with
steatosis and not classified as NASH. Biopsies with steatosis and
any stage of fibrosis other than above were classified as NASH.
Also, biopsies with steatosis and lobular inflammation (1-3) and
hepatocellular ballooning (1-2) were considered as NASH in the
absence of fibrosis.

Inflammation and the stage of fibrosis in all other liver biopsies
except for NAFLD (HCV, AIH, HH, ALD) were scored accord-
ing to the METAVIR scoring system to allow for comparability of
different liver diseases. Hence, inflammation was graded 0-3 and
fibrosis was staged 04 (cirrhosis) as described (22). Steatosis was
assessed as above in biopsies of disease control groups.

Laboratory evaluation

Venous blood was drawn after an overnight fast for determina-
tion of liver function tests, a full blood count, serum iron status
including ferritin, transferrin, transferrin saturation, and serum
iron, copper, ceruloplasmin, C-reactive protein, fasting glu-
cose, lipids by standardized automated laboratory methods on
the day the liver biopsy was performed. Insulin was measured
by standard laboratory techniques, and IR was calculated using
homeostasis model assessment for insulin resistance (HOMA-
IR; fasting insulin (UIU/ml)xfasting glucose (mmol/1)/22.5).
HCCs were determined by standardized automated mass spec-
troscopy analysis in all study subjects and reported as pg/g of
dry weight.

Experimental copper deficiency in vivo

To study the effects of dietary copper supply on liver histology,
development of NAFLD, and surrogate markers of the MetS, we
prospectively studied rats that were fed with standard diets con-
taining varying copper concentrations. We deliberately avoided
an established NAFLD animal model to exclude overlapping
dietary or genetic influences on the development of liver steato-
sis or IR and to restrict experimental variation purely to copper
intake. Because oral feeding of Sprague-Dawley rats not requiring
a very high-fat diet has recently been shown to serve as a useful
model of NAFLD (23), 30 animals were fed Kliba Petfood Puri-
fied Diet (Kliba Petfood, Kaiseraugst, Switzerland), containing
15% casein, for 2 weeks. Thereafter, 10 rats each were grouped
randomly to receive either a copper-depleted, copper-enriched, or
a normal diet. Copper-depleted diet containing <2 p.p.m. copper
(Supplementary Table 1). Additional copper supply was modi-
fied through drinking water with 0, 72, and 598 mg/1 of copper,
respectively. This resulted in daily copper intakes of 0.05, 2.5,
and 12mg, respectively. After 8 weeks of feeding, we killed rats
and analyzed their livers and serums. Rat serum insulin concen-
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tration was determined using the Rat Insulin ELISA kit (Linco
Research, St. Charles, MI). Leptin receptor-deficient Zucker
(fa/fa) rats (n=6), which spontaneously develop IR, obesity, and
steatosis, and their lean (Fa/-) controls (n=6) were fed identical
standard diets as detailed above for 8 weeks. Animal experiments
were approved by the local animal use committee of the Kanton of
Bern, Switzerland (Approval No. 96/08) and all animals received
care according to the criteria outlined in the “Guide for the Care
and Use of Laboratory Animals” published by the National Insti-
tutes of Health.

Statistical analysis

Statistical analyses were carried out using SigmaStat 3.1 statistics
package (Systat Software, Erkrath, Germany). All data are presented
as meants.d. unless otherwise indicated. Differences between
NAFLD and healthy or disease control groups were calculated by
Student’s t-test or Mann-Whitney U-test in case of non-Gaussian
distribution of parameters. Proportions were compared using Fish-
er’s exact and %? methods. Associations among the various param-
eters in the different groups were calculated using Spearman’s rank
correlation coefficient. Differences in rats on diets with various
copper concentrations were analyzed using analysis of variance.

RESULTS

Clinical and biochemical characteristics of the study cohort

To gain insight into the potential role of copper in NAFLD, we
compared data from 124 patients with NAFLD to groups of
patients with chronic liver diseases of different etiology and con-
trol subjects without evidence of liver disease. Clinical, biochemi-
cal, and histological details of the study groups are summarized
in Table 1.

