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Wilson disease: At the crossroads between genetics and 
epigenetics—A review of the evidence

Dorothy A. Kieffer and Valentina Medici
Department of Internal Medicine, Division of Gastroenterology and Hepatology, University of 
California, Davis, CA, USA

Abstract

Environmental factors, including diet, exercise, stress, and toxins, profoundly impact disease 

phenotypes. This review examines how Wilson disease (WD), an autosomal recessive genetic 

disorder, is influenced by genetic and environmental inputs. WD is caused by mutations in the 

copper-transporter gene ATP7B, leading to the accumulation of copper in the liver and brain, 

resulting in hepatic, neurological, and psychiatric symptoms. These symptoms range in severity 

and can first appear anytime between early childhood and old age. Over 300 disease-causing 

mutations in ATP7B have been identified, but attempts to link genotype to the phenotypic 

presentation have yielded little insight, prompting investigators to identify alternative mechanisms, 

such as epigenetics, to explain the highly varied clinical presentation. Further, WD is accompanied 

by structural and functional abnormalities in mitochondria, potentially altering the production of 

metabolites that are required for epigenetic regulation of gene expression. Notably, environmental 

exposure affects the regulation of gene expression and mitochondrial function. We present the 

“multi-hit” hypothesis of WD progression, which posits that the initial hit is an environmental 

factor that affects fetal gene expression and epigenetic mechanisms and subsequent “hits” are 

environmental exposures that occur in the offspring after birth. These environmental hits and 

subsequent changes in epigenetic regulation may impact copper accumulation and ultimately WD 

phenotype. Lifestyle changes, including diet, increased physical activity, stress reduction, and 

toxin avoidance, might influence the presentation and course of WD, and therefore may serve as 

potential adjunctive or replacement therapies.
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1. Introduction

There is mounting evidence that the phenotypic expression of genetic diseases is governed 

by modifiable environmental inputs, including diet,1 exercise, 2,3 stress,4 and toxins.5 These 

factors impact disease phenotypes through several mechanisms, including alterations in 

mitochondrial function and epigenetic regulation of gene expression. The ability to modify 

the phenotype of a genetic disease through lifestyle changes is valuable, because there are 

often limited treatment options for such conditions. This review will discuss the evidence 

that the phenotype of Wilson disease (WD) is influenced by interacting genetic and 

epigenetic factors, affecting the regulation of gene expression and potentially WD onset and 

progression.

2. Clinical presentation and treatment of Wilson disease

WD is an autosomal recessive disorder that is caused by mutations in ATP7B, which 

encodes for a P-type ATPase that is primarily expressed in the brain and liver.6 In the liver, 

ATP7B traffics excess copper to the hepatocyte plasma membrane for excretion into bile and 

loads copper onto the ferroxidase protein ceruloplasmin. 6 WD is characterized by the 

accumulation of copper in the liver and brain, effecting hepatic, neurological, and 

psychiatric symptoms. The severity of these symptoms varies widely. Liver manifestations 

range from mild elevation of liver enzymes to acute liver failure and cirrhosis.7,8 The 

neurological effects can be similar to those of Parkinson disease and include tremors, 

dysarthria, and ataxia.9 The psychiatric symptoms include anxiety, depression, disinhibition, 

and personality changes.10

The age of onset of WD also widely varies. Liver manifestations that are related to WD have 

been reported to first appear in patients aged as young as 9 months and in those aged over 70 

years.11,12 Although the course of the disease tends to be benign if it is diagnosed early, the 

response to copper chelation or zinc treatment varies and can be accompanied by many 

sideeffects.13,14

Two therapies commonly prescribed for WD are zinc salts and copper chelators. These can 

be used alone or in combination. Zinc inhibits intestinal absorption of dietary copper,15 and 

copper chelators bind copper in the blood and tissues for subsequent excretion in the urine. 

Zinc monotherapy is less effective than copper chelators in the treatment of hepatic WD.13 

In a small study, zinc treatment improved the neurological symptoms in patients with WD.14 

A retrospective study that compared the effects of two copper chelation therapies in 405 

patients with WD found more patients discontinued D-penicillamine compared with 

trientine due to adverse reactions.16 Also, regardless of copper chelator, hepatic 

improvements were observed in more than 90% of patients, whereas 55% of patients 

experienced neurological improvements. In 7% of patients, neurological symptoms 

worsened after copper chelation therapy was initiated,16 which is believed to be attributed to 

over-mobilization of free copper.17

Another study utilizing brain magnetic resonance imaging (MRI) also found variable 

responses to D-penicillamine when combined with zinc sulfate in 50 patients with the 

Kieffer and Medici Page 2

Liver Res. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neurological manifestation of WD.18 Based on the MRI scans, 35 patients improved, 9 

remained stable, 4 declined, and 1 patient showed signs of improvement and decline. These 

data support the need for adjunctive or alternative therapies for patients who fail to respond 

adequately or experience adverse reactions to traditional treatments.

