

[image: image1]
Comparative review of copper-associated chronic hepatitis in dogs and Wilson disease in humans









 


	
	
REVIEW
published: 04 December 2025
doi: 10.3389/fvets.2025.1692603








[image: image2]

Comparative review of copper-associated chronic hepatitis in dogs and Wilson disease in humans

Tarini Ullal1*, Eunju April Choi2, Dorina Gui3 and Valentina Medici4


1Department of Medicine and Epidemiology, School of Veterinary Medicine, University of California, Davis, Davis, CA, United States

2Department of Pathology, Microbiology, and Immunology, School of Veterinary Medicine, University of California, Davis, Davis, CA, United States

3Department of Pathology and Laboratory Medicine, School of Medicine, University of California, Davis, Sacramento, CA, United States

4Division of Gastroenterology and Hepatology, Department of Internal Medicine, University of California, Davis, Sacramento, CA, United States

Edited by
 Enrica Zucca, University of Milan, Italy

Reviewed by
 Louis Charles Penning, Utrecht University, Netherlands
 Musadiq Idris, Islamia University of Bahawalpur, Pakistan
 

*Correspondence
 Tarini Ullal, tvullal@ucdavis.edu 

Received 25 August 2025
 Revised 04 November 2025
 Accepted 14 November 2025
 Published 04 December 2025
 

Citation
 Ullal T, Choi EA, Gui D and Medici V (2025) Comparative review of copper-associated chronic hepatitis in dogs and Wilson disease in humans. Front. Vet. Sci. 12:1692603. doi: 10.3389/fvets.2025.1692603
 

Copper-associated chronic hepatitis (CAH) in dogs and Wilson disease (WD) in humans are progressive hepatic disorders caused by copper accumulation. Although both diseases share similar pathomechanisms of copper-induced liver injury, they diverge in some aspects of etiology, clinical manifestations, diagnostic methods, and therapeutic strategies. Wilson disease arises from inherited ATP7B mutations while CAH in dogs might be more influenced by excess dietary copper with ATP7B mutations playing a lesser role. Dogs exhibit hepatic disease whereas humans show hepatic and/or extrahepatic manifestations, including neuropsychiatric and ocular signs. Dogs with CAH accumulate copper centrilobularly unlike human patients who develop copper periportally initially. There are several non-invasive diagnostic tools used to monitor the effect of treatment in humans with WD that are not available for dogs with CAH. Copper chelation and dietary copper restriction are used to treat dogs with CAH and humans with WD, but liver transplantation is not an option for dogs with CAH. This comparative review highlights the similarities and differences between CAH and WD, offering insights that may improve our understanding and management of copper associated liver diseases in dogs and human patients.
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1 Introduction

Copper is an essential trace element required for numerous physiological processes in mammals (1, 2). These processes involve copper-dependent enzymes that use copper as a cofactor, including cytochrome c oxidase for electron transport chain function and ATP production, superoxide dismutase for antioxidant defense, lysyl oxidase for collagen and elastin formation, dopamine hydroxylase for neurotransmitter synthesis, tyrosinase for pigmentation, sulfhydryl oxidase for keratinization, and ceruloplasmin and hephaestin for iron homeostasis. Maintenance of copper homeostasis is vital because both copper deficiency and excess can result in significant pathology. Specifically in the case of excess copper, there is heightened potential for free radical formation, oxidative damage, mitochondrial stress, and ultimately cell death driven by copper, known as cuproptosis (3).

Copper metabolism is highly preserved between mammalian species and tightly regulated to prevent imbalances. Copper is absorbed at the intestines via copper transport 1 protein (CTR1) and divalent metal transporter 1 (DMT1). Once absorbed into enterocytes, copper is immediately bound to glutathione, metallothionein (MT), or chaperones to prevent oxidative damage. Copper chaperone antioxidant 1 (ATOX1), escorts copper to ATP-ase copper transporting alpha (ATP7A), which then exports copper to the systemic circulation.

Circulating copper enters hepatocytes via CTR1. Once intracellular, copper binds to glutathione, metallothionein, or copper chaperone proteins to prevent oxidative damage and to incorporate copper in processes such as mitochondrial oxidative phosphorylation. Copper chaperone antioxidant 1 (ATOX1) presents copper to ATP-ase copper transporting beta (ATP7B), which incorporates copper into apo-ceruloplasmin in the trans-Golgi network to form holo-ceruloplasmin and facilitate copper excretion from the liver. The copper-ceruloplasmin complex also mediates iron oxidation and binding of iron to ferritin (4). When copper is elevated, ATP7B facilitates biliary excretion of copper with the aid of Copper Metabolism Murr1 Domain-containing protein 1 (COMMD1) (1, 2). The ATP7A transporter can also facilitate hepatic copper excretion (5).

Both dogs and humans can be affected by disorders of excess hepatic copper. These disorders are known as copper-associated chronic hepatitis (CAH) in dogs and Wilson disease (WD) in humans. Pathologic levels of hepatic copper cause hepatocellular injury through the production of reactive oxygen species (ROS), mitochondrial dysfunction, and inflammation, which ultimately leads to fibrosis and cirrhosis (3, 6–8). Copper-associated chronic hepatitis (CAH) in dogs and WD in humans share pathophysiology, but they differ in some aspects of etiology, clinical presentation, diagnostic tools, and treatment approaches (Table 1) (7, 9–47). Table 1 summarizes the comparative features of CAH in dogs and WD in humans.


TABLE 1 Main features of copper-associated chronic hepatitis in dogs and Wilson disease in humans.


	
	Dogs with copper-associated chronic hepatitis (CAH)
	Humans with Wilson disease (WD)

 

 	Prevalence 	1/3 of dogs with chronic hepatitis have copper associated chronic hepatitis (9)
 Increased prevalence since 1990’s (10, 11) 	1:30,000 to 1:50,000 (12)
 Hepatic and neurologic forms most common (7)


 	Demographic features


 	Age at onset 	Generally middle age to older (13, 14) 	Variable; typically between 2nd and 4th decade of life (15)


 	Sex 	Females in Labrador retrievers (16) and Doberman pinschers (17) 	Males and females both affected (18)


 	Breed/Ethnicity 	Labrador retrievers (16)
 Doberman pinschers (17)
 Bedlington terriers (19)
 Dalmatians (20, 21)
 West Highland white terriers (22)
 Non-predisposed breeds as well (11) 	Occurs worldwide (7)


 	Clinical manifestations


 	Genotype–Phenotype correlation 	COMMD1 mutation established in Bedlington terriers (23)
 ATP7B and ATP7A mutations implicated in Labrador retrievers (24, 25) 	Hundreds of identified ATP7B mutations, incomplete penetrance (26); poor genotype–phenotype correlation (27)


 	Hepatic 	Ranges from subclinical hepatopathy to liver failure (13) 	Ranges from subclinical hepatopathy to acute or chronic liver failure (7)


