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Summary

The essential transition metal copper is important in lipid metabolism, redox balance, iron 

mobilization and many other critical processes in eukaryotic organisms. Genetic diseases where 

copper homeostasis is disrupted, including Menkes Disease and Wilson Disease, indicate the 

importance of copper balance to human health. The severe consequences of insufficient copper 

supply are illustrated by Menkes Disease, caused by mutation in the X-linked ATP7A gene 

encoding a protein that transports copper from intestinal epithelia into the bloodstream and across 

the blood-brain barrier. Inadequate copper supply to the body due to poor diet quality or 

malabsorption can disrupt several molecular level pathways and processes. Though much of the 

copper distribution machinery has been described and consequences of disrupted copper handling 

have been characterized in human disease as well as animal models, physiological consequences 

of sub-optimal copper due to poor nutrition or malabsorption have not been extensively studied. 

Recent work indicates that insufficient copper may be important in a number of common diseases 

including obesity, ischemic heart disease, and metabolic syndrome. Specifically, marginal copper 

deficiency (CuD) in has been reported as a potential etiologic factor in diseases characterized by 

disrupted lipid metabolism such as non-alcoholic fatty-liver disease (NAFLD). In this review, we 

discuss the available data suggesting that a significant portion of the North American population 

may consume insufficient copper, the potential mechanisms by which CuD may promote lipid 

biosynthesis, and the interaction between CuD and dietary fructose in the etiology of NAFLD.
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Introduction

Mammals acquire copper from dietary sources with typical high copper foods including 

organ meats, shellfish, seeds, beans and ready-to-eat cereals with potential contributions 

from copper pipes that supply drinking water (1). It is clear that copper balance is important 

in health, and since copper is acquired from food, poor diet quality or malabsorption can 
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have health consequences related to copper insufficiency. Because of its labile redox 

potential, copper homeostasis and control are paramount to cell survival; thus in vivo copper 

is almost always bound to specific proteins or other small molecules.

Mammalian copper homeostasis and delivery to cuproenzymes is accomplished by the 

action of copper-specific membrane transporters as well as intracellular copper chaperones 

and has been reviewed elsewhere (2, 3). Copper is mobilized from epithelial cells through 

active transport into the hepatic portal circulation, where copper is most likely bound to 

albumin and transcuperin (3, 4). The liver is the central regulatory organ of copper 

homeostasis, and this organ also modulates lipid and carbohydrate metabolism. In hepatic 

cells, copper is either utilized for cellular processes including respiration in the mitochondria 

and radical detoxification or it is actively transported into the trans-Golgi network via 

ATP7B. Excess copper can be sequestered by metallothioneins as well as exported via 

ATP7B, which traffics to endo/lysosome-derived compartments and the apical (bile 

canilicular) membrane (5, 6). Copper can exit hepatic cells via the basolateral membrane as 

a cofactor in the ferroxidase ceruloplasmin (7). Copper mobilized to the blood can be taken 

up by other tissues including the brain, kidney, heart, connective tissue and pancreas. Thus, 

copper distribution can be described as a diphasic process where copper uptake into the liver 

is phase 1 and distribution to other organs via the circulatory system is phase 2. Excess 

copper is removed from hepatocytes by secretion into bile where is can be eliminated in 

feces.

Disruption of the copper distribution machinery in cells impacts copper-dependent 

biochemical processes including electron transport via cytochrome C oxidase (8), radical 

detoxification by copper-zinc superoxide dismutase (CuZnSOD) (9), but also connective 

tissue formation (lysyl oxidase) (10), neurotransmitter synthesis (peptidylglycine alpha-

amidating monooxidase) (11), iron mobilization (ceruloplasmin and hephaestin) (7). As the 

central point of copper balance, insufficient copper supply in the liver may have both local 

and systemic consequences.

Liver specific deletion of the high-affinity copper transporter Ctr1 in mouse (Ctr1hep/hep) 

results in only a 48–79% decrease in hepatic copper (at 2 and 10 months), which suggests 

alternate import routes (12). This liver-specific inactivation of Ctr1 also reduced activity of 

CuZnSOD and cytochrome C oxidase (12), indicating that decreased Cu supply impacts 

specific cuproenzymes in the liver. This study did not report iron retention in the liver; 

however, intestine-specific deletion of Ctr1 (Ctr1int/int) resulted in hepatic iron 

hyperaccumulation with iron deposits in Kupffer cells (13), suggesting attenuation of iron 

mobilization and implicating decreased hephaestin activity. Taken together, these results 

suggest that insufficient Cu in the liver may have direct effects on metabolic capacity 

through decreased CCO activity as well as increased oxidative stress due to both iron 

accumulation and decreased CuZnSOD activity.

