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Theoretical background 
 
Liver diseases occur quite frequently in dogs; the overall incidence in dogs has been 
estimated around 1-2% of the clinical cases [1,2]. Most liver diseases are, like in 
humans, chronic and occur through chronic inflammation due to different causes [3]. 
In all cases the on-going liver cell damage leads to a reduction of the functional liver 
cell mass and progressive deposition of fibrous tissue in the liver. These two pheno-
mena, atrophy and fibrosis, are two sides of one medal and go hand in hand to cause 
fatal liver dysfunction in the end-stage. The large regenerative capacity of the liver is 
lost in the course of chronic disease. 
 
There is convincing evidence that the two main counteracting factors, Hepatocyte 
Growth Factor (HGF) and Transforming Growth Factor-β1 (TGF-β1), determine the 
outcome of liver disease [4]. HGF is the principal factor stimulating the liver to grow 
and regenerate and suppresses fibrosis and apoptosis [5-7]. In contrast, TGF-β1 indu-
ces formation of excessive fibrous tissue and a reduction of the regenerative capacity 
together with stimulation of cell death [4,7-10]. The findings with respect to the 
crucial counteracting effects of HGF and TGF-β1 in liver growth, regeneration and 
fibrosis, have stimulated researchers to investigate the potential of administering 
HGF to experimental animals given hepatotoxic or fibrogenic drugs. Administration 
of HGF completely prevented or, when given afterwards, reversed toxic effects [11-
17]. Even in cases of chronic damage with already formed disruption of the normal 
micro-architecture of the liver, fibrosis and atrophy (cirrhosis), this phenomenon 
could largely be reversed. Furthermore, the normal fatal course of peracute fulminant 
hepatitis (severe acute hepatic sepsis or toxicity) could be prevented in experimental 
animals [15-18]. The few studies in dogs indicate that the above findings also apply 
to this species [19]. Interestingly, one of the first reports of a very potent liver rege-
neration stimulating factor (now known as HGF) was found in dogs [20]. 
 
Extrapolation for the above mentioned rodent models to human medicine has not 
been achieved. The use of novel therapeutic approaches in dogs presented at the vete-
rinary clinic could be seen as a much more relevant animal model for the translation 
to human clinical medicine. For instance, HGF treatment during normally life-threa-
tening hepatic diseases could cause a revolution in the treatment of liver diseases (in 
both man and dog). Therapeutic intervention could be achieved by the addition of the 
HGF-glycoprotein itself [7,13-17]. Alternatively, and in line with the concept that the 
clinical outcome is determined by the balance between HGF and TGF-β1, gene 
therapy approaches resulting in blocking the effects of TGF-β1 have been similarly 
effective, at least in chronic disease models [21,22]. 



Aims and Scope 
 

9

 

Taken together, the central theme of this thesis involves several aims. The first aim is 
to describe the regulatory roles of Hepatocyte Growth Factor (HGF) and Trans-
forming Growth Factor-β1 (TGF-β1), via the respective receptors c-MET and TGF-β 
receptors type II and I in growth, regeneration, and formation of fibrosis in a variety 
of liver diseases. Second, development of therapeutic tools based on the above in-
sights to treat liver diseases characterized by inadequate growth or atrophy with fi-
brosis and/or cirrhosis, especially by influencing the balance between HGF and TGF-
β1 in the liver. Finally, initial evaluation of the effects of such therapeutic tools. 
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Canine liver diseases 
 