3. Genetics of Wilson disease

Recent genetic studies reported a prevalence of 1:7,026 for two mutant pathogenic ATP7B 
alleles,19 indicating that WD is more frequent than initially described (1:30,000).20,21 Over 

500 mutations in ATP7B have been identified, 380 of which have been deemed to be 

disease-causing mutations.22 Most of these changes are missense mutations, small insertions 

and deletions in the coding region, or splice junction mutations. Whole-exon deletions, 

mutations in the promoter region, and multiple mutations within the same gene also occur 

but are less common (for a recent review 23). These various mutations decrease ATP7B 

levels, cause improper protein localization, and reduce substrate binding (copper, ATP) and 

activity.24–26

Attempts to link specific gene mutations to phenotypic outcomes have provided little 

explanation for the highly varied presentation of WD.27–30 Studies have found a correlation 

between p.H1069Q mutations, which are the most common mutations in European 

populations, and late onset of WD31,32—an association that Merle et. al. challenged.33 A 

correlation between truncated ATP7B mutations and early-onset WD has also been observed 

in Europeans,33–35 but other studies have not been able to corroborate these findings.36–38 

The overall lack of a clear genotype-phenotype relationship has spurred researchers to 

investigate other mechanisms—including modifier genes and epigenetic regulation of gene 

expression—to account for the pleiotropic effects of WD.

4. Potential modifier genes

Modifier genes affect the expression of other genes,39 impacting disease-related phenotype, 

for instance, by altering expressivity—the degree to which a particular trait is expressed. 

ATP7B modifier genes are believed to influence tolerance to copper accumulation and 

copper storage capacity.40 Several modifier genes of ATP7B have been analyzed and are 

described briefly below. The results from these studies are often conflicting, likely due to 

their small cohorts and the heterogeneity of ATP7B mutations, necessitating further 

examination to explain the highly varied phenotypic presentation of WD.

4.1. Copper metabolism domain-containing 1 (COMMD1)

COMMD1 is a copper chaperone that interacts directly with the N-terminus of ATP7B.41 

Mutations in COMMD1 cause canine copper toxicosis in Bedlington terriers.42 No exonic 

mutations in COMMD1 have been identified in patients with WD.43 An association between 

a COMMD1 polymorphism [Asn 164 (GAT/GAC)] and early onset of neurological and 

hepatic symptoms was reported in WD patients who were homozygous for the most 

common ATP7B mutation, H1069Q.43 But, subsequent studies have not been able to 

confirm this finding.44,45
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4.2. Antioxidant 1 copper chaperone (ATOX1)

ATOX1, similar to COMMD1, is a copper chaperone that associates directly to ATP7B. By 

modulating the amount of copper that binds to ATP7B, ATOX1 influences the 

intracellularlocalization,46 posttranslational modification, and enzymatic activity of 

ATP7B.47 ATOX1 is also a copper-dependent transcription factor that is involved in cell 

proliferation.48 Despite the physical interaction betweenATOX1 and ATP7B, a study in 

patients with WD failed to identify any significant non-synonymous coding variations in 

ATOX1 beyond the expected frequencies. 44,49

4.3. X-linked inhibitor of apoptosis (XIAP)

XIAP is an anti-apoptotic protein and a potential regulator of copper-induced cell injury. The 

binding of copper to XIAP relieves the inhibition of caspase, thereby initiating caspase-

mediated cell death in copper-loaded hepatocytes.50 XIAP might also maintain cellular 

copper homeostasis by promoting ubiquitination and degradation of COMMD1.51 In support 

of this model, experiments in Xiap-deficient mice yielded lower cellular copper levels and 

modestly reduced levels of COMMD1. 51 Four non-synonymous coding SNPs have been 

described in the coding region of XIAP, 52–53 but their function remains unknown. In 98 

WD patients, 54 the frequency of 7 SNPs identified in the XIAP gene did not differ 

significantly from previous reports, and the statistical analysis did not reveal any correlation 

between each XIAP SNP and age of onset or clinical presentation (hepatic vs. neurologic vs. 