As indicated in the Ctr1int/int mouse, iron homeostasis is known to be linked to copper 

homeostasis, as is zinc homeostasis. The key interaction between copper and iron is the role 

of copper in ferroxidases ceruloplasmin and hephaestin, which oxidize iron for mobilization, 

accelerating the reaction and avoiding the risk of radical generation in auto-oxidation (14). 
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The mechanistic interaction of copper and zinc is less well understood, but it is clear that 

high zinc consumption inhibits copper absorption, as illustrated by acquired hypocupremia 

associated with excess zinc consumption (38,39). It is important to note that dysregulation in 

one of these metals may lead to dysregulation of the others. All three metals are important in 

antioxidant defense, immune defense and other critical processes on both cellular and 

organismal levels (15). These three key metals are often incorporated into antioxidant 

enzymes such as superoxide dismutase, catalase, and glutathione. Alterations in homeostasis 

of these metals often lowers cell ability to regulate redox conditions resulting in cellular 

damage and increased ALS, ALT and ALP levels. The severity of many metabolic syndrome 

(MetS) related disorders is gauged by elevated levels of these circulating biomarkers of 

increased oxidative stress.

Key biochemical and molecular processes impacted by dietary copper deficiency have been 

studied in several animal models (16–20); however, the potential roles for insufficient copper 

in human diseases are less well understood. Frank copper deficiency is uncommon in 

clinical practice, but it is occasionally reported. Current research aims to understand how 

marginal copper deficiency that does not meet a clinically deficient threshold might be 

important in specific human metabolic conditions, particularly those related to MetS 

including dyslipidemia and non-alcoholic fatty-liver disease.

Copper deficiency in humans

Copper deficiency (CuD) has been typically defined by measured serum concentration (21). 

Depending on the laboratory, the lower limit of normal is between 70–80 μg/dL. Because at 

least 70% of serum copper is incorporated within ceruloplasmin, whose synthesis depends 

on copper availability, serum ceruloplasmin concentration is also decreased in this condition. 

Potential causes of copper deficiency and their associated serum copper concentrations are 

noted in Table 1 (22–25). Among the causes, Menkes disease is the most studied genetic 

disorder related to copper deficiency. Menkes Disease is an X-linked disease involving 

abnormal ATP7A, with clinical manifestations including kinky hair formation, neural 

degeneration, failure to thrive and death in infancy, though other ATP7A-associated 

conditions have been reported with less severe phenotypes (26). Despite low brain copper in 

Menkes disease, liver copper is not markedly different than control patients. In addition to 

those described in for Menkes Disease, some of the wide range of clinical manifestations of 

copper deficiency and the putative cuproenzymes involved include iron overload and anemia 

due to ceruloplasmin inactivation (27); neurodegenerative disease (amyotropic lateral 

sclerosis) and Cu/Zn superoxide dismutase (28); neutropenia (29); myocardial fibrosis, 

cardiovascular disease and vascular abnormalities due to lysyl oxidase deficiency with 

altered collagen crosslinking (29, 30); and blood clotting disorders with Factor V in blood 

clotting (31). Though the liver is central in modulating copper balance, to our best 

knowledge, no studies have examined cirrhosis or other chronic liver disease as a potential 

cause of systemic copper deficiency.
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Is the Western diet adequate in copper?