 	Neurologic/behavioral 	None 	Copper deposition in basal ganglia resulting in neuropsychiatric disease (15)


 	Ocular 	No ocular abnormalities 	Kayser-Fleischer rings; sunflower cataracts (28); damage to nerves in corneal nerve plexus (7)


 	Hemolytic anemia 	Rare, but documented in Bedlington terrier (29) 	Coombs negative hemolytic anemia (30)


 	Joint 	None 	Osteomalacia, osteoporosis, arthritis, or arthralgia (30)


 	Renal 	Fanconi’s syndrome (31) 	Renal tubular dysfunction (30)


 	Cardiac 	None 	Cardiac arrhythmias, cardiomyopathy, rhabdomyolysis (30)


 	Dietary involvement



	Dietary copper 	Increased dietary copper content and bioavailability (1, 32, 33) 	Introduction of higher copper foods can contribute to progression (7)


 	Laboratory findings and measures of copper


 	Liver enzymes and function parameters 	Transaminase activity +/− liver function abnormalities (13) 	Transaminase activity +/− liver function abnormalities (7)


 	Serum copper 	Does not correlate with hepatic copper (13, 34)
 Increases with inflammatory conditions (35) 	Low serum copper because of reduced ceruloplasmin, but can be normal to elevated from elevated exchangeable copper (7)


 	Ceruloplasmin 	Normal to elevated in dogs with CAH (36) 	< 20 mg/dL or lower consistent with WD, but many limitations (37)


 	Urinary copper 	Urine copper:zinc ratio associated with hepatic copper, but overlap with healthy Labrador retrievers (38) 	Elevated 24-h urinary copper indicative of WD; >1x or >2x upper limit of normal; > 1.6 μmol/L or > 100 μg/24 h in symptomatic patients (39–41)


 	Non ceruloplasmin bound copper 	Not evaluated in dogs 	Maintenance: 5–15 μg/dL; Overtreatment: < 5 μg/dL; Treatment failure: > 15 μg/dL (42)


 	Hepatic copper 	Normal value: 200 to 400 μg/g dry weight; > 1,000 μg/g concerning for CAH (8) 	Normal value: 20 to 50 μg/g dry weight; > 250 μg/g dry weight concerning for WD (43)


 	Liver histology


 	Chronic hepatitis to fibrosis and cirrhosis 	Positive rhodanine stain in centrilobular hepatocytes progressing to midzonal and then panlobular (13);
 Rhodanine stained positive pigment granulomas with chronic hepatitis progressing to fibrosis and cirrhosis (44);
 Mitochondrial changes including shrunken nuclei and accumulation of electron dense material (45, 46) 	Rhodanine staining has poor sensitivity; copper accumulation is periportal (47);
 Hepatic steatosis, spotty hepatocyte necrosis and lymphocytic hepatitis that progresses to fibrosis and cirrhosis (48);
 Mallory-Denk bodies; glycogenated nuclei (15, 48);
 Ultrastructural mitochondrial abnormalities (49)


 	Steatosis 	Not observed 	Moderate to severe steatosis (50)




 

This review aims to compare and contrast CAH and WD. Highlighting the similarities and differences could provide translational insights that guide and improve diagnostic and therapeutic strategies for both dog and human patients.



2 Epidemiology and signalment of copper-associated chronic hepatitis (CAH) and Wilson disease (WD)

Copper associated chronic hepatitis (CAH) is a common cause of liver disease in dogs that is estimated to affect one-third of dogs with chronic hepatitis (9). A study from a single institution over the 10-year period (2010–2020) corroborated that elevated hepatic copper is a common problem in dogs. Of 4,559 dogs that had undergone a liver biopsy and hepatic copper quantification, 50 and 19% of them had copper concentrations above the normal reference interval (200 to 400 μg/g dry weight) and > 1,000 μg/g dry weight, respectively. Dogs can be diagnosed at any age, but are usually diagnosed when middle-aged to older although subclinical disease can occur sooner (13, 14). Breeds such as Labrador retrievers (10), West Highland white terriers (48), Doberman pinschers (49), Dalmatians (21), and Bedlington terriers (19) are predisposed to CAH compared to other breeds (11). Females are more commonly affected in the Labrador retrievers (10, 24) and Doberman pinschers (17). In both non-predisposed and especially in predisposed breeds, higher hepatic copper concentrations and an increased prevalence of CAH have been observed since the 1990’s possibly because of changes in the nutrient guidelines for commercial dog foods (10, 11). In 1997, the Association of American Feed Control Officials recommended discontinuing the use of cupric oxide in commercial dog foods in place of more bioavailable forms such as copper sulfate. Additionally, the limit set for maximum copper concentration in adult maintenance dog diets was eliminated in 2007. This has permitted commercial dog foods to incorporate as much copper in the diet as desired without any regulation and has potentially contributed to the rising prevalence of CAH in dogs.

Wilson disease (WD) is a rare autosomal recessive disorder affecting 1 in 30,000 to 50,000 individuals worldwide. However, the prevalence might be underestimated because of clinical heterogeneity and limited awareness. In general, the clinical prevalence is considered lower than the genetic prevalence (12). The common age of onset is in adolescence and young adulthood to middle age, but the range of years affected can be wide. Hepatic presentations of WD occur earlier in age while neurologic symptoms present later in adulthood (7). Both females and males are equally affected, but hepatic presentation is more common in females and the neurologic presentation is more common in males (18).



3 Genetics and environmental factors involved in copper-associated chronic hepatitis (CAH) and Wilson disease (WD)

In dogs with CAH, the genetic landscape is less known compared to humans with WD, but ATP7B dysfunction has been implicated in several breeds (24, 50–52). CAH was first recognized in the Bedlington terrier and linked to a 13 kb autosomal recessive deletion in the exon 2 of the COMMD1 gene. Selective breeding reduced, but did not eliminate CAH in the Bedlington terrier or other breeds, suggesting other contributing factors (51, 53, 54). A genome wide association study in 235 Dutch Labrador retrievers from samples collected in the early 2000s identified a missense mutation in ATP7B (ATP7B:c.4358G > A) causing ATP7B mislocalization in the endoplasmic reticulum instead of the trans-Golgi network and higher hepatic copper. Similar associations with ATP7B were reported in other breeds such as the Doberman pinscher, Cavalier King Charles spaniel, and COMMD1+/+ Bedlington terriers. The ATP7B effect is additive such that homozygous mutants have higher hepatic copper concentrations than heterozygous individuals (24, 50–52). However, the ATPB variant allele is not fully predictive or diagnostic for CAH. In a study of samples retrieved between 2013 and 2021 from a single university laboratory database, 25% (7/28) of healthy Labrador retrievers dogs carried the variant allele and nearly 50% (21/45) of Labrador retrievers with elevated hepatic copper lacked the variant allele (25). Also, only 8.3% of the heritable variation in hepatic copper concentrations in 235 Dutch Labrador retrievers could be attributed to the ATP7B mutation (24). Other genetic modifiers also affect copper concentration such as ATP7A and resistin (RETN) genes, which negatively correlate with hepatic copper in Labrador retrievers (55). There is also strong evidence to support that environmental factors, such as diet, impact hepatic copper concentrations given that hepatic copper concentrations have increased ever since AAFCO guidelines were amended (33, 56). Dietary factors may have a greater impact on dogs than humans because dogs are fed standardized, commercially formulated diets, whereas humans consume a more varied and individualized diet. Additionally, the effects of genetic predispositions in dogs are likely amplified by inbreeding. The impact of these factors could explain some of the clinical differences between CAH and WD.

