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Abstract

Background: Hepatocellular carcinoma (HCC) is the most common primary liver

tumor in dogs. Abnormalities in hepatic copper, iron, zinc, and selenium concentra-

tions increase risk for HCC development in other species, but trace mineral concen-

trations have not been evaluated in dogs with HCC.

Objectives: To investigate hepatic trace mineral concentrations in dogs with HCC.

Animals: Archived liver specimens from 85 dogs with HCC and 85 control dogs.

Methods: Retrospective case-control study. A histopathology database was searched

to identify dogs with HCC (test population) and an age-matched control population.

Demographic information was retrieved, and H&E and rhodanine stained slides were

reviewed for all cases. Copper, iron, zinc, and selenium concentrations were deter-

mined in noncancerous liver tissues (test and control population) and in HCC tissues

(test population) using inductively coupled plasma mass spectrometry.

Results: Hepatic copper concentrations (non-neoplastic hepatic tissue) were greater

in test population dogs (median, IQR; 294.9 μg/g, 233.5-475.9 μg/g) than in control

dogs (202.8 μg/g, 135.0-295.3 μg/g; P < .001). Hepatic zinc concentrations in test

(132.1 μg/g,108.6-163.2 μg/g) and control dogs (151.5 μg/g, 117.1-184.5 μg/g) also

were different (P = .03). Within test population dogs, all trace mineral concentrations

were decreased in the HCC tissue as compared to the non-neoplastic hepatic tissue

(all P < .001).

Conclusions and Clinical Importance: Hepatic copper accumulation and other abnor-

malities in hepatic trace mineral concentrations could be involved in the pathogenesis

of HCC in some dogs.
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary malig-

nant liver tumor in both dogs and humans.1,2 It is the 5th most com-

mon cancer in men and the 7th most common in women, and nearly

10% of all new cases of cancer in humans are HCC.3,4 The exact

prevalence in dogs is unknown, but 0.5% of dogs undergoing nec-

ropsy at 1 institution had HCC.5 In humans, HCC is rapidly progres-

sive and has 1 of the shortest survival times of any cancer in both

adult males and females.2 Median survival times in dogs with HCC are

less than 1 year without surgical intervention.1 The metastatic rate in

dogs ranges from 37% to 100% with low-grade and massive subtypes
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having a low metastatic rate as compared to high-grade and diffuse

forms.1

The epidemiology of HCC in humans has been well characterized,

and HCC often occurs in the setting of advanced liver disease.2,6-10

Viral hepatitis, alcohol abuse, metabolic syndrome, and cirrhosis inde-

pendent of cause are common risk factors for HCC development.2

Imbalances in hepatic trace mineral concentrations also are associated

with increased risk for HCC.7,8 Humans with hemochromatosis, a

hereditary disorder leading to excess hepatic iron concentrations,

have a 20- to 200-fold increased risk for HCC as compared to the

general population.8,11 Various rodent models of Wilson's disease, a

hereditary disorder resulting in pathologic hepatic copper accumulation

in humans, frequently develop HCC or cholangiocellular carcinoma, but

a link between copper induced liver disease and HCC in actual Wilson's

disease patients is controverisal.12-16 There are inverse relationships

between hepatic selenium and zinc concentrations and HCC.10,17,18

Excess copper and iron induce oxidative stress in tissues, whereas both

zinc and selenium have important antioxidant properties.19-22 Oxidative

stress and injury associated with these trace mineral abnormalities likely

contribute to carcinogenesis.8,17,23

The pathogenesis of HCC in dogs is poorly characterized. How-

ever, trace mineral abnormalities have been increasingly recognized in

dogs with noncancerous liver disease in recent years.24,25 Copper-

associated hepatitis is one of the most common causes of progressive

liver disease in dogs, and it shares many clinicopathologic features

with Wilson's disease.24,26 Hemochromatosis has not been described

in dogs, but hepatic iron concentrations are often increased as a result

of hepatitis.27 Although hepatic trace mineral concentrations are com-

monly investigated in dogs with inflammatory liver disease, similar

investigations have not been reported in dogs with HCC. Trace min-

eral abnormalities could be involved in the pathogenesis of HCC in

dogs considering our understanding of HCC in other species. The pri-

mary objectives of this study were to investigate hepatic copper, iron,

zinc, and selenium concentrations in archived specimens from dogs

with HCC and in an age-matched control population. Hepatic speci-

mens also were assessed for concurrent parenchymal disease because

of the frequent associations of hepatitis and cirrhosis with HCC in

other species.2 Our primary hypotheses were that hepatic copper and

iron concentrations would be greater in dogs with HCC as compared

to the control population, whereas hepatic selenium and zinc concen-

trations would be lower in dogs with HCC.