Despite the infrequent observation of acute copper deficiency, it is possible that a significant 

number of people consume insufficient copper for optimal health. Klevay asserted in a 2011 

review that the Western diet is often inadequate in copper and pointed out that copper 

content in food has declined in recent decades, while also highlighting the limitations of our 

current knowledge about optimal copper consumption (32). Data that became available when 

the National Health and Nutrition Examination and Survey (NHANES) began reporting 

serum copper levels appears to support the assertion that at least a portion of Americans are 

copper deficient: the 2011–2012 data release reported 102 of the 2594 serum specimens 

(3.93%) had values <80 micrograms/dL of total copper. Low serum copper in this subset of 

the population may be related to above-mentioned causes; however, insufficient dietary 

copper intake is a plausible contributing factor. The Recommended Daily Intake (RDI) of Cu 

for adult men and women in North America is 0.9 mg (33) and is calculated as 130% of the 

Estimated Average Requirement (EAR). The current EAR of 0.7 mg/day as specified by the 

Food and Nutrition Board [2001] is defined as the intake level where 50% of the population 

will not be deficient (34). Several key biomarkers were to calculate the EAR for Cu, as well 

as the RDI, including plasma Cu and ceruloplasmin, erythrocyte SOD activity, and platelet 

copper concentration and cytochrome C oxidase activity in a set of depletion-repletion 

studies (33). Analysis of the distribution of average copper intake from NHANES 2011–12 

(https://www.cdc.gov/nchs/nhanes/) reveals that 29% of respondents did not meet the RDI 

(Figure 1). Further, 14% of specimens fell below the Estimated Average Requirement (EAR) 

for copper. These data indicate that a significant portion of the population might consume 

insufficient copper. A retrospective examination of exposure-response studies was recently 

re-analyzed to develop a generalized linear model of copper nutrition and propose an 

optimum intake for humans (35). This model indicates an optimum copper intake of 2.6 mg/

day, much greater than the U.S. RDI and supporting a hypothesis that though the current 

RDI is sufficient to prevent clinical copper deficiency in most of the population, it might not 

be sufficient for optimal health.

Insufficient dietary copper increases lipid synthesis

Marginal CuD has recently gained attention in a number of diseases including Alzheimer’s 

Disease, ischemic heart disease (IHD), non-alcoholic fatty-liver disease (NAFLD) and 

obesity (22, 56, 36). Many of these clinical manifestations have been linked with alterations 

in lipid metabolism and ultimately dyslipidemia (37, 38), including abnormal cholesterol 

metabolism in Alzheimer’s Disease (recently reviewed here: (39)). Altered plasma lipid 

profiles are currently under study as predictive biomarkers of cardiovascular risk in Type 2 

Diabetes Mellitis (40). The link between mild CuD and hypercholesterolemia in humans was 

known as early as 1984 (41). In experiments with a rat model of mild CuD, total cholesterol 

and plasma levels rose to increase in bioavailable cholesterol by 60% (42). The biochemical 

mechanism by which CuD promotes increased circulating cholesterol is not well defined; 

both increased cholesterol synthesis and decreased cholesterol degradation have been 

proposed (43, 44), while it is possible that both are involved in CuD-induced dyslipidemia. 

Curiously, pathogenic lipid accumulation in mouse models promotes hepatic CuD as 

demonstrated in obese ob/ob mice (45) and a high-fat diet-induced NAFLD model (46). In 

Morrell et al. Page 4

IUBMB Life. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/nchs/nhanes/


the latter case, increased liver expression of copper transporters Atp7A and Atp7B was 

observed, suggesting a potential mechanism by which lipid accumulation can promote 

hepatic CuD.

Fatty acid and cholesterol regulatory factors that are potentially modulated by CuD are sterol 

regulatory element-binding proteins 1 and 2 (SREBP-1 and SREBP-2). Nuclear localization 

of mature SREBP-1 is increased the livers of rats fed low-copper diets, but no change in the 

DNA binding site is observed (47). Both isoforms of SREBP-1 (SREBP-1a and SREBP-1c) 

are predominantly involved in regulation of fatty acid synthesis (FAS), while SREBP-2 is 

important in the modulation of cholesterol biosynthesis (48). The increase in nuclear 

localization of mature SREBP-1 and accompanying decrease in membrane-bound (ER-

localized SREBP-1) is correlated with a 400% increase in FAS and an 80% decrease in 

cholesterol 7 alpha hydroxylase (CYP7A1) a key enzyme in cholesterol degradation (47). 

Nuclear localization of both SERBP-1 and SERBP-2 also promote expression of proprotein 

convertase subtilisin/kexin type 9 (PCSK9), which enhances degradation of LDL receptors 

resulting in reduced hepatic LDL uptake (49).