In humans, WD arises from mutations in the ATP7B gene located on chromosome 13q14. Hundreds of pathogenic variants have been identified according to the Human Gene Mutation Database, and not all mutations are causative of copper accumulation. Higher genetic frequencies have been documented in Sardinia, parts of India, Pakistan, Romania, and the Middle East, correlating with increased carrier rates (12, 26). There is no predictable correlation between genotype and clinical phenotype (27). However, at the molecular level, common missense mutations have resulted in functional impairments or mislocalization of the mutated ATP7B (57). The missense mutation His1069Q on exon 14 is the most common in Europe and North America and the missense R778L on exon 8 predominates in East Asia (58). Given the poor genotype–phenotype correlation, WD is believed to be caused by a complex combination of genetic, metabolic, and epigenetic factors (27, 59–63). Modifying genes proposed to be associated with WD include esterase D (ESD), INO80 chromatin remodeling complex, apolipoprotein (APOE), methyl-CpG Binding Domain Protein 6 (MBD6), patatin-like phospholipase domain-containing 3 gene (PNPLA3), and methylenetetrahydrofolate reductase (MTHFR). Recent evidence indicates a possible role for prion protein in the pathogenesis of WD, where ATP7B dysfunction results in hepatic expression of prion protein, which in turns promotes hepatocyte copper accumulation (64). Differences in DNA methylation between patients with WD and other liver conditions support that unique epigenetic alterations occur in WD (65). Rodent models of WD demonstrate that not only excess copper, but also the maternal environment and nutritional factors such as betaine and choline supplementation can influence methionine metabolism and availability of methyl groups for DNA and histone methylation, resulting in differential methylation patterns (66–68). These external influences could contribute to the poor genotype–phenotype correlation and the wide phenotypic variability observed in human patients with WD.



4 Pathophysiology of copper-induced hepatic injury in copper-associated chronic hepatitis (CAH) and Wilson disease (WD)

Hepatic copper overload in CAH and WD overwhelms the buffering capacity of copper chaperones and metallothioneins. This results in excessive free copper that can participate in Haber-Weiss and Fenton reactions with consequent release of reactive oxygen species (69). Free radicals then damage the mitochondrial membrane, mitochondrial DNA structure, and energy transport chain, which leads to accelerated hepatocyte death (3, 6, 70, 71). Copper also directly triggers cell death by accumulating in mitochondria and activating pathways involving the mitochondrial ferredoxin 1 (FDX1) protein resulting in cuproptosis (72). Excess intracellular copper also activates autophagy via various mechanisms (73). Copper-induced dysregulation of nuclear receptors also is an important part of the pathogenesis of lipid dysmetabolism in human patients with WD (74, 75). Hepatic injury and death triggers inflammatory mediators (76), which result in acute or chronic hepatitis and activates hepatic stellate cells into myofibroblasts leading to fibrous deposition and ultimately cirrhosis (40, 77).



5 Clinical and laboratory features of copper-associated chronic hepatitis (CAH)

In dogs, CAH presents with subclinical disease in approximately one-fourth of patients. The diagnosis is pursued after detecting a predominantly hepatocellular enzymopathy (increased alanine aminotransferase (ALT) with or without aspartate aminotransferase (AST) levels), or a mixed pattern with elevations in alkaline phosphatase (ALP) and gamma-glutamyl transferase (GGT) as well. The complete blood count can show a non-regenerative, normocytic, normochromic anemia from an anemia of chronic disease (8). Rare reports of a copper-induced hemolytic anemia have been documented in the Bedlington terrier, but this clinical manifestation is uncommon (19, 29).

Clinical signs can initially be non-specific in nature and then progress to signs more specific of liver disease in later stages of disease. Examples are listed below.

Non-specific Signs:


	• Hyporexia to anorexia

	• Lethargy

	• Vomiting

	• Diarrhea

	• Weight loss



Specific Signs:


	• Icterus

	• Abdominal distension from ascites

	• Neurologic signs from hepatic encephalopathy

	• Polydipsia/polyuria

	• Melena from portal hypertension



In later stages of disease, elevated liver enzyme activity will generally be accompanied by abnormalities in liver function characterized by decreased albumin, cholesterol, blood urea nitrogen, increased bilirubin, and in the final stage, hypoglycemia (8). One of the unique manifestations of CAH is a Fanconi’s syndrome that develops from renal tubular epithelial copper accumulation. Glucosuria with or without proteinuria will be detectable on the urinalysis but typically resolves with treatment of CAH. Neurologic and ocular signs as a result of copper accumulation have not been observed in dogs with CAH.



6 Clinical and laboratory features of Wilson disease (WD)

In humans with WD, copper accumulates in various organs resulting in a wide potential range of symptoms including hepatic, neurologic, psychiatric, renal, cardiac, and skeletal manifestations. The most common clinical presentations are hepatic and/or neuropsychiatric disease. One of the early organs affected by WD is the liver. Patients with hepatic WD are initially asymptomatic with increased transaminase activity (AST > ALT), but like dogs with CAH, can progress to have non-specific and then more specific symptoms of liver disease. Examples of symptoms include:


	• Fatigue

	• Lack of appetite

	• Jaundice

	• Compensated or decompensated cirrhosis



Three to 5% of WD patients present in acute liver failure. Clinical signs and labwork abnormalities of patients in acute liver failure include (7, 78, 79):


	• Low normal or normal ALP

	• Jaundice, hyperbilirubinemia

	• Non-immune hemolytic anemia

	• Coagulopathy

	• Ascites

	• Encephalopathy

	• Renal dysfunction



WD involves the central nervous system because of copper deposition, especially in the basal ganglia. Neuropsychiatric signs can include (80):


	• Dysarthria (most common)

	• Ataxia

	• Dystonia (focal, segmental, or generalized)

	• Tremors

	• Seizures

	• Dysphagia

	• Parkinsonism

	• Irregular dance-like movements (chorea)

	• Mood instability

	• Depression

	• Sleep disorders

	• Cognitive decline



Unlike dogs with CAH, human patients with WD can present with Kayser-Fleischer (KF) rings, which are dark, golden-brown rings at the edge of cornea that are detected by slit-lamp. The KF rings are not entirely specific for WD, but they are evident in virtually all patients with neurologic signs and symptoms. A less common manifestation is sunflower cataracts, which are located under the anterior lens capsule. Both ocular manifestations should resolve with treatment of WD (28). Patients with WD can also present with associated hematologic, cardiac, renal, skeletal, and endocrine manifestations including intravascular hemolysis, renal tubular dysfunction resulting in a Fanconi syndrome, hypokalemia, hypouricemia, skeletal or muscle weakness, cardiomyopathy, arrhythmias, atrial fibrillation, hypoparathyroidism, infertility, and frequent miscarriages (7).