2 | METHODS

2.1 | Study design

A study of trace mineral concentrations in dogs with HCC was con-

ducted using archived specimens from the Michigan State University

Veterinary Diagnostic Laboratory (MSU-VDL). The electronic histopa-

thology database at the MSU-VDL was searched to identify all cases

in which HCC had been diagnosed between January 1, 2012, and

March 1, 2018. Cases in which formalin-fixed and paraffin-embedded

liver specimens were available and contained both neoplastic and

non-neoplastic hepatic tissues were included in the study (test

population). An age- and time-period-matched control population

was selected from the MSU-VDL necropsy database using a random

number generator. The general histopathology database was not uti-

lized, as surgical biopsies are often performed for further evaluation

of chronic hepatitis, which is frequently caused by copper-associated

hepatitis.24,25 This would have selected a control population with a high

rate of copper-associated hepatitis and precluded accurate hypothesis

testing. For the same reason, cases were excluded from the control

population search if hepatic disease was listed as the primary reason

for necropsy. The identification of hepatic disease (ie, incidentally dis-

covered hepatic disease) on histopathologic assessment did not result

in exclusion as long as hepatic disease was not the clinical reason for

tissue evaluation. Information retrieved from the submission records

for both populations included breed, age, sex, neuter status, and date

of biopsy or necropsy. Within test population dogs, HCC cases were

further classified into massive, nodular, or diffuse subtypes when diag-

nostic imaging and surgery reports were available for review.1

2.2 | Hepatic histopathology and HCC
characterization

Hematoxylin and eosin stained slides were reviewed by a board-

certified veterinary pathologist (R. C. Smedley) who was blinded to

quantitative mineral concentrations. Slide review was performed to

confirm and characterize HCC (test population) and to document con-

current hepatic pathology. Also, cases with marked autolysis, insuffi-

cient tissue for quantitative mineral determinations, severe freeze-

thaw artifact, and marked loss of hepatocytes within normal tissue

caused by compression atrophy and replacement by fibrous connec-

tive tissue or massive necrosis were excluded as they were likely to

preclude accurate histologic assessment or accurate determination of

mineral concentrations.28,29 Sections of both neoplastic and non-

neoplastic hepatic tissue were evaluated for HCC cases, and represen-

tative sections of liver tissue were evaluated for control cases. HCCs

were classified as well differentiated, moderately differentiated, or

poorly differentiated.30,31 Briefly, well-differentiated HCCs are defined

as being composed of trabeculae of neoplastic hepatocytes that closely

resemble normal hepatocytes, whereas poorly differentiated HCCs are

composed of pleomorphic neoplastic cells that are not easily recognized

as hepatocellular in origin. Poorly differentiated neoplasms are more

likely to contain giant cells and have a higher mitotic count than

well-differentiated and moderately differentiated forms. Moderately

differentiated neoplasms have intermediate features between well-

differentiated and poorly differentiated neoplasms. This category

primarily was used for more solid neoplasms that lacked the degree

of cellular pleomorphism seen in poorly differentiated neoplasms.

Hepatic tissues in both test and control populations were assessed for

vacuolation, fibrosis, necrosis, bile duct proliferation, and inflammation

according to World Small Animal Veterinary Association guidelines.32

Rhodanine stained slides were reviewed for all cases and scored for

copper accumulation using slight adaptations of a previously described

scoring system.33 Scores ranged from 0 (no detected copper granules)
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to 5 (panlobular presence of large numbers of copper granules in hepa-

tocytes). An additional score of 1.5 was included to describe liver tissue

in which there were greater than 2 hepatocytes within a 10× field with

copper accumulation, which would be greater than grade 1, but that

did not meet the criteria needed for a grade 2, which is defined as obvi-

ous small to moderate numbers of copper granules in <50% of zone

3 hepatocytes (or < 4 clusters/10× field).