Liver and serum copper status of different liver diseases

When studying hepatic copper levels within the different patient
groups, we found a significantly lower copper content in biop-
sies from patients with NAFLD (17.7+8.3 ug/g of dry weight;
95% CI 16.0-19.3) than in control biopsies (32.1+£9.5 ug/g of dry
weight; 95% CI 28.3-35.9; P<0.001) or in those from patients
with other liver diseases (P <0.05; Figure 1a). Similarly, serum
copper and ceruloplasmin levels were also lower in patients
with NAFLD as compared to controls and patients with other
liver diseases except for HH (Figure 1b and c). In patients with
NAFLD, serum copper or ceruloplasmin levels were only mar-
ginally correlated to liver copper concentrations (R=0.188,
R=0.088, and R=0.225; P=0.057, respectively). We found that
patients who were diagnosed with the severe form of NAFLD,
ie. NASH (n=31), had lower HCCs compared to NAFLD
patients without NASH (n=93; 15.1+£7.8 vs. 19.0£8.9ug/g;
P=0.038) and, similarly, NAFLD patients diagnosed with MetS
had lower HCCs compared to NAFLD patients without MetS
(14.1+7.5 vs. 20.5+9.2 ug/g; P<0.001) as shown in Figure 2. The
degrees of hepatic steatosis were not different between NASH
patients (34.8+18.3%) and NAFLD patients with simple steatosis
(36.3+17.4%).
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Table 1. Clinical, biochemical, and histological details of patients and control subjects

NAFLD Control HCV AlH ALD HH P

Number of Pts 124 27 50 11 13 35

Female (%) 31 (25%) 20 (74.1%) 19 (38.0%) 7 (63.6%) 2 (15.4%) 9 (25.7%) <0.001
Age (years) 51.8+13.8 47.7+10.6 53.1+13.1 45.0+16.3 47.6+5.7 55.7+13.1 0.153
AST (10-32 U/ml) 43.5+24.1 329+12.4 54.4+34.8 228.5+353.1* 88.9+54.0 43.0+29.5 0.039
ALT (10-32 U/ml) 67.3+40.3 52.7+28.8 70.4+47.1 388.4+681.4* 78.6+27.1 499+47.1 0.076
AP (40-129 U/ml) 77.9+25.6 111.3+39.0 68.6+18.5 110.8+26.2* 97.7+58.3 ESISEEEI0 <0.001
GGT (10-71 U/ml) 89.7+83.5 142.8+85.6 789+73.8 198.6+121.6*  563.7+468.3 91.1+112.8 0.022
Cholesterol (mg/100ml) 213.5+48.1 225.8+46.8 174.3+37.5* 180.1+54.2* 2449+53.8 207.9+43.0 0.256
LDL-cholesterol (mg/100 ml) 142.9+425 141.3+43.3 108.5+31.7* 107.1+42.1* 152.4+47.1 132.2+43.3 0.928
HDL-cholesterol (mg/100ml) 52.6+15.3 71.8+14.3 59.5+20.5 63.3+26.3* 67.2+23.1 56.2+17.0 <0.001
Triglycerides (mg/100ml) 173.6+100.5 91.7+66.9 93.7+46.1* 96.0+33.4* 220.2+180.5 159.2+129.2 0.019
Ferritin (30-300 ng/ml) 536+392 133+118 252+221 357+377* 901+709 1866+ 1524 <0.001
Tf Sat (%) 35.0+11.4 27.3+8.3 33.8+14.2 36.4+17.6 439+13.0 715+17.3 0.003
Fasting glucose (mg/100ml) 107.1+18.5 91.7+7.2 96.0+10.6* 93.4+6.3* 105.2+36.3 103.9+16.8 <0.001
HOMA-IR? 5.1+5.0 1.4+0.6 3.2+2.7* 3.1+2.0* 3.8+2.1 41+22 <0.001
Pts with DM 46 (37.1%) 0 4 (8.0%)* 1(9.1%) 4 (30.7%) 12 (34.3%) 0.001
BMI (kg/m?) 28.8+29 255+2.3 254+2.8* 27.6+4.1 27.4+1.8 25.7+29 <0.001
Pts with BMI> 30 51 (41.1%) 0 10 (20.0%)* 3(27.3%) 5 (38.5%) 8(22.8%) <0.001
Pts with triglycerides> 150 66 (53.2%) 4 (14.8%) 4 (8.0%)* 1(9.1%)* 6 (46.2%) 13 (37.1%) <0.001
Pts with low HDL 16 (12.9%) 0 1(2.0%)* 1(9.1%) 4 (30.7%) 5 (14.3%) 0.128
Pts with hypertension 49 (39.5%) 1(3.7%) 15 (30%) 2 (18.2%) 3(23.1%) 14 (40.0%) 0.007
Pts with MetS 44 (35.5) 0 3 (6%)* 0* 3(23.1%) 9 (25.7%) 0.002
Pts with NASH (%) 31 (25.0%) 0 — — = 5 (14.3%) 0.003
Degree of steatosis (%) 349+17.6 0 6.1+10.0* 3.8+10.6* 25.0+16.7 13.8 £11.7 <0.001
Pts with fibrosis (%) 29 (23.4%) 0 39 (78.0%)* 8 (72.7%)* 7 (53.8%) 17 (48.6%) 0.024
Degree of fibrosis 0.3+0.4 0 1.4+1.2% 1.7+1.5* 14+1.6 1.2+1.5 0.031
Hemoglobin (g/100ml) 15.8+1.2 146+1.3 154+1.2 15.0+1.2 15.5+0.7 15.0+1.2 <0.001
Smokers (%) 10 (8.1%) 3(11.1%) 4 (8.0%) 1(9.1%) 8 (61.5%) 2 (5.7%) 0.854