7 Hypotheses to explain the clinical differences between copper-associated chronic hepatitis (CAH) and Wilson disease (WD)

Unlike human patients with WD, dogs do not develop ocular, neurologic, cardiac, or musculoskeletal signs as a result of copper accumulation. While increased copper concentrations in the cornea and brain have been documented in a few older Bedlington terrier dogs with CAH, none of the dogs were clinical for any ocular or neurologic signs (19, 36). Because the lifespan of dogs is much shorter than that of humans, there might not be adequate time to accumulate clinically significant copper concentrations in extrahepatic organs. Dogs with CAH might also succumb to their liver disease before substantial systemic copper accumulates given the progressive nature of the disease and because the diagnosis of CAH is often delayed until dogs are clinically ill. It is also possible that the degree of systemic copper accumulation is underestimated in dogs because copper is not routinely quantified or evaluated in tissues such as the brain or eyes. Clinical signs of neuropsychiatric disease could also be overlooked in dogs with CAH because it is challenging to diagnose dogs with anxiety, depression, mood, behavioral, or sleep disorders because dogs are unable to communicate their clinical signs. It also can be difficult to differentiate copper-induced neurologic disease from signs of hepatic encephalopathy.

Potential reasons for the differences in clinical manifestations and organ involvement between dogs CAH and humans with WD could be attributed to differing disease etiologies—particularly genetic predisposition and dietary factors. Dietary copper intake might play a much greater role in dogs with CAH relative to ATP7B mutations. Excess dietary copper contributes to hepatic overload of copper in dogs with CAH, but intact ATP7B function enables biliary excretion of copper to prevent copper accumulation in extrahepatic sites. The mutated ATP7B in human patients with WD compromises biliary excretion of copper and inhibits synthesis of holoceruloplasmin, which results in elevated circulating non-ceruloplasmin bound copper that is more capable of reaching extra-hepatic organs (81, 82). The absolute quantity of non-ceruloplasmin bound copper is overall measurably lower in dogs compared to humans, which further decreases the risk of extrahepatic copper accumulation in dogs (83). These differences in lifespan, detection and recognition, disease etiology, and circulating copper concentrations could explain the differences in clinical manifestations observed between dogs with CAH and humans with WD.



8 Diagnosis of copper associated chronic hepatitis (CAH)

The diagnostic evaluation of CAH in dogs begins with a detailed history, physical examination, complete blood count, biochemistry panel, and urinalysis. Ultimately, a liver biopsy to obtain histology and copper quantification is required for diagnosis. Biopsies should ideally be taken via laparoscopic or a laparotomy approach to optimize diagnostic quality (84–86). Histopathologic features consistent with CAH are copper accumulation in centrilobular hepatocytes, rhodanine grade 
≥
 3/5, rhodanine staining positive pigment granulomas, lymphocytic to lymphohistiocytic hepatitis in areas of copper accumulation with multifocal scattered hepatocyte apoptosis to necrosis, and early fibrosis that can progress to panlobular copper distribution, chronic hepatitis, and cirrhosis (Figure 1). Bedlington terriers were the original model of CAH that demonstrated these histopathologic findings. Rhodanine and rubeanic staining highlighted cytoplasmic copper granules in hepatocytes. Electron microscopy and electron dispersion spectrophotometry revealed electron dense bodies in lysosomes consistent with sequestered copper (19, 87). Ultrastructural studies show that as hepatic copper concentrations increase and the lysosomal compartment is overwhelmed, copper accumulates in the nuclei and cytoplasm of hepatocytes (46), causing DNA and mitochondrial damage (variable sizes with loss of cristae) (45) likely via oxidative stress (6). Dogs with CAH usually have measurable copper concentrations > 1,000 μg/g dw, but there is no definitive cut-off for diagnosis and dogs with concentrations 600–1,000 μg/g dw can still have CAH (8). Conversely, Bedlington terriers with elevated hepatic copper > 1,000 μg/g dw might have minimal to no histologic evidence of hepatitis or injury (45) until they acutely develop acute hepatic necrosis and hemolytic anemia. Hepatic copper quantification is generally performed with flame atomic absorption spectroscopy (FAAS) or inductively coupled plasma mass spectrometry (ICP-MS). Hepatic copper can also be estimated using digital image analysis, which accounts for lobular variation in architecture and copper concentration to avoid underestimating copper concentrations (88). Serum copper levels are neither significantly increased nor correlated with hepatic copper concentrations and therefore are not used to diagnose CAH in dogs (19).

[image: Histologic images of liver tissue from a dog with copper associated chronic hepatitis (CAH). Panel A is a hematoxylin-eosin stained section showing scattered pigment granulomas (black arrowheads) and an individual necrotic hepatocyte (yellow arrowhead). Panel B is a rhodanine-stained section highlighting the copper granules in a red-orange hue. PT and CV point to portal tract and central vein.]

FIGURE 1
 Liver histology of copper associated chronic hepatitis (CAH). (A,B) Liver histology at 200x magnification from an 8-year-old female spayed Labrador Retriever dog diagnosed with copper associated chronic hepatitis (CAH) with hepatic copper of 3,400 μg/g dry weight showing (A) the general increase in lymphocytes throughout, including the central vein (CV) adventitia, portal tract (PT) stroma, and sinusoids on the hematoxylin and eosin-stained section. Pigment granulomas (black arrowheads) are scattered and an individual necrotic hepatocyte is highlighted (yellow arrowhead). (B) This is a rhodanine-stained section highlighting the copper granules in a red-orange hue. Copper granules are found in hepatocytes and pigment granulomas (black arrowhead). The copper accumulation is nearly diffuse but slightly less in periportal hepatocytes compared to centrilobular and midzonal hepatocytes. Images obtained courtesy of Dr. Eunju April Choi.