2.3 | Quantitative mineral analysis

Representative sections of hepatic tissue from both test and control

population cases were obtained for mineral determinations, and a rep-

resentative section of neoplastic tissue from test population cases also

was obtained for mineral determinations. Hepatic copper, iron, zinc,

and selenium concentrations were determined in the tissue specimens

using slight modifications of previously described methodology for

deparaffinization and analysis.25 Briefly, tissues were removed from the

specimen blocks by melting the wax if the whole block was used or by

using a disposable biopsy punch (Sklar Tru-Punch, Sklar Instruments,

West Chester, PA) to remove the desired sections. The tissues were

deparaffinized by adding 900 μL of CitriSolv and vortexing until the

paraffin was completely dissolved. Samples then were centrifuged for

5 minutes at 21 000g, and the supernatant was removed. The pellet

was washed with 900 μL of ethanol, vortexed, and again centrifuged at

21 000g for 5 minutes. Excess ethanol was removed, a second ethanol

wash was completed, and samples were air-dried. The deparaffinized

tissues were dried overnight in a 95�C oven. The next day, samples

were digested overnight in a 95�C oven, using at least 10× the dry tis-

sue mass of nitric acid. The digested samples were then diluted with

water to at least 100× the dried tissue mass. Elemental analysis

followed the method of Wahlen et al using an Agilent 7500 inductively

coupled plasma-mass spectrometer (ICP-MS; Agilent 7500ce ICP-MS,

Agilent Technologies, Santa Clara, California).34 Additional descriptions

of the ICP-MS methodology can be found elsewhere,25 and in-house,

single laboratory validation statements can be found on file at the

MSU-VDL, which is an American Association of Veterinary Laboratory

Diagnosticians (AAVLD) accredited laboratory.

2.4 | Data analysis

Data sets were evaluated for normality using Shapiro-Wilk testing and

boxplot analyses. Normally distributed data were characterized by

means and SD, whereas ordinal and non-normally distributed data were

characterized by medians and interquartile ranges (IQR). Statistical ana-

lyses were performed to evaluate potential differences in hepatic trace

mineral concentrations and rhodanine scores between test and control

populations using Mann-Whitney U testing. Within the test population,

trace mineral concentrations and rhodanine scores also were compared

between neoplastic tissue and non-neoplastic hepatic tissue using

Wilcoxon signed-rank testing. Proportionate differences related to min-

eral concentrations and histologic features were compared between

test and control populations using Fisher exact testing. Statistical ana-

lyses were performed with commercially available software (GraphPad

Prism Version 6.0, Graphpad Software Inc, La Jolla, CA), and for all ana-

lyses, P ≤.05 was considered significant.

3 | RESULTS

3.1 | Animal demographics

One hundred seventy dogs—85 test population dogs and 85 control pop-

ulation dogs—were included in this study. The test population consisted

of 25 mixed breed dogs, 9 Golden Retrievers, 6 Labrador Retrievers,

5 Fox Terriers, and 4 Beagles. The control population consisted of

18 mixed breed dogs, 6 Bernese Mountain Dogs, 5 German Shepherds,

5 Pugs, and 4 Labrador Retrievers. All other breeds were represented by

3 or fewer cases. There was a greater proportion of Golden Retrievers in

the test population (9 of 85 dogs) as compared to the control population

(1 of 85 dogs; P = .02). The mean ± SD age of dogs was 10.6 ± 1.9 years

in both populations. There were 44 male dogs (1 intact, 43 neutered)

and 41 female dogs (1 intact, 40 spayed) in the test population whereas

there were 46 male dogs (9 intact, 33 neutered, 4 unknown) and

39 female dogs (10 intact, 27 spayed, 2 unknown) in the control popula-

tion. There were more spayed or neutered dogs in the test population

(83 of 85 dogs) than in the control population (60 of 79 dogs; P < .001).

Within the test population, clinical HCC characterization was possible for

41 cases, 39 of which had massive HCC, whereas diffuse and nodular

subtypes were represented by 1 dog each.