Hepatitis is not as well defined in the dog as in its human counterparts. The etiology 
of canine hepatitis in most cases is unknown. Therefore diagnosis and treatment 
usually rely on histological descriptions. The various forms of canine hepatitis in the 
dog vary from acute to chronic hepatitis and cirrhosis. Acute hepatitis (AH) is cha-
racterized by hepatocellular necrosis or apoptosis with mononuclear or mixed inflam-
matory infiltrate, and in some instances regeneration [1]. Causes of acute hepatitis 
are unknown in most cases although in some cases canine adenovirus-1 (CAV-1) or 
bacterial infections were found. In other cases intoxications were found due to aceta-
minophen (paracetamol), poisonous mushrooms, or algae [2]. Chronic hepatitis (CH) 
is characterized by hepatocellular apoptosis or necrosis and variable mononuclear or 
mixed inflammatory infiltrate, regeneration, and fibrosis. The stages of chronic hepa-
titis can be determined by the amount of fibrosis and possible architectural fibrosis 
(cirrhosis). Several causes of chronic hepatitis have been described such as canine 
adenovirus-1 (CAV-1), canine acidophil cell hepatitis, and leptospirosis [3]. A com-
mon cause of chronic hepatitis in different breeds is associated with hepatic copper 
toxicosis (CT). This disease is commonly found in Bedlington terriers, Doberman 
pinschers, Sky terriers, West-Highland white terriers, Dalmatians, Anatolian shep-
herds, American and English Cocker spaniels, and Labrador retrievers. The increased 
incidence of CT in these breeds suggests some form of inherited disease. However, 
only in Bedlington terriers the genetic defect has been found with a deletion of the 
entire exon two of the MURR1 (COMMD1) gene associated with copper excretion 
into bile [4]. When chronic hepatitis persists it will ultimately lead to cirrhosis 
(CIRR). Cirrhosis can be seen as an end-stage of chronic hepatitis with fibrosis and 
disruption of the lobular architecture into structurally abnormal parenchymal nodules 
and the presence of portocentral vascular anastomoses. Lobular Dissecting Hepatitis 
(LDH) is a special form of cirrhosis with a rapid clinical course seen in juvenile dogs 
with a typical dissection of the lobular architecture [5]. Causes have not been found 
although an infectious agent has been suggested [6]. For a more detailed description 
of these liver diseases see the World Small Animal Veterinary Association 
(WSAVA) Standards for histological and clinical diagnosis of canine and feline liver 
disease (ISBN 070202791X). 
 
There are several other hepatic diseases which are common in dogs and associated 
with hepatic underdevelopment (hypoplasia), two examples are Congenital Porto-
systemic Shunt (CPSS) and Primary Portal Vein Hypoplasia (PPVH). The first disea-
se, CPSS, was proven to be a hereditary disease in Irish Wolfhounds, Yorkshire 
terriers, and Cairn terriers. However an increased presence of CPSS was also found 
in Silky terriers, Australian Cattle Dogs, Bichon Frise’s, Shih Tzu’s, Miniature 
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Schnauzers, Border Collies, and Jack Russell terriers [7]. CPSS is characterized by 
an abnormal single large communication between the portal vein and a major 
systemic vein (caval vein or azygos vein). This results in the hypoperfusion of the 
portal vein and insufficient perfusion of the liver from birth on. Subsequently liver 
growth is reduced or remains nearly absent; however there is essentially no addi-
tional liver pathology. The second disease, PPVH is a developmental abnormality in 
which the portal vein and particularly its terminal branches are diminished in size or 
absent. In about half of the cases, the disease is associated with fibrosis of the portal 
areas without inflammation [8]. Due to the underdeveloped portal vein, PPVH is as-
sociated with portal hypertension and, subsequent to the associated portal venous hy-
poperfusion, reduced liver growth. 
 
 

Biochemical molecular analysis 
 
Understanding of the regulatory roles of Hepatocyte Growth Factor (HGF), and 
Transforming Growth Factor-β1 (TGF-β1), via the respective receptors c-MET and 
TGF-β receptors type I and II, is crucial for defining the diseases and stages of 
disease in which HGF-related therapies may be beneficial. Continued sampling of 
sera and liver tissues of dogs with spontaneous liver diseases and healthy dogs have 
resulted in a large collection of samples. In order to analyze responsible pathways we 
have set up quantitative real-time PCR (Q-PCR) using a separate reverse polymerase 
step followed by the SYBR Green I Real-Time PCR (two-step Real-Time PCR). 
Western blot analysis was used to confirm mRNA levels and show activated (phos-
phorylated) proteins. Another novel technique used in chapters 3, 9, and 10 is RNA 
inhibition (RNAi). The inhibition of RNA describes a recently found mechanism of 
post-transcriptional gene-silencing. It was first discovered in 1990 by botanical 
researchers in petunias where dsRNA showed to specifically inhibit mRNA trans-
lation [9]. In the year 2001 small interfering RNA (siRNA) molecules were shown to 
specifically cleave mRNA molecules in cultured mammalian cells and Drosophila 
leading to a suppression of the translation of specific mRNAs [10,11]. Since this 
discovery the use of small synthetic dsRNA molecules has been used frequently in in 
vitro and in vivo experiments to investigate the function of specific genes. 
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Regenerative pathways of the liver 
 