Other potential diagnostic biomarkers that require further study include urinary copper:zinc ratio, which was significantly associated with hepatic copper concentrations in Labrador retrievers, but there was overlap between the groups with elevated (> 400 μg/g dw) and normal hepatic copper. Erythrocyte copper chaperone for superoxide dismutase (CCS) levels and CCS/superoxide dismutase (SOD1) ratios were significantly decreased in Labrador retrievers with increased hepatic copper > 400 μg/g dw relative to Labrador retrievers with normal hepatic copper with no overlap (89). Another potential biomarker is microRNAs, which are small noncoding RNAs that regulate gene expression. Serum microRNA-122 was initially found to be significantly increased in Labrador retrievers with high hepatic copper concentrations (90), but this was later contradicted by a study in which serum cfa-miR-30b was significantly upregulated in Labrador retrievers with elevated hepatic copper levels (> 400 μg/g dw) relative to Labrador retrievers with normal hepatic copper (91). Hepatic copper quantification paired with rhodanine staining of histologic liver sections is the current gold standard to assess hepatic copper and diagnose CAH in dogs (8).



9 Diagnosis of Wilson disease (WD)

The diagnostic evaluation of WD in humans also begins with a detailed medical history including family history and a thorough physical examination. Symptoms of ocular disease should be interrogated with a slit-lamp examination or optical tomography to evaluate for KF rings and other ocular abnormalities. As also recommended by European Association for the Study of Liver Disease guidelines (42), a neurologic evaluation should be performed and possibly an MRI because MRI findings are detected in 40% of patients with the hepatic form of the disease (92). A complete blood count, biochemistry panel, and urinalysis are performed to identify evidence of hemolytic anemia, elevated transaminase activity, and renal injury associated with WD. Other non-invasive baseline tests that are performed in the diagnosis of WD include measurement of serum ceruloplasmin, 24-h urinary copper excretion, and relative exchangeable copper (REC) although no single test is reliable for diagnosis. Interpretation of liver histopathology with hepatic copper quantification is considered the most reliable diagnostic method (4).


9.1 Serum ceruloplasmin

Human patients with WD are expected to have decreased plasma ceruloplasmin because of the inability of ATP7B to incorporate copper into apoceruloplasmin to produce holoceruloplasmin. However, several possible factors can affect serum ceruloplasmin causing false positive or negative results. Inflammation, hyperestrogenemia, or oral contraceptives are associated with increased ceruloplasmin levels and diseases such as aceruloplasminemia, protein-losing enteropathy, neurologic disorders such as cervical dystonia, other liver diseases, and copper deficiency will lower serum ceruloplasmin. Additionally, the available immunologic assays can overestimate ceruloplasmin concentration compared with the oxidative assays. Generally, a ceruloplasmin concentration < 20 mg/dL is considered consistent with WD although a concentration < 10 mg/dL would be more supportive of a diagnosis (7, 37, 42).



9.2 Urinary copper excretion

Elevated 24-h urinary copper excretion is expected in patients with WD. The test must be performed in containers that are free of copper to prevent contamination. A level > 100 μg/24 h in a symptomatic patient would be typical for WD, but any result > 40 μg/24 h (upper limit of normal) could be consistent with WD. Urinary copper increases because of increased circulating non-ceruloplasmin bound copper. However, cholestatic liver disease and renal disease increase urinary copper excretion as well and confound the interpretation of the test result (39–41).



9.3 Relative exchangeable copper (REC) and non-ceruloplasmin bound copper (NCC)

A novel biomarker of WD that shows high diagnostic accuracy for WD is relative exchangeable copper (REC). Relative exchangeable copper (REC) is the ratio of exchangeable copper (CuEXC) to total serum copper. Exchangeable copper (CuEXC) is a measurement of bioavailable non-ceruloplasmin bound copper. It is measured by using ethylenediaminetetraacetic acid (EDTA) to bind copper followed by an ultrafiltration step and copper quantification using FAAS. The diagnostic performance of REC in the detection of WD is high with a sensitivity of 100% and specificity of 99.6% when REC is ≥ 13.8% (93). Instead of measuring bioavailable copper using EDTA and ultrafiltration, a copper speciation method can be utilized using strong anion exchange chromatography coupled with ICP-MS to measure non-ceruloplasmin bound copper (NCC). However, NCC is more commonly used as a monitoring tool to evaluate treated patients (94, 95) while REC is used as a diagnostic tool. Relative exchangeable copper (REC) is currently available for clinical use in Europe, but not in the United States. Non-ceruloplasmin bound copper (NCC) has limited clinical availability as of now.



9.4 ATP7B testing

Genotyping of ATP7B can assist in confirming the diagnosis of WD if a common pathogenic mutation is identified, but penetrance is incomplete and genotype–phenotype correlation is poor (96–99). Genotyping of ATP7B is available via various laboratories, but is expensive. Quantification of ATP7B peptides can also identify WD patients in 92% of ambiguous cases, but the test is mainly used for research at this time (100).

The Leipzig scoring combines the results of clinical symptoms and features (K-F rings, neuropsychiatric symptoms, Coombs negative hemolytic anemia), decreased ceruloplasmin, elevated 24-h urinary copper excretion, elevated hepatic copper concentration, and genotyping of ATP7B to determine the likelihood of WD (101). The calculation of this score and REC is recommended to diagnose WD (42). If the diagnosis is questionable with non-invasive testing, a liver biopsy should be pursued to clarify the diagnosis although histopathologic features can vary.



9.5 Liver histopathology

Histopathologic findings of patients with WD can include steatosis (usually macrovesicular and portal) and acute or chronic hepatitis (lymphocytic to lymphohistiocytic, periportal initially but can progress to panlobular over time) with varying degrees of necrosis depending on the stage and fulminant presentation of the disease (Figure 2). With chronicity, fibrosis can develop portally and then begin to bridge, ultimately resulting in cirrhosis (usually micronodular or mixed) (102). Mallory-Denk bodies (indicative of cell cycle dysregulation) and glycogenated hepatocyte nuclei can also be observed. Hepatic copper quantification should reveal concentrations > 250 μg/g dw whereas histochemical staining with rhodanine lacks sensitivity and specificity for WD (15, 103). Mitochondrial pleomorphism (enlargement, separation of inner and outer membranes, cristae dilation) and dense lysosomal inclusions can be visible on electron microscopy indicative of mitochondrial copper accumulation, dysfunction, and oxidative stress (70, 104). Cirrhosis in patients with WD is associated with the development of hepatocellular carcinoma (105), although this is still debated (106). Dogs with CAH have no known increased risk of hepatocellular carcinoma or other neoplasia. Metabolic dysfunction-associated fatty liver disease or metabolic dysfunction-associated steatohepatitis has not been reported to occur in the dog. A Scottish terrier study on progressive vacuolar hepatopathy, predominantly characterized by excessive glycogen accumulation, has suggested adrenal steroidogenesis and a predisposition to hepatocellular carcinoma in this breed (107). However, while hepatocellular carcinomas in dogs occur with relative frequency, an underlying etiology or underlying liver disease is often not apparent.

[image: Histologic image of a hematoxylin and eosin-stained section of liver tissue from a human with Wilson disease (WD) showing mild portal and lobular inflammatory infiltrates, glycogenated hepatocyte nuclei, and minimal macrovesicular steatosis.]