AlH, autoimmune hepatitis; ALD, alcoholic liver disease; ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; BMI, body mass
index; DM, type 2 diabetes mellitus; GGT, gamma glutamyl-transpeptidase; HCV, hepatitis C virus; HDL, high-density lipoprotein; HH, hereditary hemochromatosis;

HIC, hepatic iron concentration; HOMA-IR, homeostasis model assessment for insulin resistance; LDL, low-density lipoprotein; MetS, metabolic syndrome; NAFLD, nonalcoholic
fatty liver disease; NASH, nonalcoholic steatohepatitis; (%) refers to percentage of patients in the respective study group; Pts, patients.

Data are shown as mean + s.d.

P denotes significance level between NAFLD patients and control subjects calculated as described above.
*denotes significant difference between NAFLD patients and respective disease control groups P<0.05.

2Data obtained from 81 patients with NAFLD.

Correlations between hepatic copper and clinical, histological,
and biochemical characteristics

To study putative functional interactions between liver copper
concentrations and clinical, biochemical, or histological param-
eters, we performed Spearmans rank correlation analysis. In
patients with NAFLD, HCCs were inversely correlated to the
degree of hepatic steatosis (R= —0.248; P=0.010), fasting glucose
concentrations (R= —0.245; P=0.008), the diagnosis of diabetes
(R=-0.271; P=0.007), IR (HOMA-IR; R= —0.198; P=0.032),
arterial hypertension (R=-0.194; P=0.052), serum ferritin
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(R=-0.201; P=0.029), and the sum of features of the MetS present
(R=-0.363; P<0.001). As IR reflects the common pathogenesis
of various components of the MetS, we performed linear regres-
sion analysis to adjust for HOMA-IR and found that the relation-
ship of liver copper concentrations with steatosis was weakened
(P=0.069). In patients with HH (n=35), HCCs were inversely
correlated with fasting glucose concentration (R=-0.394;
P=0.020) and with low-density lipoprotein cholesterol concen-
trations (R= —0.351; P=0.039). A proportion of patients with HH
(n=10, 28.6%) had concomitant NAFLD. In patients with HCV
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Figure 1. Hepatic (a) and serum copper parameters (b, ¢) in liver diseases and control subjects. Values are presented as means (horizontal lines),
25th and 75th percentiles (boxes), and minimum/maximum ranges. Calculations for statistically significant differences between NAFLD and healthy or
respective disease control groups were performed by Student’s t-test or Mann-Whitney U-test in case of non-Gaussian distribution of parameters. The
figure above each horizontal line denotes the P value comparing the two groups at the end of the line. AIH, autoimmune hepatitis; ALD, alcoholic liver
disease; HCV, hepatitis C virus infection; HH, hereditary hemochromatosis; NAFLD, nonalcoholic fatty liver disease.
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Figure 2. Hepatic copper concentrations in NAFLD patients with NASH (a), MetS (b), or type 2 diabetes (c) compared to patients without them. Values are
presented as means (horizontal lines), 25th and 75th percentiles (boxes), and minimum/maximum ranges. Calculations for statistically significant differences
between NAFLD and healthy or respective disease control groups were performed by Student’s ttest or Mann-Whitney U-test in case of non-Gaussian
distribution of parameters. The figure above the horizontal line denotes the P value comparing the two groups. Hep. copper conc., hepatic copper concentration;
MetS, metabolic syndrome; NASH, nonalcoholic steatohepatitis; T2DM, type 2 diabetes mellitus.