mixed vs. asymptomatic). 54

4.4. Patatin-like phospholipase domain-containing 3(PNPLA3)

PNPLA3is a lipase that targets triglycerides. 55 Several studies have shown that a missense 

mutation (I148M) in PNPLA3 increases hepatic fat deposition. 56 A hallmark of WD is 

hepatic fat accumulation; therefore, the prevalence of PNPLA3 mutations was investigated 

in 98 patients with WD.22 Multivariate logistic regression revealed the PNPLA3 G allele 

was an independent variable associated with moderate/severe steatosis, whereas hepatic 

copper content was not. 22

4.5. Apolipoprotein E (APOE)

APOE has a significant role in lipid transport. There are 3 isoforms of APOE: ε2, ε3, and 

ε4.57 The presence of the APOEε4 allele is associated with an increased risk of developing 

Alzheimer disease, whereas APOEε3/3 appears to provide moderate neuroprotection. 

Notably, several studies suggest that excess copper in the brain and various ATP7B 
genotypes are associated with the development of neurodegenerative disorders, including 

Alzheimer disease.58 The APOEε3/3 genotype has been associated with delayed onset of 

hepatic and neurological symptoms in patients with WD,59 and women with APOE ε4 

present earlier with WD symptoms, particularly among ATP7BH1069Q homozygous 

patients.60 However, other groups have been unable to confirm these findings.61,62

4.6. Hemochromatosis (HFE)

HFE regulates circulating iron by interacting with transferrin and transferrin receptor.63 HFE 
mutations can increase intestinal iron uptake and are associated with hereditary 
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hemochromatosis. Data on WD patients and in animal models of WD indicate that hepatic 

iron accumulation exacerbates the symptoms of WD.64–66 Two initial case reports described 

the concomitance of HFE and ATP7B polymorphisms and the corresponding accumulation 

of hepatic iron and copper.67,68 A study in 32 patients with WD from Sardinia analyzed iron 

and copper metabolism indices, HFE mutations, and liver biopsies.69 Patients with HFE 
polymorphisms had approximately 2-fold higher hepatic iron concentrations and were less 

responsive to anti-copper treatments compared with those who lacked them. However, other 

studies have failed to find an association between WD and HFE allele frequencies.70,71

4.7. 5,10-methylenetetrahydrofolate reductase (MTHFR)

MTHFR modulates homocysteine levels through folate and methionine metabolism. 

Mutations in MTHFR are associated with increased homocysteine levels, which can 

exacerbate WD symptoms and contribute to WD phenotypic variability. In patients with 

WD, the MTHFR 677T allele is associated with hepatic phenotype, and the 1298C allele 

correlates with earlier presentation. These polymorphisms are unrelated to differences in 

copper metabolism.72 Although hyperhomocysteinemia has not been described in WD, it is 

possible that homocysteine or aberrant methionine metabolism affects the WD phenotype , 

because homocysteine can pass the blood-brain barrier and have neurotoxic effects that are 

enhanced by the presence of copper.73,74 In addition, methionine metabolism is linked to 

DNA and histone methylation, with potential consequences for the regulation of gene 

expression.

4.8. Prion protein (PrP)

PrP binds to copper ion with low affinity and can affect copper metabolism,75 especially in 

the central nervous system, where PrP is highly expressed.76 The interaction between copper 

and PrP might have a protective effect on neurons.77 The prevalence of a prion gene 

polymorphism in codon 129is similar between patients with WD and healthy controls.78 

However, the age of onset of WD and that of the neurological presentation were delayed 5 

years and 7 years, respectively, in patients with homozygous methionine in codon 129 

compared with subjects with at least one valine in codon 129 in the Prp gene.

4.9. Tumor protein 53 (p53)

p53regulates cell growth by inducing cell cycle arrest, apoptosis, autophagy, DNA repair, 

changes in metabolism, and cellular oxidative status.79 Mutations in p53in 12 patients with 

WD were investigated, wherein higher frequencies of G:C to T:A transversions in codon 249 

and C:G to A:T transversions and C:G to T:A transitions in codon 250 were found in liver 

tissue compared with healthy controls.80 Patients with WD also expressed more hepatic 

inducible nitric oxide synthase, implicating nitric oxide as a source of increased oxidative 

stress in WD,80 as supported by the high levels of etheno-DNA adducts, formed by 

oxyradical-induced lipid peroxidation, in patients with WD. 81 Furthermore, etheno-DNA 

adducts in cell culture induce oxidative stress, leading to p53 mutations. 80 These data 

indicate that copper-induced oxidative stress leads to lipid peroxidation and consequently the 

formation of DNA adducts, ultimately resulting in gene mutations.
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4.10. Brain-derived neurotrophic factor (BDNF)

BDNF promotes the survival and growth of neurons.82 Patients with WD more frequently 

harbored BDNF polymorphisms [Val/Val (−196 G/G) and −270 C/T] than healthy controls 

and asymptomatic WD patients.83 However, no association was identified between any 

BDNF polymorphism and disease presentation (hepatic vs. neurological) or age of onset of 

WD.