3.2 | Histologic features

In the representative sections examined, 82 of the 85 HCC cases

were classified histologically as well-differentiated HCC. Fifteen of

the well-differentiated HCC had marked vacuolation. Two of the

85 HCC cases were moderately differentiated, and 1 was poorly dif-

ferentiated with marked vacuolation. Evaluation of the non-neoplastic

hepatic tissue in the test population dogs revealed few histologic

abnormalities. Three test population dogs had evidence of chronic

hepatitis. Fourteen dogs had vacuolar hepatopathy. Other lesions

included pigmented granulomas (6 dogs), varying degrees of periportal

to bridging fibrosis (6 dogs), varying degrees of necrosis (4 dogs),

regenerative nodule formation (3 dogs), bile duct hyperplasia (2 dogs),

extrahepatic cholestasis (2 dogs), dilated lymphatics (1 dog), severe

bridging fibrosis with regenerative nodule formation and stromal col-

lapse (1 dog), and extramedullary hematopoiesis (1 dog). In the control

population, hepatic histologic abnormalities included varying degrees

of periportal to bridging fibrosis (3 dogs), hyperplastic nodules (3 dogs),

vacuolar hepatopathy (2 dogs), and chronic hepatitis (1 dog). Vacuolar

hepatopathy was more common in test population dogs (16.5%) than

in control dogs (2.4%; P = .003).

3.3 | Mineral concentrations and rhodanine scoring

Mineral concentration determinations and rhodanine scoring were

performed on non-neoplastic hepatic tissue in test population dogs,

HCC (neoplastic) tissue in test population dogs, and hepatic tissue in
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control population dogs. The median hepatic copper concentration

(non-neoplastic tissue) of 294.9 μg/g (IQR, 233.5-475.9 μg/g) in test

population dogs was greater than the median hepatic copper concen-

tration of 202.8 μg/g (IQR, 135.0.-295.3 μg/g) in control population

dogs (P < .001; Figure 1). Twenty-nine of 85 (34%) test population dogs

had hepatic copper concentrations (non-neoplastic tissue) > 400 μg/g

whereas only 12 of 85 (14%) control population dogs had hepatic

copper concentrations >400 μg/g (P = .004). Eight of 85 (9%) test

population dogs and 2 of 85 (2%) control dogs had hepatic copper

concentrations >700 μg/g (P = .10), and only 1 dog in each population

had copper concentrations exceeding 1000 μg/g. The median hepatic

copper concentrations in the non-neoplastic hepatic tissue of dogs with

well-differentiated (n = 82) and moderately or poorly differentiated

(n = 3) HCC were 295.7 μg/g (IQR, 233.5-475.9 μg/g) and 276.4 μg/g

(range, 203.7-382.5 μg/g), respectively. Copper concentrations in the

non-neoplastic hepatic tissue of test population dogs with vacuolar

hepatopathy (median, 255.6 μg/g; IQR, 205.2-333.9 μg/g) and without

vacuolar hepatopathy (median, 313.1 μg/g; IQR, 232.6-479.9 μg/g)

were not different (P = .12). Copper concentrations in the neoplastic

HCC tissue were less than the non-neoplastic hepatic tissue in test

population dogs (P < .001; Figure 1).

Qualitative copper assessments also were different between

populations as the median rhodanine score of 1.5 (IQR, 1.5-2.0) in non-

neoplastic hepatic tissue of test population dogs was greater than the

median rhodanine score of 1 (IQR, 0.0-1.5) in control population dogs

(P < .001; Figure 1). The median rhodanine score of 0 (IQR, 0-0) in the

neoplastic hepatic tissues was also less than the median rhodanine

score of 1.5 (IQR, 1.5-2) in the non-neoplastic hepatic tissue in test

population dogs (P < .001). Lobular localization of copper in the non-

neoplastic liver tissue also was assessed in the 78 test population dogs

with rhodanine scores ≥1. Fifty-four of 78 cases had random patchy

localization of copper, 22 cases had a predominantly centrilobular local-

ization, 1 case had periportal localization, and 1 case had centrilobular

and periportal localization. In the control population, 56 dogs had

rhodanine scores ≥1. This included 41 dogs with random patchy locali-

zation and 14 dogs with primarily centrilobular localization. No control

livers had periportal localization.