(n=50), HCCs were inversely correlated with high-density lipo-
protein cholesterol concentrations (R= —0.341; P=0.029). A total
of four (8%) of patients with HCV also had liver steatosis on histo-
logical examination. No further correlations of copper parameters
with other characteristics were detected in patients with HH and
HCYV, and these calculations were not performed in other liver
diseases due to a low sample number.

Copper-restricted diet induces hepatic steatosis and IR in
Sprague-Dawley rats

To study the putative causative role of copper deficiency for the
development of liver steatosis in vivo, we subjected Sprague-
Dawley rats to identical diets with varying amounts of copper as
described in Methods section. After 8 weeks on variable copper
supply, liver and serum copper concentrations were decreased
in rats restricted for copper, whereas copper supplementation
increased HCCs, butleft serum copper concentrations unchanged.
The latter effect was expected because serum copper levels are
hardly affected by dietary copper. Thus, serum copper is not a
reliable marker of copper status (24). Rats on a copper-deficient
diet tended to have lower body weight with a relative increase
of liver weight. Hemoglobin levels were decreased reflecting the
effect of low copper availability on iron absorption and mobi-
lization. We found that rats kept on a copper-deficient diet for
8 weeks presented with a marked periportal (zones 1 and 2)
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macrovesicular steatosis without evidence of inflammation or
fibrosis (Figure 3a) whereas rats kept on a normal or a copper-
supplemented diet (Figure 3b and c) showed no steatosis indicat-
ing a direct effect of dietary copper supply on the development of
steatosis in rats in vivo. Moreover, copper-deficient rats presented
with surrogate markers of insulin resistance (HOMA-IR) and
higher serum total cholesterol concentrations compared to rats
on a normal or copper-enriched diet. However, serum triglycer-
ide levels were decreased in copper-deficient animals, which was
different from results published (7). Metabolic and biochemical
copper characteristics of rats on diets with different copper con-
centrations are summarized in Table 2. To assess whether there
was an effect of liver fat content on the results of HCC measure-
ments, we analyzed livers from leptin receptor-deficient Zucker
rats for hepatic copper and found that both obese Zucker rats
(n=6) and lean littermates (n=6) had similar copper concen-
trations (Zucker rats 3.3+0.54g/g dry weight; lean controls
3.9+1.06 ug/g dry weight; NS).

DISCUSSION

The prevalence of NAFLD is continuously rising and represents a
growing clinical problem (25). Although NAFLD is widely recog-
nized as the hepatic manifestation of IR, neither animal models
nor investigations in humans have provided a complete under-
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Figure 3. Liver histology of rats on different dietary copper concentrations. Sprague—-Dawley rats were fed a copper-deficient (n=10; a), normal (n=10; b),
or a copper-enriched (n=9; c) diet for 8 weeks. Copper-deficient rats developed marked macrovesicular steatosis as compared to rats on a normal or on a

copper-enriched diet.

Table 2. General and metabolic characteristics of rats on varying copper supply

Low, n=10
General characteristics
Body weight (g) 502.4+30.2
Liver weight (g) 149+1.2
Heart weight (g) 1.7+0.1
Hemoglobin (g/100ml) 13.3+1.2
Hepatic copper (ug/g) 2.27+0.85
Serum copper (ug/ml) 0.44+0.14
Intermediary metabolism
Serum glucose (mg/100ml) 247.7+77.8
Serum insulin (ng/ml) 34+19
HOMA-IR 21£1.2
Serum triglyceride (mg/100ml) 111.3+43.9
Serum cholesterol (mg/100ml) 80.9+16.4