The exact mechanism that links CuD to increased nuclear localization of SREBPs has yet to 

be identified; however, increased insulin secretion is an appealing possibility as CuD has 

been linked with increased insulin secretion in fa/fa Zucker Rats (50). This change is 

thought to be due to lowered synthesis of prostaglandin endoperoxide synthase (PGHS) due 

to damage from oxidative stress, whereby decreased levels of PGHS slow arachidonic acid 

degradation stimulating lipoxygenase insulin stimulatory pathways (50). Increased insulin 

has been shown to downregulate hepatic insulin-induced gene 2a (INSIG-2a), while 

decreased INSIG-2a levels promote COP II transport of the SCAP-SREBP complex from 

the ER leading to an increase in fatty acid synthesis; this route of activation circumvents the 

canonical high cholesterol regulatory mechanism of liver x receptor (LXR) inhibition by 

polyunsaturated fatty acids and down-regulation of SREBP-1c mRNA levels (51).

A second potential modulatory point for CuD in lipid metabolism is in the acyl CoA 

pathway. A transcriptomic approach identified multiple acyl CoA-related enzymes 

downregulated in the intestine of a CuD rat model (52): Acyl CoA synthetase (Acs11) and 

carnitine-palmitoyltransferase (Cpta1) are downregulated in low copper conditions, reducing 

mitochondrial and peroxisomal beta-oxidation of fatty acids as well as carnitine-bound 

transport of fatty acids; l-3-hydroxyacyl CoA dehydrogenase (Hadhb) is also downregulated 

by low copper, reducing the catalysis of L-3-hydroxyacyl CoA oxidation by NAD+; CuD 

also downregulates fatty acid translocase CD36, which is located in the plasma membrane 

and also acts as a scavenger receptor on macrophages, whose downregulation decreases the 

availability of intracellular fatty acids. Together, attenuation of fatty acid oxidation, reduced 

production of acetyl-CoA and energy would lead to an accumulation of cytoplasmic fatty 

acid.
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Cu deficiency and dietary fructose are linked in processes that may 

promote non-alcoholic fatty-liver disease

Although it has been understood for several decades that CuD promotes lipogenesis in 

animal models as well as in humans, CuD has only recently implicated as factor in the 

pathogenesis of non-alcoholic fatty-liver disease (NAFLD). NAFLD prevalence doubled 

from 1988–2008, and is estimated to affect 20–40% of the US population, with variability 

between specific demographic groups (53). Aigner and co-workers identified low hepatic 

copper in NAFLD patients, reporting that hepatic steatosis was inversely correlated with 

hepatic Cu (54). This study also analyzed a rat model of NAFLD and revealed a 

histopathological response consistent with NAFLD in rats fed a CuD diet, supporting the 

link between CuD and hepatic dyslipidemia. Several other groups have reported NAFLD-

like symptoms in animal models fed diets deficient in copper, including transcriptomics 

analysis that found increased expression of transcripts associated with inflammation, fibrosis 

and hepatic stellate cell activation, all consistent with NAFLD progression (23, 55, 56). 

More recently, a second clinical study confirmed the inverse correlation between hepatic 

copper content and the extent of steatosis (57), but also revealed the important finding that 

the correlation only held in patients withoutMetS. This observation suggests that the 

relationship between CuD and hepatic lipid metabolism may involve additional factors, 

including diet components known to contribute to MetS.

NAFLD patients presenting with mild inflammation and any degree of fibrosis are at highest 

risk for progression to more serious non-alcoholic steatohepatitis (NASH) (58), while NASH 

progression is also associated with the development of other MetS pathologies that increase 

cardiovascular disease risk and insulin resistance, the precursor state to type II diabetes (59, 

60). However, the mechanisms behind the progression of NAFLD to NASH have as yet 

remained elusive, highlighting the need to identify triggers for inflammation and fibrosis in 

NAFLD models and in clinical settings. Thus, CuD, with its role in promoting lipogenesis, 

as well as the interaction of CuD with other nutrients associated with NAFLD, particularly 

fructose, are emerging as important areas of study.