FIGURE 2
 Liver histology of Wilson disease. Liver histology at 200x magnification from a 7-year-old male patient with Wilson disease who presented for cerebellar ataxia, shows mild portal and lobular inflammatory infiltrates that are predominantly lymphocytic, glycogenated hepatocyte nuclei, and minimal macrovesicular steatosis on a hematoxylin and eosin-stained section. Hepatic copper was > 1,000 μg/g dry weight. Images obtained courtesy of Dr. Ameet Thakker.





10 Differences in the tests utilized to diagnose copper-associated chronic hepatitis (CAH) and Wilson disease (WD)

Ceruloplasmin is not measured to clinically assess dogs with CAH because Bedlington terriers with the COMMD1 mutation have normal to increased ceruloplasmin concentrations (36). This is perhaps because COMMD1 defects do not impact holoceruloplasmin formation unlike ATP7B mutations in human WD. Differences in serum copper concentrations and copper-carrying compounds between human and dog might explain why neither serum copper nor ceruloplasmin measurement is helpful in dogs with CAH (34). Absolute total serum copper and exchangeable or non-ceruloplasmin bound copper concentrations in dogs are quantitatively half that of humans. Dogs also rely more on transcuprein/alpha 2 macroglobulin and low molecular weight complexes for copper transport and less on ceruloplasmin or albumin compared to humans (83). Low molecular weight complexes, such as the small copper carrier, could be more useful in the diagnosis of CAH in dogs. Urinary small copper carrier was significantly increased in ATP7B−/− compared to ATP7B+/− and ATP7B+/+ Labrador retrievers although correlations with hepatic copper concentration have not been reported (108). Spot samples of urinary copper excretion can be increased in Bedlington terriers with CAH, but 24-h excretion has not been evaluated (45, 109). Urine copper:zinc ratios correlated with hepatic copper concentrations in Labrador retrievers, but there was overlap between the normal and elevated hepatic copper groups (38). Measurements of NCC or CuEXC have not been performed or published in dogs.

Histopathologic findings between CAH and WD differ in some regards although the diagnosis of both requires demonstrating and quantifying excess hepatic copper. Hepatosteatosis, glycogenated nuclei, and Mallory-Denk bodies are frequently observed in patients with WD (15, 103), but are not routinely noted in dogs with CAH (8, 110). Adipocyte infiltration in hepatocytes has been observed in later stages of disease in Bedlington terriers with CAH, but is not reported in other dogs affected by CAH (13, 19, 111). The lack of functional ATP7B in human patients with WD can dysregulate lipid metabolism in the intestine and liver resulting in hepatosteatosis (112, 113). The consumption of high-fat diets can also result in metabolic dysfunction and hepatosteatosis in human patients with WD (60). Additionally, there is a notable difference in the hepatic copper distribution between the 2 species. Human patients with WD preferentially accumulate copper periportally while dogs with CAH deposit copper centrilobularly. The reason for this difference is unknown but could relate to differences in copper transport mechanisms or disease etiology. Periportal copper deposition might occur because of ATP7B mutations in human patients with WD while centrilobular copper deposition might occur because of excess dietary copper in dogs similar to sheep with copper toxicosis (114). Because portal perfusion proceeds from zone 1 (portal) to 2 (midzonal) to 3 (centrilobular), a high copper load might saturate periportal and midzonal handling resulting in downstream overflow and deposition in zone 3 (centrilobular). This proposed mechanism is purely hypothetical though and requires study to determine its relevance and accuracy.



11 Treatment, monitoring, and prognosis of copper-associated chronic hepatitis (CAH)

Standard therapy of dogs with CAH involves chelation agents, such as D-penicillamine, and a copper-restricted diet (preferably <0.12 mg/100 kcal of copper). Copper intake from water should also be limited to < 0.1 μg/g. The most common chelating agent used is D-penicillamine, which is typically started at a dose of 10-15 mg/kg orally every 12 h (8). D-penicillamine is a monothiol amino acid that chelates divalent metal ions such as copper by binding with its sulfhydryl group to facilitate urinary copper excretion. It also induces metallothionein to bind and sequester free intracellular copper. D-penicillamine might also have immunomodulatory and antifibrotic properties (115). Administration with food can reduce the bioavailability and therefore, it is optimal to administer D-penicillamine 1 h before or 2 h after a meal (116). Gastrointestinal signs such as vomiting, lack of appetite, and diarrhea are among the most common adverse effects encountered in dogs receiving D-penicillamine. It is often necessary to administer D-penicillamine with a meal or lower the dose to reduce gastrointestinal adverse effects. Gradual dose escalation and administration with anti-emetics can also limit gastrointestinal adverse effects. Less common adverse effects include cutaneous reactions, protein-losing nephropathy, cytopenias (thrombocytopenia, neutropenia) (117), and copper deficiency (115). Studies in Doberman pinschers and Labrador retrievers with CAH show that D-penicillamine successfully reduces hepatic copper and improves the associated histopathologic abnormalities (118, 119). Alternative chelators that have been trialed, but require further study, include trientine (2,2,2, tetramine), 2,3,2-tetramine (120, 121), and ammonium tetrathiomolybdate (122). Adverse effects of trientine and 2,3,2-tetramine appear less compared to D-penicillamine, but chelation also seems to be more rapid and more likely to induce copper deficiency (121). Ammonium tetrathiomolybdate forms a complex with copper and albumin in the blood preventing uptake of copper. Adverse effects of ammonium tetrathiomolybdate in dogs can include gastrointestinal signs and possibly hematologic abnormalities (122). Dietary copper restriction is a life-long therapy for dogs with CAH. In the induction phase of treatment, copper-restricted diets are combined with chelation treatment for at least 6 months to achieve adequate copper reduction in the liver. Dietary copper restriction itself without chelation can reduce hepatic copper, but it is optimal to administer dietary treatment in combination with a chelating agent to more promptly reduce hepatic copper concentrations. After at least 6 months of dietary copper restriction and chelation, the chelating agent can be discontinued or reduced in dose or frequency of administration. Once the chelating agent is discontinued, dietary copper restriction can prevent reaccumulation of copper in some dogs (123, 124). However, other dogs will reaccumulate copper despite copper-restricted diets and therefore need a longer course or potentially life-long chelation in addition to dietary restriction of copper while monitoring for signs of copper deficiency (123). Zinc salts (zinc gluconate or zinc acetate) is a maintenance treatment option that can be used in conjunction with dietary restriction of copper after chelation is complete. Zinc induces intestinal and hepatic metallothionein, which blocks intestinal absorption of copper and facilitates its fecal excretion. Because of the mechanism of action, zinc is slow to reduce hepatic copper and is therefore not used as an induction agent (125). Even if used for maintenance therapy, the benefit of zinc beyond what dietary copper restriction achieves is questionable (126). Zinc is also commonly associated with adverse gastrointestinal effects and monitoring of serum zinc concentrations is required to avoid exceeding concentrations > 800 μg/dL that can result in zinc-induced hemolysis. For the aforementioned reasons, zinc is not commonly used in the treatment of CAH in dogs (8).