Regeneration of the liver is a widely excepted phenomenon already described by the 
ancient Greek in the legend of Prometheus. The legend describes Prometheus, a titan 
punished by Zeus for giving fire to man, being chained to a rock for 30,000 years and 
having his liver eaten by an eagle each day only to regenerate during the night  
(Figure 1). Although the recuperative power of the liver in this myth was somewhat 
exaggerated, regeneration of liver is studied extensively and holds great potential for 
possible therapies. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The legend of Prometheus. 
 
Normal liver consists of two major epithelial cell types, hepatocytes and biliary epi-
thelial cells. Other cell types include mesenchymal cells such as stellate cells (Ito-
cells or fat-storing cells) and Kupffer cells (macrophages) as well as endothelial 
cells. After damage to the liver restoration of the liver parenchyma is due to rapid 
hyperplasia of all cell-types, until the liver mass is restored. The ability of a certain 
tissue to regenerate is dependent on the type of cells the tissue holds. To fully under-
stand the mechanism of regeneration we must understand that there are three types of 
cells: 1) active cells which are constantly proliferating, such as intestinal epithelia, 
bone marrow or epidermal cells. 2) Latent cells are normally found in a resting phase 
in adult tissues but can start dividing after specific signals. Hepatocytes are such an 
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example; although dormant in adult tissue after (for instance) a partial hepatectomy 
(PHx), cells are stimulated to proliferate until the liver is completely restored [12]. 3) 
Innate cells are believed never to divide such as nerve cells or cardiomyocytes. Ho-
wever axon (nerve) cells have been shown to have the ability to divide under specific 
conditions [13,14]. 
 
Although there are many reports on regenerative pathways in the liver as possible 
targets of therapy, in canine medicine there is little information. One of the regene-
rative pathways studied was stimulated by Hepatocyte Growth Factor (HGF), one of 
the first described growth factors of hepatocytes [15,16]. HGF is a potent growth 
factor, not only for the liver but also for all epithelial and endothelial cell types [17], 
and is involved in the growth and development of many tissues such as the liver, 
kidney [18-21], heart [22], neural tissue [23], and other tissues such as cartilage and 
bone [24-26]. HGF is a large, 90 kD glycosylated protein consisting of a 56 kD α-
chain and a 34 kD β-chain. The β-chain contains a hairpin structure and four kring-
les, whereas the α-chain is a serine protease [27,28]. The hairpin and the adjacent 
two kringles are the essential structures for the typical functions of the HGF mole-
cule [27-29]. HGF has not only been shown to stimulate normal growth but also to 
progress tumor cell growth [30,31], especially of carcinoma cells. In the liver HGF is 
predominantly produced by the hepatic stroma cells (stellate or fat storing cells). In 
hepatocytes and other tissues HGF functions through binding to the membrane 
receptor called c-MET [32]. Adequate concentrations of both HGF and its receptor 
are required for the proper effectiveness of HGF. The three main signaling pathways 
activated by the HGF/c-MET complex are; 1) PI-3-Kinase  PKB/Akt  inhibition 
of FOXO’s; 2) MEK1/2 ERK1/2; 3) JAK STAT3. It is not the aim of this thesis to 
dissect these different pathways in molecular detail; we only concentrated on the 
basic components. When bound to its receptor c-MET, PI-3-Kinase indirectly phos-
phorylates the protein kinase B (PKB) also known as Akt [33]. This multifunctional 
protein inhibits a variety of transcription factors such as FOXO’s (forkhead box, sub-
group "O" transcription factors) also known as forkhead receptors [34], which in turn 
activate important proteins in cell-maintenance and viability (Figure 2). 
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Figure 2. PKB/Akt pathway. 
Growth factors, such as HGF, phosphorylate receptor tyrosine kinases (e.g. c-MET) and 
activate multiple intra-cellular pathways. 
 