High fructose diets induce MetS, NAFLD, and insulin resistance in rodent models (23, 61, 

62) and promote hepatic lipid storage in humans (63, 64), with induction of disease in short 

timeframes. The mean caloric contribution of fructose in the US diet is estimated at 10.2%, 

with 1/4 of adolescents consuming at least 15% of calories as fructose (65). NHANES 

2011–12 data indicates a median sugar consumption of 23% of calories with an upper 

quartile of sugar consumption over 30% of calories. Several animal studies have used diet-

induced NAFLD to investigate the interaction between dietary sugars and copper. These 

experiments indicated that either fructose and sucrose can exacerbate diet-induced CuD, 

while the pathological effects of dietary CuD and sugar consumption appear to be additive 

(23, 55, 56). One study found that even modest fructose intake (3% w/v in drinking water) 

was sufficient to induce liver damage (55); however, this study used a purified AIN76A diet 

containing 50% sucrose. Tallino and co-workers reported mild NAFLD-like pathology from 

either a copper-deficient diet or high sugar (30% sucrose w/w, based on AIN76A), with high 

sugar exacerbating CuD and both pro-inflammatory and pro-fibrotic transcriptional 
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activation in response to high sucrose or low Cu, including specific Th2 and Th17 immune 

cell activation consistent with NAFLD progression (56). It is not yet known whether the 

levels of fructose reported in dietary studies promote CuD in humans, though the upper 

quartile of sugar consumption reported in NHANES 2011–12 is similar to the 30% w/w 

sucrose diet reported by Tallino and co-workers.

As noted above, mouse models of NAFLD using lipogenic diets or ob/ob mice promote 

hepatic CuD, and it is possible that the link between CuD and fructose consumption in 

rodent models is via fructose-induced lipogenesis. Specifically, fructose metabolism occurs 

primarily in the liver and initially converted to fructose-1-phosphate by fructokinase, 

followed by conversion to dihydroxyacetone phosphate and glyceraldehyde 3-phosphate by 

aldolase B and entry into the glycolytic pathway. This step bypasses the 

phosphofructokinase rate-limiting that regulates glycolytic substrate entry from glucose. 

Fructose-derived intermediates enter the tricarboxylic acid (TCA) cycle as pyruvate. Excess 

TCA intermediates promote citrate export to the cytoplasm as substrate for lipogenesis. The 

higher level of de novo lipogenesis from fructose as compared to glucose feeding was 

illustrated in a rat model and revealed a 5-fold excess contribution to circulating 

triglycerides from fructose (66). Extensive discussion of fructose metabolism in the liver and 

its potential role in de-novo lipogenesis is presented by Nomura and Yamanouchi (67).

However, the interaction of CuD and fructose in NAFLD may have a second mechanism in 

enhanced oxidative damage: fructose metabolism can directly increase concentrations of uric 

acid as part of the recovery from rapid depletion of intercellular phosphate and ATP (68); as 

uric acid can A) act as a source of intracellular oxidative stress, and B) is related to increases 

in intracellular citrate which feeds directly into de novo fatty acid synthesis pathways (69). 

One caveat to this hypothesis is that uric acid can act as an both an antioxidant and a pro-

oxidant, scavenging radicals and transition metal ions in serum, but also promoting oxidative 

stress in various cell types (70, 71).

Thus, as a result of fructose metabolism, the lipotoxicity from increased fatty acids coupled 

with oxidative stress from uric acid may initiate inflammation and subsequent fibrosis, while 

the lipid accumulation can also promote CuD. This line of reasoning is supported by clinical 

research as well as animal models of NASH: increased consumption of fructose has been 

clinically associated with hyperuricemia and lower steatosis/higher fibrosis stage (72), and 

evidence that fructose is directly responsible for inflammation in NASH comes from studies 

of fructose-fed wild-type and fructokinase knockout mice: wild type mice exhibited 

increased expression of the cytokine tumor necrosis factor alpha (TNFα) and increased 

fibrosis, and this process was attenuated by fructokinase knockout (73). Fructose may play 

an indirect role in increasing oxidative stress by the induction of CuD, suppressing radical 

detoxification by CuZnSOD but also promoting iron retention and associated oxidative 

stress. This assertion is supported by the observation of Kupffer cell iron deposits in NAFLD 

patients with enhanced apoptosis (74), reminiscent of the iron deposits reported in Kupffer 

cells of the Ctr1int/int mouse (13). Loss of CuZnSOD and hepatic fibrosis were recently 