5. Overview of epigenetic regulation of gene expression

Epigenetics is a broad term that encompasses a wide range of regulatory processes that 

influence gene expression without altering the nucleotide sequence. Environmental factors, 

including diet,1 exercise,2 stress, 4 and toxins,5 alter the epigenome in humans and animal 

models. These modifiable elements can shape how genes are expressed and thus impact how 

genetic diseases, including WD, present phenotypically. The most well-understood 

epigenetic mechanism is DNA methylation;84 other mechanisms include histone 

modifications,85 small RNAs, 86 and long non-coding RNAs.87 Each mechanism is 

described briefly below.

Mammalian DNA methylation occurs at cytosine bases, typically in CpG sites.88 

Methylation can arise in nuclear and mitochondrial DNA (mtDNA), but the mechanisms 

regarding mtDNA methylation are less well understood compared with that of the former. 89 

The effects of DNA methylation on gene expression depend on where it takes place in the 

genome. Methylation of the transcription start site results in gene silencing, whereas gene 

body methylation correlates positively with enhanced transcription; however, this 

relationship is not universal.90

DNA methylation is mediated by several DNA methyltransferases (DNMTs):DNMT1, 

DNMT3a, and DNMT3b.DNMT1 maintains DNA methylation,91 whereas DNMT3a and 

DNMT3b catalyze de novo DNA methylation.92 DNA methylation depends on the 

availability of methyl donors, including folate, vitamin B12, methionine, betaine, and 

choline—the levels of which are significantly influenced by diet.93 DNA demethylation is 

mediated by a group of enzymes, known as ten-eleven translocation enzymes, and occurs 

through thymine DNA glycosylasemediated base excision repair.94

Posttranslational modifications of histones also regulate gene expression by controlling 

access to the underlying DNA; these modifications include acetylation, methylation, 

phosphorylation, ribosylation, glycosylation, and sumoylation.85 These markers can 

combine in myriad ways to regulate gene expression, forming the basis of the histone 

code.95 Histone acetylation and deacetylation enhance and repress transcription, 

respectively, and are catalyzed by histone acetylases (HATs) and histone deacetylases 

(HDACs).Histone phosphorylation and ribosylation increase transcription, whereas histone 

methylation, glycosylation, and sumoylation impede it.85

Non-coding RNAs also influence gene expression through posttranslational gene silencing. 

Small RNAs include microRNAs, small interfering RNAs, and PIWI-interacting RNAs. 

MicroRNAs increase the degradation of mRNA that is involved in epigenetic regulation 
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(e.g., HDAC, DNMT3a, DNMT3b).Furthermore, epigenetic mechanisms can reciprocate, 

governing the expression of small RNAs.96 Long non-coding RNAs alter gene expression by 

interacting with chromatin-modifying proteins and control the stability and translation of 

complementary mRNAs.87

6. Evidence of epigenetic regulation in Wilson disease

Due to the lack of robust genotype-phenotype correlations in WD, epigenetic regulation of 

gene expression might be involved in disease presentation. Case studies have reported twins 

and siblings who have the same WD genotype presenting with disparate phenotypes— 

implicating factors other than genetics, including epigenetics, 97–100 in the presentation of 

WD.101 Animal studies in the Jackson toxic milk (tx-j) mouse model of WD support this 

model, 102 astx-j mice show DNA hypomethylation and altered expression of genes that are 

involved in DNA methylation compared with wild-type mice.103–105 Methylation reactions 

rely on the availability of the universal methyl donor S-adenosylmethionine (SAM), most of 

which is produced in the liver.106 Methionine and ATP produce SAM via methionine 

adenosyltransferase (MAT).SAM is then converted to S-adenosylhomocysteine (SAH) 

through the bi-directional enzyme S-adenosylhomocysteine hydrolase (AHCY).ACHY is a 

key enzyme that regulates the amount of SAM that is available for methylation reactions. 