The median hepatic zinc concentration of 132.1 μg/g (IQR,

108.6-163.2 μg/g) in non-neoplastic hepatic tissue of test population

dogs was less than the median hepatic zinc concentration of 151.5 μg/g

(IQR, 117.1-184.5 μg/g) in control population dogs (P = .03). Although

median zinc concentrations were different, the proportion of test (5 of

85) and control (1 of 85) dogs with hepatic zinc concentrations less

than the lower-limit of the reference interval were not different

(P = .21). Hepatic iron and selenium concentrations were not different

F IGURE 1 Box and whisker plot depicting copper concentrations
(A) and rhodamine scores (B) in test and control population dogs. The
horizontal line within each box represents the median; the lower and
upper boundaries of each box represent the first and third quartiles;
and the whiskers represent the 5th to 95th percentile range. Dots
represent individual values outside of this range. Two dogs (1 test
liver and 1 control liver) with copper concentrations >1000 μg/g are
not depicted in Figure 1A, but they were included in analyses. Control
liver, hepatic tissue from control population dogs; Test liver, non-
neoplastic hepatic tissue from test population dogs; Test HCC,
neoplastic tissue from test population dogs. *P < .001

TABLE 1 Trace mineral concentrations in test and control
population dogs

Mineral concentrations (μg/g)

Mineral (RI) Control liver Test liver Test HCC

Zinc (75-225 μg/g) 151.5† 132.1*† 93.8*

(117.1-184.5) (108.6-163.2) (72.2-134.3)

Selenium (1.5-4.3 μg/g) 2.1 2.0* 1.3*

(1.8-2.5) (1.6-2.4) (1.1-1.7)

Iron (500-4150 μg/g) 1691 1716* 947*

(1019-2441) (1003-2473) (563-1463)

Note: Values represent the median concentrations (μg/g) for each mineral,

and the IQR is provided in parentheses. Control liver, hepatic tissue from

the control population dogs; Test liver, non-neoplastic hepatic tissue from

the test population dogs; Test HCC, neoplastic tissue from test

population dogs.

Abbreviations: HCC, hepatocellular carcinoma; RI, reference interval.

*P < .001.; †P = .03.
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between test and control population dogs (Table 1). Within the test

population, concentrations of iron, zinc, and selenium were greater in

the non-neoplastic hepatic tissue as compared to the neoplastic tissue

(P < .001 for all comparisons; Table 1).

4 | DISCUSSION

This study provides unique insight into hepatic trace mineral concentra-

tions in dogs with HCC. Hepatic copper concentrations were 45%

greater in dogs with HCC as compared to controls, and the proportion

of test population dogs with copper concentrations exceeding 400 μg/g

was 2.4 times that of the control population. Reasons for differences

between populations are unclear because of the cross-sectional study

design, and it is important to note that approximately 65% of test pop-

ulation dogs had hepatic copper concentrations considered to be nor-

mal. Copper is an important transition metal that acts as a cofactor for

hundreds of enzymatic reactions throughout the body, but excessive

tissue copper promotes free radical formation.35,36 This sustained envi-

ronment of oxidative stress and subsequent hepatocyte injury contrib-

utes to carcinogenesis in rodent models of copper overload.13,37,38 One

possibility is that increased hepatic copper contributed to carcinogene-

sis in some of the dogs in this study. It is also possible that increased

hepatic copper in test population dogs occurred as a result of the HCC

rather than being present before tumor development. An expanding

HCC could result in cholestasis and impaired biliary copper excretion,

but dogs are generally resistant to cholestasis-induced copper accu-

mulation.39 Other environmental factors could have independently

increased HCC risk while simultaneously increasing hepatic copper

stores. Our results only establish that copper concentrations were

different between test and control populations, and an evaluation of

HCC prevalence in dogs with and without increased hepatic copper

concentrations as well as a longitudinal investigation of dogs with

varying hepatic copper loads would be necessary to further charac-

terize potential relationships between HCC and copper in dogs.