linked in the CuZnSOD mouse with observations of extensive collagen deposition and liver 

histology characterized by extensive advanced glycation end products (AGEs), which would 

inhibit collagen degradation (75). This observation supports the hypothesis that CuD may 
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have a role in hepatic fibrosis in addition to promotion of lipogenesis. One question that 

remains unclear, however, is that CuD is also associated with decreased lysyl oxidase 

activity, suggesting that fibrosis development would be less severe in this condition. For 

example, inhibition of lysyl oxidase in a carbon tetrachloride-induced mouse model of 

fibrosis resulted in decreased collagen stabilization, suggesting a role for the enzyme in 

fibrosis progression (76). However, despite a ½ to 2/3 reduction of lysyl oxidase activity by 

dietary CuD in weanling rats, there were minimal effects on connective tissue maturation 

(77), suggesting that collagen crosslinking may be retained despite insufficient dietary Cu.

The above studies indicate that CuD may be a significant factor in NAFLD that is linked 

with fructose as well as other factors in a complex disease etiology. We have indicated 

proposed mechanisms of NAFLD pathology and emphasized the significant roles for CuD in 

the disease as a schematic (Figure 2). Although the supporting data is drawn from a number 

of experimental studies, the interconnected pathways suggest that future studies may 

necessitate integrated or systems approaches to understand how inadequate Cu impacts 

health and if this essential metal should be more often considered in diagnosis as well as 

intervention in disease.

Conclusion

Though acute copper deficiency is rarely reported, the importance of this micronutrient to 

human health cannot be understated. Sub-optimal levels of copper have been shown to 

promote dyslipidemia and increase oxidative stress in both animal models as well as in 

humans in studies that span several decades. Dietary survey data indicate that a significant 

portion of the U.S. population does not meet recommended copper consumption levels, 

leading to the hypothesis that alterations in lipid metabolism due to insufficient dietary 

copper may contribute to the incidence and/or severity of metabolic diseases including 

NAFLD. In addition, CuD and its physiological effects may interact with high dietary 

fructose intake, presenting overlapping and potentially synergistic effects on the physiology 

and pathology of diseases including non-alcoholic fatty-liver disease. However much 

remains unknown particularly about the mechanisms behind these clinical manifestations. 

We propose that future work should focus on clearly linking MetS related diseases with 

alteration in lipid metabolism caused by CuD. One potential route of investigation is 

alterations that affect SREBP localization like altered insulin secretion and INSIG-2a 

regulation. Other areas of investigation are the mechanism(s) behind downregulation of acyl 

CoA pathway genes (Acs11) and (Cpta1) or discovering novel mechanism of alteration in 

cholesterol homeostasis due to CuD.
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Figure 1. Distribution of 2-day average copper intakes in NHANES 2011–12
The blue line indicates the U.S. RDI, values below the U.S. RDI are shaded in blue. The red 

line indicates the EAR. Inset: distribution of serum copper in NHANES 2011–12. Samples 

below 80 micrograms/deciliter are in red.
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Figure 2. Schematic representation of factors in NAFLD etiology
Interactions between Cu deficiency and fructose may contribute to NASH. While obesity 

and associated lipotoxicity of liberated free fatty acids are commonly attributed as drivers of 

NASH after the development of steatosis, copper deficiency and fructose consumption may 

promote lipogenesis, oxidative stress, inflammation and hepatic stellate cell activation, 

compounding the progression of NAFLD. Abbreviations: FA, fatty acids; FFA, free fatty 

acids.
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Table 1

Clinical Copper deficiency in humans and observed serum copper concentrations

Causes of copper deficiency Mechanism
Approximate serum copper in 

humans (micrograms/
deciliter)

Menkes’ disease Abnormal ATP7A leading to “maldistribution” of copper and deficiency in 
certain organs, i.e. brain Very low

Nephrotic syndrome Renal copper andceruloplasminloss 65

Protein-losing enteropathy GI copper andceruloplasminloss 42

Celiac Disease GI copper andceruloplasminloss and decreased absorption 40

Excessive dietary fructose Impaired duodenal Ctr1 expression, decreased absorption Unknown

Excessive dietary zinc Prevents copper absorption 14

Gastric or R-Ybypass surgery Decreased copper absorption 59
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