Copper inhibits ACHY,107 leading to the accumulation of SAH, a reduction in SAM, the 

inhibition of MAT, and ultimately impaired methylation.104

Consistent with the mechanism above, our group reported that 24-week-old tx-j mice have 

lower hepatic ACHY protein and transcript levels, elevated SAH levels, fewer Dnmt3b 
transcripts and global DNA hypomethylation versus wild-type animals. Other groups have 

also observed reduced hepatic ACHY levels in the toxic milk mouse model.108 The 

mechanism of this decrease is paradoxical—ACHY is a copper-binding protein, and as 

expected, it is downregulated during copper deficiency.108 One possible reason for this 

inconsistency is the abnormal distribution of copper in hepatocytes in animal models of 

WD.109 It is also not clear to what degree the human WD phenotype is influenced by 

reduced protein levels and copper inhibition of ACHY. Betaine supplementation increases 

SAM and Dnmt3b levels and restores DNA methylation in the liver.104 Our group found a 

17% rise in global DNA methylation, concurrent with changes in fetal hepatic gene 

expression, in fetal tx-j mice from dams that received choline-supplemented diets versus 

adequate choline in their diets; 105 notably, fetal liver bred from homozygous tx-j dams 

exhibited copper deficiency—not excess levels.105 Mice that are born to homozygous tx-j 

dams might be a useful model for studying copper deficiency-induced fatty liver.110 These 

data indicate that hepatic copper accumulation alters DNA methylation in a mouse model of 

WD whereas dietary intervention with methyl donors restoresit. Another well-established 

consequence of WD—mitochondrial abnormalities—can impact the availability of 

metabolites that are required for epigenetic regulation.

7. Copper overload, mitochondrial function, and epigenetic regulation

Mitochondria are integral to metabolism, constituting the site at which the tricarboxylic acid 

(TCA) cycle, electron transport chain (ETC), and β-oxidation of fatty acids take place in the 
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cell.111 The morphology of mitochondria from patients with WD is altered, manifesting as 

separated outer and inner mitochondrial membranes, cristae dilations, and giant 

mitochondria; these changes occur in hepatocytes in early- and late-stage WD.112 Although 

alterations in neuronal mitochondria have not been investigated in WD patients and animal 

models,113 tx-j mice show neuroinflammation and develop behavioral abnormalities, 114, 115 

and several animals with neuronal copper intoxication consume more oxygen, possibly 

indicative of mitochondrial uncoupling.116 The structural changes in hepatocyte 

mitochondria might be caused by copper-induced disulfide bond (thiol)formation. One study 

observed copper-induced thiol formation, protein crosslinking, and altered morphology in 

mitochondria that were isolated from the livers of Atp7b−/− mice—effects that preceded 

changes in oxidative phosphorylation. Furthermore, in vivo copper chelation was found to 

restore mitochondrial shape.117

Mitochondria are more susceptible to damage from excess copper compared with other 

cellular compartments due to the presence of high-affinity copper-binding partners (e.g., 

Cu/Zn SOD, copper chaperones, copper ligand, and glutathione). 118 Furthermore, copper 

inhibits key mitochondrial enzymes,119, 120 disrupting the production of metabolites that are 

involved in epigenetic regulation. These enzymes and metabolites are summarized below.

Pyruvate dehydrogenase converts pyruvate into acetyl-CoA, which can then enter the TCA 

cycle. Acetyl-CoA is required for histone acetylation by HATs.121 Patients with WD have 

increased blood pyruvate levels, which have been attributed to inhibition of pyruvate 

dehydrogenase by copper.120, 122

2-oxoglutarate dehydrogenase(aka α-ketoglutarate dehydrogenase) converts 2-oxoglutarate 

(2- OG) to succinyl-CoA.2-OGis a substrate for the DNA and histone demethylases TET 

and Jumanji C domain-containing histone demethylases.123 Copper inhibits 2-oxoglutarate 

dehydrogenase.119

Succinate dehydrogenase (SDH) functions in the TCA cycle and ETC. In the TCA cycle, 

SDH oxidizes succinate to fumarate—both of which inhibit TET and Jumanji C domain-

containing histone demethylases.123 Copper inhibits SDH,124 as supported by our findings 

that the lower levels of hepatic SDH in tx-j mice are restored by choline and copper 

chelation therapy alone and in combination.103

NAD+ is a substrate for class III protein deacetylases, known as sirtuins.125 NADH is 

produced in the TCA cycle by malate dehydrogenase and oxidized to NAD+ by complex II 

in the ETC. Copper inhibits NAD+-dependent enzymes.124

Adenosine triphosphate (ATP) provides phosphate groups for histone modifications.85 