Monitoring during treatment of dogs with CAH requires monitoring for adverse effects of medications, but also clinical, biochemical, and histopathologic response. Improvements in serum transaminase activity and liver function parameters can be observed in a subset of cases as soon as 1 month into therapy, but normalization of ALT might not occur even after 6 months of treatment. Laboratory markers are generally insensitive to histopathological improvements (118, 119). Therefore, repeat assessment of liver histopathology and hepatic copper quantification is necessary to prove that hepatic copper reduction and resolution of CAH has occurred and is usually performed 6 months into treatment (118, 119). Diagnostic tools used in human WD such as 24-h urinary copper, serum ceruloplasmin, non-ceruloplasmin bound copper are not utilized in dogs. However, urine copper:zinc ratio could be a viable monitoring tool to assess treatment response because ratios decrease as hepatic copper concentrations decrease in Labrador retrievers treated for CAH (38). Prognosis in affected dogs is generally good to excellent if treatment is initiated in a timely fashion although in cases of acute liver failure or cirrhosis, prognosis is typically worse. Thus, an early and accurate diagnosis and prompt initiation of treatment is crucial to optimizing outcomes because liver transplantation is not feasible in dogs.



12 Treatment, monitoring, and prognosis of Wilson disease (WD) in humans

The mainstay of therapy for human patients with WD is lifelong treatment with FDA-approved chelating agents, D-penicillamine or trientine, or with zinc salts. Chelators are typically initiated at low doses and titrated gradually to a target induction dose of 15–20 mg/kg/day, divided into two or three doses, with a maintenance dose of 10–15 mg/kg/day (7, 42). Up to 30% of patients on D-penicillamine must discontinue treatment due to adverse events such as neurologic deterioration, fever, hypersensitivity, cutaneous eruptions or other dermatologic signs, lymphadenopathy, nephrotoxicity with proteinuria and casts, bone marrow toxicity, lupus-like syndromes, myasthenia gravis, and copper or iron deficiency resulting in sideroblastic anemia and hepatic siderosis (127). Trientine is generally better tolerated although it can also result in progression of neurologic signs, arthralgia, muscle cramps, and copper deficiency (128). Trientine is available in two formulations: trientine dihydrochloride which requires refrigeration, and trientine tetrahydrochloride, which is more stable and does not require cold storage. Trientine tetrahydrochloride was non-inferior to D-penicillamine in maintaining copper balance over 1 year in stable WD patients and had fewer treatment-related discontinuations (94). The mechanism of action of chelators is generally believed to be exerted through increased urinary copper excretion. However, radiotracer copper-64 positron emission tomography (PET)/computed tomography(CT) showed that trientine tetrahydrochloride also acts by preventing intestinal copper absorption to a more significant extent than D-penicillamine (129). In addition to a chelating agent, all patients are encouraged to avoid high-copper foods (organ meat, shellfish, nuts, chocolate, mushrooms, non-dairy milk alternatives, soy-based products) and limit copper intake to < 0.9 mg copper/day. Diet alone is insufficient in treating patients with WD (7). In addition, once adequate copper balance is achieved, dietary restrictions are generally considered less relevant than anti-copper medications in maintaining copper homeostasis.

Zinc salts can be used as a sole agent in symptomatic patients, but are generally reserved for those who are asymptomatic, intolerant of chelators, or as maintenance therapy following successful chelation (130, 131) because there are a number of patients that are non-responders to Zn monotherapy (132). Adverse effects of zinc salts mainly include gastrointestinal signs similar to dogs with CAH.

In cases of acute liver failure, liver transplantation is generally recommended (133). Other novel treatments on the horizon for WD include bis-choline tetrathiomolybdate, which is a potent copper-binding agent that is more stable than ammonium tetrathiomolybdate. It forms tripartite complexes with albumin-bound copper to prevent copper uptake (134). Bis-choline tetrathiomolybdate seems particularly useful in treating patients with neurologic WD because it does not cause the drug-related paradoxical worsening of neurologic signs unlike D-penicillamine and trientine (135). Methanobactin, a bacterial peptide from Methylosinus trichosporium, binds intrahepatocytic copper and has shown promise in animal models by reversing mitochondrial damage. However, clinical trials in humans are still lacking. ATP7B gene therapy, delivered via adeno-associated viral (AAV) vectors, has shown phenotypic rescue in mouse models of WD by restoring hepatocellular copper transport and normalizing hepatic copper and histopathologic abnormalities. Early-phase human trials are ongoing, but challenges remain in vector delivery, durability, and immune reactions to treatment (136).

Dogs with CAH and human patients with WD both exhibit reduced antioxidant capacity (137, 138). As a result, dogs with CAH are often prescribed antioxidant support in the form of S-adenosylmethionine (SAMe) and alpha-tocopherol (vitamin E) despite the limited evidence demonstrating a significant clinical, biochemical, or histological benefit (139). However, mitochondrial lipid peroxidation and decreased hepatic vitamin E concentrations observed in Bedlington terrier dogs with CAH and human patients with WD suggest there might be some therapeutic benefit (6). Furthermore, vitamin E can reduce oxidant injury and lipid peroxidation in rodent models (140). Alpha-lipoic acid is also potentially beneficial in binding copper, restoring redox status, and reversing protein oxidation (141, 142). However, more rigorous clinical trials are required to determine the benefits of antioxidant treatments including vitamin E and alpha-lipoic acid.

Monitoring during therapy entails assessing for adherence to the medication regimen, improvement or progression in clinical signs, such as KF rings, neurologic signs, or signs of portal hypertension, and checking laboratory parameters. Laboratory tests should include a complete blood count to monitor for signs of medication toxicity or copper deficiency, evidenced by cytopenias or sideroblastic anemia with hyperferritinemia, a liver panel to monitor for improvements or normalization in liver enzyme and function tests that should occur by 3 months of treatment, and a urinalysis to monitor for nephrotoxicity caused by D-penicillamine or trientine. Further testing such as coagulation testing or abdominal ultrasound might be required in a patient suspected of or diagnosed with portal hypertension. Copper testing by measuring 24-h urinary copper excretion and NCC can further guide therapy by determining if patients are being overtreated or undertreated. Values for 24-h urinary copper excretion will initially rise with chelation treatment and then decrease during the maintenance phase to 150–500 μg/24 h. Non-ceruloplasmin bound copper (NCC) concentrations can also be measured to monitor adequacy of treatment. Non-ceruloplasmin bound copper (NCC) will initially increase during induction of chelation and then decrease to a range of 5–15 μg/dL during maintenance therapy (143). Measurement of CuEXC and copper speciation are better methods to directly quantify the non-ceruloplasmin bound copper pool without relying on unreliable ceruloplasmin measurements. Thus, both CuEXC (144) and NCC are valuable tools to monitor treated patients with WD (94). However, measurement of CuEXC and copper speciation are not currently available in most clinical practices. Twenty-four hour urinary copper excretion values < 100 μg/24 h indicate overtreatment and can be further supported by observing clinical or laboratory signs consistent with copper deficiency as well as measuring low serum copper, low ceruloplasmin, and NCC concentrations < 5 μg/dL. In contrast, undertreatment will be supported by 24-h urinary copper excretion > 500 μg/24 h and NCC > 15 μg/dL. Causes of undertreatment could be the result of underdosing, poor drug absorption, or nonadherence to the medication or dietary recommendations. Target goals for 24-h urinary copper excretion differ for patients on zinc therapy and 24-h urinary zinc excretion can be used to gauge adherence to treatment (42). Consideration should also be given to assay variability when measuring any of these biomarkers because sample collection, sample processing, assay performance, and analytical methods can all influence results. A repeat liver biopsy could be performed to quantify hepatic copper and assess histopathologic response because the time to response and degree of response can vary amongst patients. A subset of patients will experience progression in fibrosis that might not be detected by laboratory or other non-invasive laboratory tests (145, 146).