Normal, n=10 High, n=9 P (ANOVA)
523.1+30.9 498.2+33.4 0.050
15.1+2.0 123+1.5 0.003
1.8+0.1 1.5+0.1 0.189
145+0.4 14.7+0.5 <0.001
4.05+0.61 7.19+1.52 <0.001
7.80+0.72 7.57+0.74 <0.001
227.1+28.3 169.0+12.1 0.001
22+1.1 1.3+1.1 0.012
1.3+0.7 0.5+0.5 0.003
153.6+49.6 89.1+34.2 0.259
66.2+9.8 60.4+10.0 0.004

ANOVA, analysis of variance; HOMA-IR, insulin resistance as assessed by homeostasis model assessment for insulin resistance.

P (ANOVA) is the difference between groups as calculated by ANOVA.
Data are presented as mean+s.e.m.

standing of its pathophysiology (1). Previous studies in humans
suggested that availability of copper may be low in patients with
NAFLD (13,26). In this study, we show that liver copper concen-
trations in patients with NAFLD are lower than in individuals
with other chronic liver diseases and subjects with normal liver
histology and that there is an inverse correlation between hepatic
cooper content and the degree of steatosis. In addition, we report
that rats kept on a copper-deficient diet develop hepatic steatosis
and IR. These findings suggest that low copper availability may
contribute to the pathogenesis of NAFLD.

Because obesity, IR, and NAFLD are associated with Western
dietary habits, observing a relative deficiency of specific nutrients
in a condition of general overfeeding is unexpected. Evidence is
mounting that in obesity-related conditions, nutrient composition
is relevant to the development of IR even beyond net caloric intake
(27,28). Currently, we are lacking information with regard to trace
element composition of various diets (29) and whether specific
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dietary components could affect copper bioavailability. Our data
suggest that dietary copper availability may represent an additional
disease-modifying factor relevant to the epidemic of NAFLD and
IR. In our investigation, low liver copper concentrations were asso-
ciated with higher degrees of hepatic steatosis among patients with
NAFLD and rats on low dietary copper developed liver steatosis.
These findings suggest that inadequate copper availability may
increase lipid accumulation in the liver. Epidemiological studies
have shown that copper deficiency is linked to atherogenic dyslipi-
demia (30,31) and investigations in rodent models found that cop-
perdeficiencyinduceshypertriglyceridemia, hypercholesterolemia,
and also modifies low-density lipoprotein and very low-density
lipoprotein composition (6,7,32). In contrast, low concentrations
of serum and muscle cholesterol were detected after feeding
supranormal copper concentrations in chicken (33). These studies
provide evidence that low copper bioavailability can profoundly
affect lipid metabolism and that it may therefore also be involved
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in the development of NAFLD. However, due to the observational
design of our study, we did not perform detailed examination of
dietary habits in our patients and, therefore, cannot establish a link
between specific nutrient intake and liver copper concentrations.
Moreover, mitochondrial dysfunction accompanied by structural
distortion has been implicated in the pathogenesis of NAFLD
(15,34). Similarly, systemic copper deficiency leads to changes in
mitochondrial morphology due to its key role in respiratory chain
physiology, especially in cytochrome ¢ oxidase activity (35), which
resemble changes in respiratory chain function, and consecutively
altered fatty acid 3 oxidation as described in human NAFLD (36).
However, in our investigation we did not assess mitochondrial
structure by electron microscopy in our patients. Hence, several
metabolic pathways may be affected as a consequence of low liver
copper concentrations and their further elucidation shall provide
relevant information concerning the role of copper status as a
potentially steatogenic factor in human NAFLD.