Additionally, ATP is a substrate for many reactions, including generation of the universal 

methyl donor SAM.126 Patients with WD experience significant reductions in enzyme 

activity of the oxidative phosphorylation complexes I–IV and might thus have a lower 

capacity to produce ATP. 127

Reactive oxygen species (ROS) are by-products of mitochondrial metabolism.ROS can 

induce posttranslational modifications of proteins through several mechanisms, including 
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thiol oxidation, thereby altering the conformation, enzymatic activity, and location of 

proteins.128 At normal concentrations, ROS are considered to be signaling molecules,129 

whereas they induce DNA, lipid, and protein oxidation; membrane destruction; and 

depletion of NAD+ and ATP at higher concentrations.130

8. Modifiers of epigenetic regulation: Diet, exercise, stress, toxins, and sex

Epigenetic changes that are caused by environmental factors (e.g., diet, exercise, stress, and 

toxins) can blunt or exacerbate those that are induced by copper accumulation in WD, thus 

altering WD presentation and progression. Modifying these lifestyle factors can provide an 

opportunity to mitigate copper-induced changes to the epigenome in patients with WD. The 

multi-hit hypothesis of how copper and lifestyle factors combine to modify the presentation 

of WD is depicted in Fig 1. The evidence on how each of these factors impacts the 

epigenome is described below.

8.1. Diet

Diet influences the epigenome through such mechanisms as direct provision of methyl 

donors,131, 132 differences in macronutrient profile (e.g., high fat, high fructose), 1, 3, 133 and 

diet-derived microRNAs.134

Dietary methyl donors include vitamins (e.g.choline, folate, riboflavin, vitamin B6, vitamin 

B12) and amino acids (e.g.methionine, cysteine, serine, glycine).132, 135 All vitamins and 

methionine are considered to be essential nutrients, because the body does not produce them 

in adequate amounts, thus requiring them to be obtained from the diet.136 Inadequate intake 

of methyl donors, including choline and folate, alters DNA methylation and histone 

modifications.137, 138 Our group found that 24-week-old tx-j mice have hypomethylated 

DNA compared with wild-type mice and that DNA methylation in tx-j mice is restored to 

wild-type levels with 4 weeks of betaine supplementation.104 These results have not been 

confirmed in humans, due to the lack of studies on DNA methylation status in patients with 

WD.

Diets that contain excess fat or sugar have also been shown to change the epigenome. 1,3, 133 

Skeletal muscle DNA methylation was assessed in 21 healthy men before and after 5 days of 

high-fat overfeeding (50% extra calories, 60% of kcals from a variety of fats) in a 

randomized crossover study. The investigators detected DNA methylation changes in >6500 

genes, most of which involved genes that were related to inflammation, reproduction, and 

cancer.1 A study in 8-month-old male mice examined the effects of a fast food diet alone and 

in combination with exercise, reporting several alterations in hepatic DNA methylation and 

transcription after 4 months of treatment.3 The main findings were that the fastfood diet 

modulated lipid metabolism and that exercise prevented fast food diet-induced epigenomic 

changes in critical regulatory regions. These findings have implications for WD, because 

lipid metabolism is altered in WD patients and animal models. 139, 140

Studies in rodents have shown that high fructose consumption also affects the liver 

epigenome.133, 141 In rats that were provided with 20% fructose in their drinking water for 

14weeks, mtDNA was hypomethylated and the promoter regions of PPARα and CTP1A 
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were hypermethylated.133,141 We have observed downregulation of hepatic Pparα gene and 

protein expression in tx-j versus wild-type mice—prompting us to consider whether a high-

fructose diet in WD will downregulate genes further, including Pparα.104 High-fat-, high-

sugar-induced changes to the epigenome have been reversed in rodents after their return to a 

chow diet.142 The exact mechanisms of these diet-driven epigenetic changes are unknown, 

but potential mechanismsinclude fructose and a high-fat diet induced ROS production and 

diet-induced changes in the production and utilization of mitochondrial metabolites that are 

necessary for epigenetic regulation.143–146

Preliminary evidence of the presence of microRNAs in food is beginning to emerge, 

although it is unknown to what degree they govern mammalian gene expression.134 One 

study found significant amounts of milk-derived microRNAs in human blood after 

consumption and these microRNAs altered gene expression in kidney cell cultures and 

mouse liver.147

8.2. Exercise

Physical activity alters the epigenome in humans and animal models.2,3 One study subjected 

sedentary middle-aged men to 1 hour of exercise twice per week for 6 months and identified 

>2800 genes in skeletal muscle and >7600 genes in adipose tissue that were differentially 

methylated compared with baseline.2 After thisexercise-based intervention, most genes in 

the adipose tissue were hypermethylated, whereas most skeletal muscle genes were 

hypomethylated—indicating epigenetically regulated interorgan crosstalk. This study did not 

examine changes in hepatic DNA methylation or gene expression, but several animal studies 

suggest that there are exercise-induced changes in hepatic epigenetic regulation that are 

relevant to the WD phenotype (e.g., lipolysis, mitochondrial function, inflammation).