Other major regenerative pathways include Mitogen-Activated Protein Kinases 
(MAPKs) and the Jak-STAT pathway. MAP kinases signaling regulates cell prolife-
ration, cell differentiation, and apoptosis [35]. MAPK signaling can be divided into 
three groups (Figure 3), the first ERK1/2 is predominantly activated by growth 
factors and is the best characterized member of the MAPK family [36]. After stimu-
lation ERK1/2 translocates from the cytoplasm to the nucleus by passing through the 
nuclear pore by several independent mechanisms activating multiple targets involved 
in regeneration/growth and apoptosis. Second, the p38MAPK has been shown to be 
involved in cellular proliferation [37]. The third subgroup involves the c-jun N-termi-
nal kinase or stress-activated protein kinases (JNK or SAPK). As suggested by the 
name these proteins are activated by many types of cellular stresses and extracellular 
signals [38]. Due to the involvement of SAPK/JNK in immune responses and orga-
nogenesis the pathway was not investigated in this thesis [39]. 
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Figure 3. Mitogen-Activated Protein Kinase (MAPK) pathways. 
 
Another pathway involved in regeneration is the STAT pathway and in particular 
STAT3. Although not as well characterized as the MAPKs the STAT3 pathway has 
been shown to be involved in mitogenic signals during liver regeneration [40]. One 
of the main stimulating factors is the inflammatory cytokine IL-6. After binding to 
the receptor the gp130 binding protein and Jak proteins will phosphorylate STAT3 
on the tyrosine amino residue (Figure 4). STAT3 can also be phosphorylated on a 
serine amino residue by, for instance, HGF [41]. Furthermore, STAT3 has been 
shown to be phosphorylated (activated) by activated ERK1/2 [42]. 
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Figure 4. Jak-STAT signaling: IL-6 receptor pathway.  
After transport into the nucleus STAT3 binds to interferon-stimulated responsive element and 
gamma-interferon-activated sequence (ISRE/GAS) transcribing various targets. 
 
 

Fibrosis of the liver 
 
The formation and breakdown of extra-cellular matrix (ECM) is a highly regulated 
process involving several signaling proteins and enzymes [43]. Fibrosis describes a 
pathological process where normal ECM stimulation is over-activated or ECM 
breakdown is disrupted. The current paradigm of fibrosis in man describes the in-
crease of transforming growth factor-β1 (TGF-β1) which activates hepatic stellate 
cells (Ito-cells) to convert into myofibroblasts [44]. These myofibroblasts are the 
ECM producing cells of the liver (Figure 5). The myofibroblasts are motile cells that 
activate molecular programs capable of simultaneous degradation and de novo 
synthesis of ECM. This ECM production is regulated by binding of an active TGF-
β1 to TGF-β receptor II (TGF-β RII). This activates TGF-β receptor I (TGF-β RI) 
which phosphorylates Smad proteins (Figure 5) [45]. Smad proteins are a family of 
related intracellular signal transducing complexes. After activation Smad complexes 
translocate into the nucleus, where they cooperate with sequence-specific trans-
cription factors to regulate gene expression. One of the main targets of TGF-β1 re-
ceptor I is Smad2/3 transcribing TGF-β1 directed transcription factors which will 
ultimately lead to an increase in fibrosis [46-48]. 
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Figure 5. TGF-β1 regulated Extra-Cellular Matrix (ECM) production. 
 
 

Apoptosis 
 
Apoptosis is a regulated form of cell-death. Apoptosis can initiate through the intrin-
sic or the extrinsic pathway [49]. The intrinsic pathway is activated by intra-cellular 
stress caused by growth factor withdrawal, hypoxia, and DNA damage, and is trig-
gered by cytochrome c release from the mitochondria. The extrinsic apoptotic path-
way is triggered by death receptors such as Fas/CD95, TNF receptor, or the TRAIL 
receptor. The activation of these two pathways is not distinct as activation of one 
usually involves the other [50,51]. In this thesis we describe regulated cell-death in 
hepatic hypoplastic diseases and use the described processes as possible means for 
therapy in tumors. Other hepatic diseases are still under study, preliminary results 
indicate the importance of apoptosis during hepatic diseases. These processes are 
crucial to understand before any therapeutic approach can be developed. 
 