Prognosis of WD is significantly affected by delayed diagnosis, the presence of cirrhosis at the time of diagnosis, and poor adherence to treatment (147, 148). A prognostic scoring system (New Wilson Index) can be used to estimate the risk of mortality and need for liver transplantation (149). Early detection is important to improve prognosis.



13 Conclusion

Copper-associated chronic hepatitis (CAH) in dogs and Wilson disease (WD) in humans are similar in their hepatic manifestations and underlying pathophysiology. Excess hepatic copper accumulation results in oxidative and mitochondrial stress, hepatocellular death, inflammation, and eventual progression of fibrosis to cirrhosis. Thus, early detection is important to improve prognosis. Wilson disease (WD) is frequently associated with extrahepatic manifestations—most notably neurologic and ocular signs—while CAH in dogs is predominantly a hepatic disease. Extrahepatic involvement in dogs is rare but may include intravascular hemolysis or renal tubular injury. Additionally, notable histopathologic differences exist between the two diseases. The zonal distribution of hepatic copper in CAH is centrilobular while the deposition in WD occurs periportally. Histologic features such as steatosis, Mallory-Denk bodies, and glycogenated nuclei are more frequently observed in WD than in CAH.

Hypotheses that could explain these clinical and histologic differences between CAH and WAD include:


	1. Distinct etiologic factors of disease.

	2. Shorter lifespan in dogs.

	3. Differences in copper transport and handling.



These hypotheses remain untested and require further study, but will be discussed and explained further. CAH and WD are thought to arise from a complex interplay of genetic predispositions, metabolic factors, and environmental exposures, but the specific contributors and their relative influence may vary. For example, high levels of inbreeding in dogs can propagate mutations such as the COMDD1 deletion, an established cause of CAH in Bedlington terriers, or ATP7B:c.4358G > A, a variably present and expressed mutation in Labrador retrievers and Doberman pinschers with CAH. However, the widespread use of commercial diets with highly bioavailable copper is hypothesized to influence the disease greatly and has likely resulted in the increased prevalence of CAH in both predisposed and non-predisposed breeds. In humans with WD, numerous pathogenic ATP7B mutations have been identified, but factors such as maternal environment, dietary choline, and high-fat diets contribute to disease as well. High-fat diets and metabolic dysfunction could contribute to the steatosis observed in patients with WD that is not typically observed in dogs with CAH.

Lifespan might also play a role in disease phenotype. Dogs have shorter lifespans and they may not live long enough to accumulate systemic copper levels that are high enough to produce extrahepatic manifestations. Alternatively, species-specific differences in copper handling may offer a protective effect. For example, healthy dogs can tolerate much higher hepatic Cu concentrations compared to humans and the absolute quantity of non-ceruloplasmin bound copper is much smaller in dogs compared to humans. Furthermore, dogs predominantly transport copper in serum via transcuprein and lower molecular weight complexes such as small copper carrier, whereas humans rely greatly on ceruloplasmin and albumin. These differences might influence systemic copper distribution and tissue toxicity because non-ceruloplasmin bound copper is labile and more prone to uptake by extra-hepatic tissues. The difference in copper-carrying transporters also potentially lessens the utility of measuring ceruloplasmin, CuEXC, NCC, or 24-h urinary copper to diagnose or monitor CAH in dogs, but this requires further study.

Limitations of this review include the selection bias inherent to a narrative rather than a systematic review. Another limitation was the quality of the evidence because the evidence base was largely cross-sectional and retrospective in nature with few prospective studies examining treatment response and long-term outcomes. Another limitation was the overall scope of the review given the smaller number of peer-reviewed articles available studying CAH in dogs compared to WD in humans. Many of the studies of CAH in dogs are limited by small sample sizes or cohorts of particular breeds. Additionally, there has been minimal investigation into biomarkers of CAH. Of the available studies, many have aimed to identify markers associated with elevated hepatic copper rather than specific and sensitive tools to diagnose CAH. Despite these limitations, this manuscript highlighted the shared and divergent features of CAH in dogs and WD in humans and recognized the areas of further research and learning opportunity. Examples of future research directions could include:


	• Comparative research into copper metabolism in dogs and humans to prevent extrahepatic manifestations of WD

	• Genetic, epigenetic, and dietary assessments to understand the etiologic contributors to CAH

	• Exploration and validation of non-invasive biomarkers to improve the diagnosis and monitoring of treatment of CAH and WD

	• Investigation of adjunct treatment approaches that mitigate genetic or dietary causes or reduce oxidative stress and mitochondrial dysfunction in the liver



Results and insights can then be translated to ultimately advance the diagnosis and management of copper-associated liver diseases in both veterinary and human medicine.
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Glossary


	ALP

	
Alkaline phosphatase



	ALT

	
Alanine aminotransferase



	AST

	
Aspartate aminotransferase



	ATOX1

	
Copper chaperone antioxidant 1



	ATP7A

	
ATP-ase copper transporting alpha



	ATP7B

	
ATP-ase copper transporting beta



	CAH

	
Copper-associated chronic hepatitis



	CCS

	
Copper chaperone for superoxide dismutase



	COMMD1

	
Copper Metabolism Murr1 Domain-containing 1



	CuEXC

	
Exchangeable copper



	DMT1

	
Divalent metal transporter 1



	FAAS

	
Flame atomic absorption spectroscopy



	GGT

	
Gamma-glutamyl transferase



	ICP-MS

	
Inductively coupled plasma mass spectrometry



	MT

	
Metallothionein



	NCC

	
Non-ceruloplasmin bound copper



	REC

	
Relative exchangeable copper



	ROS

	
Reactive oxygen species



	SOD1

	
Superoxide dismutase



	WD

	
Wilson disease
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