One such study determined the effects of exercise on the mouse liver epigenome and 

transcriptome by providing a chow diet and a running wheel to 8-month-old mice for 4 

weeks and comparing them with animals without access to the wheel; the former underwent 

alterations in histone methylation, DNA hypermethylation, and upregulation of genes that 

mediate carboxylic/fatty acid biosynthesis and acute inflammatory responsesin the liver.3 

Another study in mice found that 6 weeks of exercise increased hepatic levels of NAD-

dependent deacetylase sirtuin-1 and cytochrome c oxidase subunit 4 isoform 1 and promoted 

mitochondrial remodeling.148 The mechanisms behind these exercise-induced epigenetic 

changes have not been determined but are likely to involve changes to the mitochondria, 

including greater ETC activity and mitochondrial turnover.149–150

8.3. Stress

Social stressors and stress reduction techniques, including meditation,4,151 have epigenetic 

effects. Mice that have been provided with environmental enrichment for 4 weeks (8 mice 

housed per cage, containing tunnels and a running wheel) show increased mRNA levels and 

altered histone trimethylation of the neurotrophic factor Bdnf compared with control mice (4 

housed per cage without tunnels or running wheel).152 In contrast, mice that were exposed to 

an aggressor mouse for 10 minutes per day for 10 days showed downregulated hippocampal 

Bdnf mRNA and experienced greater histone methylation at the promoter region.153 BDNF 
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levels might be relevant to WD, because patients with Parkinson disease—some signs of 

which can resemble the movement impairments that are observed in WD—have lower 

BDNF levels in the substantianigra,154 and serum levels of BDNF correlate negatively with 

motor function.155 Furthermore, certain SNPs in BDNF are more frequent in symptomatic 

WD patients versus healthy controls and asymptomatic WD patients.83 In humans, 

meditation can increase BDNF levels,156 alters histone modifications, and downregulates 

proinflammatory genes.151

8.4. Toxins

Mitochondria can be damaged by natural and synthetic chemicals, including environmental 

toxins and pharmaceutical drugs.157 Charged and lipophilic toxins are disproportionately 

drawn to mitochondria due to the presence of an electrochemical gradient and high lipid 

content.157 There are several types of mitochondrial damage, such as lower mtDNA 

integrity, inhibition of mitochondrial enzymes, reduced membrane potential, impaired Ca2+ 

transport, and promotion of apoptosis. These events can alter the production of metabolites 

that are required for epigenetic regulation.157 Bisphenol A, commonly found in plastic, 

stimulates hepatic fat accumulation by modulating DNA methylation patterns.158 Avoidance 

of these chemicals might be useful in the treatment of WD.

8.5. Maternal exposure

The environmental factors that influence epigenetic regulation described above also impact 

the developing fetus inutero. Maternal diet, 159 exercise,160 stress,4 and toxin exposure 

during pregnancy can change the epigenetic profile of offspring, potentially resulting in 

longterm effects that ultimately determine disease risk later in life.161–162 Intensive research 

is underway to understand the developmental origins of health and disease.163 For example, 

one study has investigated the effects of a maternal high-fat diet on offspring,164 finding that 

adult offspring from dams that are fed a high-fat diet during gestation and lactation 

accumulate more hepatic fat; develop deficiencies in mitochondrial enzyme complexes I–IV; 

and upregulate hepatic genes that are related to lipogenesis, inflammation, and oxidative 

stress despite being given a low-fat diet after weaning. 164 Other studies have examined the 

effects of maternal choline deficiency and supplementation, reporting that 1 week of 

maternal choline deficiency or supplementation in rats alters DNA and histone methylation 

in the fetal liver and brain.165, 166 Our group has observed differences in hepatic gene 

expression in fetal tx-j versus wild-type mice, indicating that fetal development is affected 

by maternal copper status.103

8.6. Sex

Sex differences have been observed in WD, wherein women tend to present more frequently 

with acute liver failure and neurological involvement is more common in men.13,167 This 

sexual dimorphism has been attributed to hormonal factors and differences in hepatic iron 

accumulation over time.167 However, a recent study by our group indicates that epigenetic 