Hepatocellular carcinomas typically occur in the setting of chronic

hepatitis and cirrhosis in both rodents and humans.2,8,15,16 The major-

ity of dogs in our study did not have chronic hepatitis which is consis-

tent with earlier reports of HCC in dogs.5,40 It is unknown if oxidative

stress associated with hepatic trace mineral imbalances can induce

carcinogenesis without concurrent inflammation. The magnitude of

copper accumulation in test population dogs also is mild considering

that copper concentrations frequently exceed 1000 μg/g in dogs with

copper-associated hepatitis.24,41 Conversely, there is no established

threshold at which copper predictably results in liver damage, and

hepatic copper concentrations in the range of 400 to 1000 μg/g have

been associated with inflammation in some dogs.42,43 It is also impor-

tant to note that the absence of inflammation does not preclude the

possibility of tissue damage. Various noninflammatory histologic

abnormalities frequently are observed in the liver of Wilson's disease

patients.44 Routine liver histology is even normal in some Wilson's dis-

ease patients despite presence of ultrastructural abnormalities.44 Simi-

larly, genes associated with oxidative stress are differentially expressed

in histologically normal hepatic tissue from Labrador Retrievers with

increased hepatic copper stores as compared to Labrador Retrievers

with normal copper concentrations.45 However, studies of the cellular

consequences and long-term clinical effects of mild to moderate copper

accumulation in dogs without hepatitis are limited.

Hepatic zinc concentrations were lower in test population dogs

than in control population dogs. Although a statistical difference

between populations was detected, the exact clinical implication is

unclear as only 5 of 85 test population dogs had hepatic zinc concen-

trations less than the reference interval. Trace mineral concentrations

were substantially less in neoplastic tissue as compared to non-

neoplastic hepatic tissue within test population dogs. Perhaps mutated

or defective mineral transport proteins or even an accelerated meta-

bolic rate within the neoplastic tissue contributed to decreased trace

mineral concentrations. A similar finding is observed in some rodent

models of copper overload.13 These results could have therapeutic

implications. Selenium deficiency contributes to oxidative stress and

enhances tumor progression whereas selenium supplementation can

slow HCC progression.46,47 Copper is essential for angiogenesis, which

typically is accelerated in solid tumors.48 A small reduction in copper

within HCC tissue could delay tumor growth whereas a reduction of

similar magnitude in the non-neoplastic parenchyma would be unlikely

to have adverse clinical effects given the already increased copper

concentrations. Indeed, copper chelation is being investigated as an

adjunctive antineoplastic agent in multiple species including humans

and dogs.49,50

The increased proportions of sexually altered dogs and Golden

Retrievers in the test population were unexpected findings. Golden

Retrievers are predisposed to other malignancies, but they are not con-

sidered to be predisposed to pathologic copper accumulation.51 Neuter

status might be a risk factor for some malignancies in dogs, and gonadal

and related hormones are involved in the pathogenesis of HCC in

humans.52,53 Androgens can activate transcription of oncoproteins in

viral hepatitis whereas estradiol and estrogen receptors are thought to

protect hepatocytes from oxidative stress.53,54 A sex disparity was not

apparent in our report, but the possibility for hormonal factors in HCC

epidemiology in dogs is intriguing. The breed and neuter findings should

be interpreted cautiously though as utilization of a necropsy control pop-

ulation could have introduced an unknown bias. For instance, owners of

an expensive pure breed dog might be more likely to obtain an ante-

mortem diagnosis for any serious health condition, thereby precluding

postmortem evaluation. A similar phenomenon could exist for neuter

status. Consequently, the association of Golden Retrievers and neuter

status with HCC should be evaluated in larger population-based studies.

A limitation of our study is that well-differentiated HCCs were

overrepresented (82 of 85 cases). Dogs with massive forms of HCC

also appeared to be overrepresented (39 of 41 cases) although this clin-

ical classification was not possible for many dogs. Dogs with diffuse or

poorly differentiated forms of HCC, which frequently metastasize,1

might be less likely to undergo surgical intervention or biopsy. Obvious

differences in copper concentrations between the tumor subtypes

were not apparent, but applications of our results to dogs with poorly

differentiated or nonmassive forms of HCC should be done with
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caution because of the limited sample size. Another limitation is that

many risk factors for HCC exist in other species, and diet, environment,

comorbid conditions, and medication history were not evaluated in our

study. Although these variables should be considered in future studies,

this information was not available for many cases and was beyond the

scope of our investigation.

In summary, hepatic copper concentrations in dogs with HCC

were increased compared to the control population as demonstrated

by both quantitative mineral determinations and scoring of rhodanine

stained slides, but the nature of this relationship cannot be deter-

mined. Additional studies are needed to elucidate potential roles of

hepatic trace mineral abnormalities in the development, progression,

and outcome of HCC in dogs.
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