 
 
 



Chapter 1 
 

 20

Therapies developed for interfering with regenerative and 
fibrotic pathways 

 
In this thesis, we investigated the possibility for growth factors, and in more detail 
HGF, as a possible treatment for acute or chronic hepatitis and cirrhosis as well as 
hypoplastic liver diseases. To asses the possible therapeutic use of HGF in these 
hepatic illnesses, regenerative- and fibrotic pathways were analyzed. Chronic hepatic 
diseases are highly complex, therefore we started analyzing regenerative and fibrotic 
pathways in hypoplastic diseases were complicating factors such as cholestasis and 
inflammation do not occur. These hypoplastic diseases with ‘simple’ pathogenesis 
were congenital portosystemic shunt (CPSS) and primary portal vein hypoplasia 
(PPVH), of which the latter is often associated with fibrosis (chapter 2). The second 
step was to extrapolate the results in the hypoplastic diseases to complex liver disea-
ses. The same regenerative and fibrotic pathways were analyzed in acute hepatitis 
(AH), non-copper associated chronic hepatitis (CH), cirrhosis (CIRR), and a rapid 
form of cirrhosis, lobular dissecting hepatitis (LDH) (chapter 3 and 4). An important 
step in devising therapeutics is the production, purification, and application of the 
product. Therefore, in parallel to analyzing biochemical pathways, HGF was produ-
ced and tested for its biological activity (chapter 5). 

 
 

Copper metabolism 
 
As mentioned before many dog breeds are predisposed to hepatic copper toxicosis 
(CT) where a massive increase in hepatic copper leads to chronic hepatitis and ulti-
mately cirrhosis. Although a vital component of several proteins, copper excess can 
very quickly become toxic inducing oxidative stress through the Haber-Weiss reac-
tion [52]. Copper is taken up by the cell by an ATP dependent process through cop-
per transporting receptor 1 (CTR1). From here several copper chelating proteins 
denoted copper chaperones are involved in the transport of copper to several intra-
cellular compartments (Figure 6) [53]. The copper chaperone ATOX1 is involved in 
the transport of copper to the Golgi compartment. ATP7A and ATP7B, both present 
in the Golgi compartment under physiological conditions can excrete copper extra-
cellularly (ATP7A), or transport copper to other copper chelating proteins (ATP7B) 
[54]. COMMD1, previously known as MURR1, has been shown to bind to the 
ATP7B N-terminal copper binding region [55]. As this protein was mutated in Bed-
lington terriers with hepatic copper toxicosis, COMMD1 was believed to play a criti-
cal role in copper excretion [11]. Other copper chelating proteins are ceruloplasmin 
(CP) and metallothionein (MT1A). CP is a known target of ATP7B transporting 
copper to the blood. MT1A is a copper storage protein highly regulated on a trans-
criptional level by copper availability [56,57]. 
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Inherited defects of copper metabolism resulting in hepatic copper accumulation and 
oxidative-stress may cause different breed-associated forms of hepatitis [76]. It is cur-
rently hard to decide whether copper accumulation is the primary event causing these 
forms of hepatitis, or secondary due to impaired excretion into bile. The question that 
is raised in the literature with respect to hepatic copper accumulation has always been; 
does cholestasis as an inevitable component of hepatitis cause copper accumulation? 
This question has been addressed in this thesis (chapter 6), in order to develop solid 
criteria to answer this hen or egg dilemma.  

Figure 6. Proteins involved in uptake, intracellular transport, and excretion of copper. 
 
As mentioned before a deletion in the COMMD1 protein showed to be responsible for 
increased hepatic copper concentrations in Bedlington terriers. As the homozygous de-
letion (39.7 kb) encompasses the entire exon two of the COMMD1 gene the detection 
was based on positional cloning of the C04107 marker [59]. A simple and robust test 
for this deletion especially focusing on detecting heterozygous carriers would greatly 
enhance positive detections. Therefore in chapter 8 we describe the use of quantitative 
PCR on genomic DNA isolated from blood or buccal swabs detecting carriers and 
affected animals with great specificity. Furthermore the COMMD1 protein has shown 
to have several functions such as the regulation of NF-kappaB and sodium transport 
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[60,61]. However the role of COMMD1 in copper metabolism remains unclear. The 
establishment of a COMMD1 knock-out (COMMD1 -/-) in mice would greatly enhance 
our current understanding of this gene; however COMMD1 -/- mice were not viable. In 
fact an in-house dog line with a homozygous COMMD1 deletion is the only viable 
mammalian COMMD1 -/- species described thus far. These dogs allow us to study the 
progression of copper-induced chronic hepatitis longitudinally with biopsies taken 
every 6 months (R. Favier). As progression of the disease usually takes several years 
[62,63], we specifically knocked-down COMMD1 gene-expression in order to eva-
luate gene-functions of COMMD1 in a hepatic epithelial cell-line. Results are descri-
bed in chapter 9. 
 