factors contribute to the disparate presentation between sexes—in adult tx-j livers, transcript 

levels of genes that are related to mitochondrial function (Ndufab1, Ndufb5, Sdha, Cox5a, 

and Atp5j) were upregulated in female compared with male mice in response to choline and 
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D-penicillamine alone and in combination. 103 Similarly, DNA methylation mechanisms 

differ between sexes.168

9. Multifaceted treatment approach

Copper-chelating agents are the main treatment option for patients with WD, but they have 

side effects, and the responsiveness to this therapy varies,16, 169 necessitating adjunctive or 

alternative therapies. Lifestyle modifications that support mitochondrial function might be 

valuable in the treatment of WD, because such patients develop mitochondrial structural and 

functional abnormalities.112,127 Improvements in or delayed impairment of mitochondrial 

function in WD can influence epigenetic regulation, as described in previous sections. 

Possible adjunctive treatment options for WD and their rationale are discussed below.

Diet

Consuming a diet that is low in sugar—especially fructose—might be more critical for 

patients with WD compared with the healthy population. Fructose contributes to fat 

accumulation in the liver and might exacerbate steatosis,170 which is commonly found in 

WD.170,22 The type and amount of fat consumption should also be considerations for 

subjects with WD. Consumption of oxidized fats can further elevate liver enzymes in 

patients with WD— oxidized palm oil increases plasma ALT and AST levels in rats after 18 

weeks of feeding.7,171 Dietary fat composition influences mitochondrial lipid composition 

and function.172, 173 Brief fasting might also be useful in the treatment of WD, because 

fasting increases mitophagy and thus might be an effective strategy to eliminate defective 

mitochondria. 174 Common fasting practices include the 5:2 plan (feed for 5 days and 

restrict calories to <70% for 2 days each week), alternate day fasting, and restricting eating 

to a 12-hour window each day.175 However, few studies have examined the metabolic effects 

of fasting in humans; therefore, no recommendations regarding WD and fasting can be made 

with confidence at this time.

Dietary supplements

Supplements that support mitochondrial function—including α-lipoic acid, ubiquinol, 

magnesium, and B vitamins—might be useful adjuvant therapies for WD. Alpha-lipoic acid 

is a cofactor for 2-oxoglutarate dehydrogenase and an antioxidant.176 It has neuroprotective 

effects, rendering it potentially efficacious in Parkinson disease.177 One study found that the 

addition of the mitochondrial enzyme cofactors dihydrolipoic acid, thiamine, and pyruvate 

reduced copper-induced neuronal death in murine neocortical cells and that administration 

of thiamine to Long-Evans Cinnamon rats (a rodent model for hepatic copper accumulation) 

significantly increases their lifespan.178 Ames et al. 179 have written an excellent review on 

the use of nutrients to support mitochondrial function.

Exercise

Increased physical activity can aid in mitochondrial remodeling in the liver.148 Exercise 

might be particularly beneficial for WD patients with neurological manifestations, because 

physical activity has been shown to improve Parkinson disease symptoms; however, it is 

unknown what type of physical activity provides the greatest benefits.180
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Stress

Stress reduction through meditation, visualization, or yoga can aid in reducing 

neuroinflammation and may be useful for treating patients with the neurological phenotype 

of WD.151, 181

Toxins

Avoidance of toxins—especially those that impair mitochondrial function—might be 

warranted for patients with WD. Common toxins, including those that are found in 

pesticides and plastics,158,182 stimulate hepatic fat accumulation and disrupt mitochondrial 

function.157 Copper-induced mitochondrial damage and hepatic fat accumulation might be 

exacerbated in the presence of chemicals with known mitochondrial toxicities.

10. Conclusion

WD is a complex illness with few treatment options. Studies are needed to evaluate the 

efficacy of lifestyle modifications, including diet, exercise, stress reduction, and toxin 

avoidance—alone and in combination with current treatments. Despite the lack of direct 

evidence that these lifestyle modifications improve WD, there are findings that indicate that 

they alter the epigenetic regulation of gene expression and mitochondrial function—both of 

which are disrupted in WD. Determining the mechanisms of the varied clinical presentation 

of WD has been challenging, but new high-throughput omics-based methods might help 

increase our understanding of this complex disease. Some of the studies in this review have 

used such technologies as metabolomics, transcriptomics, and genome-wide DNA 

methylation to identify additional pathways that are impacted in WD, potential therapeutic 

targets, and to determine treatment efficacy.
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Fig. 1. 
The multi-hit hypothesis of how copper and lifestyle factors combine to modify the 

presentation of WD
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