Liver fat accumulation is generally regarded benign in the
absence of inflammation or fibrosis that distinguishes steatohepati-
tis from simple steatosis. Risk factors for the progression of NAFLD
include—among others—increases in visceral adipose tissue and/
or IR, or female sex (37). Among these, IR emerges as the key con-
dition associated with progression from fatty liver to steatohepatitis
(30,31). In our analysis, we observed lower HCCs among NAFLD
patients with MetS (P<0.001) and NASH (P=0.038) compared
to those without MetS and NASH, and we found an association
between low copper concentrations in NAFLD patients with IR
(HOMA-IR), elevated fasting glucose levels, diabetes, and hyper-
tension. The consistent association of low copper concentrations
with clinical, histological, and biochemical parameters of IR sug-
gests a biologically relevant contribution of low copper availability
to the development of NAFLD and also the progression to NASH.
Similar to our findings in patients with NAFLD, we observed that
copper-deficient rats were more insulin resistant than those on
adequate copper supply, and we observed improved IR along with
reduced serum cholesterol concentrations in rats receiving dietary
copper fortification. In humans, copper deficiency has previously
been linked to cardiovascular disease and features of the MetS
including hypertension, atherogenic dyslipidemia, and high serum
triglyceride levels (38). Our results suggest that this may also be
the case in NAFLD. As NAFLD and obesity are characterized by
increased levels of pro-inflammatory cytokines (39,40), which also
induce ceruloplasmin gene expression, the absence of enhanced
ceruloplasmin levels in patients with NAFLD is surprising. How-
ever, it needs to be determined if overweight and obese patients
with NAFLD have different copper status as compared to obese
subjects without NAFLD.

The liver is the central organ of copper storage and excretion,
and quantification of HCCs is regarded to best reflect body cop-
per status. However, this cannot be easily obtained in clinical rou-
tine due to biopsy-related risk (41). Determination of liver copper
is routinely performed by measuring microgram of copper per
gram dry weight of liver tissue through mass spectroscopy. It can
be assumed that liver tissue composition, i.e. lipid content, may
influence the measurement of HCCs and thus yield low copper
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concentrations in NAFLD biopsies. However, this question has not
been addressed so far. Assessment of liver copper concentrations
in an established genetic model of fatty liver diseases and lean lit-
termates, however, yielded identical concentrations of hepatic
copper, supporting the notion that low copper concentrations
in our investigation is not a consequence of lipid accumulation
in the liver, but possibly, rather the cause. Of note, although we
found decreased copper concentrations in liver tissue of patients
with NAFLD, measurement of serum copper and ceruloplasmin
levels yielded less pronounced differences, which suggests that the
specific relevance and the cause of low liver copper concentrations
to the various biological functions of copper will need to be clari-
fied in future investigations. Nevertheless, we found that patients
with NASH have lower liver copper concentrations as compared
to patients with simple steatosis, although these two groups had a
similar amount of fat within liver cells indicating that lipid content
is not responsible for lower liver copper concentrations in patients
with more pronounced steatosis or IR. In addition, the develop-
ment of liver steatosis and IR in response to copper deficiency in
rats supports the assumption of a causative role of low copper con-
centrations in the development of IR and NAFLD.

In summary, we report thatliver copper concentrations in human
NAFLD are decreased compared to control subjects and patients
with other chronic liver diseases and that low copper concentra-
tions are associated with steatosis and IR. Moreover, we provide
evidence that dietary copper deficiency induces liver steatosis and
IR in rats thus reporting a novel animal model that is potentially
useful to study pathways for the development of human NAFLD
and IR. This finding seems relevant with regard to disease progres-
sion because NAFLD patients with NASH had lower liver copper
concentrations compared to NAFLD patients without NASH. The
causative mechanisms underlying low copper bioavailability as
well as the pathophysiological role of copper for hepatic and sys-
temic IR deserve further investigation. Particularly, it remains to
be determined whether IR is the cause or consequence of copper
homeostasis and whether either condition perpetuates the other.
Moreover, the effect of copper supply on key lipogenic pathways
regulators of lipid turnover requires further study as well as the
influence of copper depletion on established models of NAFLD
to clarify the contribution of copper to the pathophysiology of
NAFLD and IR.
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WHAT IS CURRENT KNOWLEDGE

\/Nonalcoholic fatty liver disease (NAFLD) is the most
common liver disease and is regarded as the hepatic
manifestation of insulin resistance.

Its pathogenesis is multifactorial and incompletely understood.

Copper has a role in antioxidant defense, lipid peroxidation,
and mitochondrial function, and copper deficiency has
been linked to atherogenic dyslipidemia.

WHAT IS NEW HERE

Copper concentrations are low in liver biopsies from patients
with NAFLD compared to control biopsies and biopsies
from patients with other liver diseases, and are related to
the severity of the disease and insulin resistance.

Rats on dietary copper restriction developed insulin
resistance and liver steatosis, suggesting that low copper
availability may have a role in NAFLD.
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