 

Inhibiting excessive growth 
 
Cancers can be characterized by abnormal growth due to increased proliferation 
and/or increased cell survival. Because we have already analyzed growth signaling 
pathways in hepatic diseases we used the same techniques analyzing tumor growth. 
In a recently established cell-line from a hepatocellular carcinoma (HCC) we have 
shown the close resemblance to human HCC [64]. Potential treatment of cancers by 
inhibiting these pathways is not new, all therapies devised against tumors try to dimi-
nish the anti-apoptotic characteristic of tumors or reverse the increased growth. Po-
tential targets of novel therapies are osteosarcoma and mammary tumors which are 
frequently found in dogs [65]. Osteosarcoma is predisposed to several (large) breeds 
and accounts for 5 to 6 percent of all canine malignancies [66,67]. Mammary tumors 
in dogs also occur frequently; in a recent study 13 percent of all female dogs older 
than 10 years old had at least one claim of mammary tumors with an overall morta-
lity of 6 percent [68]. Furthermore patterns of biochemical changes in proteins of 
human and canine mammary tumors are highly similar validating the use of canine 
models to understand the molecular mechanisms of mammary carcinogenesis [69]. 
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Questions 
 
Based on the central themes of this thesis (concerning signal transduction pathways 
involved in regeneration, fibrosis, cellular homeostasis, copper handling, and oxi-
dative stress), several questions are raised: 
 
- Is the HGF/c-MET signaling pathway functional in congenital diseases (CPPS 

and PPVH) that are devoid of inflammation and cholestasis? 
- Can the difference in these hypoplastic diseases, with regard to ECM-deposition, 

be explained by disturbed balance HGF-TGF-β1? 
- Is the HGF/c-MET signaling pathway functional in more complex liver diseases 

like acute and chronic hepatitis, cirrhosis, and lobular dissecting hepatitis?  
- If the HGF/c-MET signal transduction pathway is functional does this hold any 

promises for HGF treatment? 
- Is the TGF-β1 signaling pathway activated in liver diseases associated with 

excessive amount of ECM-deposition? Can the difference with regard to fibrosis 
be explained by disturbed balance HGF-TGF-β1? 

- Anticipating HGF as a possible treatment, recombinant canine HGF was produ-
ced in a Baculovirus expression system. Is this recombinant product biologically 
active, and does it activate cellular signal transduction pathways leading to hep-
tocyte proliferation, anti-apoptosis, and anti-fibrosis? 

- Is copper accumulation a consequence of cholestasis or a direct effect of affected 
intracellular copper transport? Do high intracellular copper levels reduce the cel-
lular protection against (copper-induced) oxidative stress? 

- Is the copper homeostasis disturbed in Doberman hepatitis, and to what extent is 
oxidative stress induced in livers of these animals?  

- The genetic analysis of the COMMD1 mutation in Bedlington terriers with cop-
per toxicosis is laborious due to large size of the deletion. Is it possible to deve-
lop a Q-PCR based rapid sensitive and reliable method for genetic screening for 
this deletion? 

- Does siRNA-mediated knock-down of the COMMD1 gene product lead to in-
creased copper retention in hepatic cells and what are the functional conse-
quences of increased copper accumulation on cellular homeostasis? 

- Does siRNA-mediated knock-down of the XIAP gene-product, which is asso-
ciated with COMMD1 and is involved in protection against apoptosis, lead to 
increased sensitivity to different chemotherapeutics in cell-lines? 
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Abstract 
 
We analyzed two spontaneous dog diseases characterized by subnormal portal 
perfusion and reduced liver growth: (i) congenital portosystemic shunts (CPSS) 
without fibrosis and (ii) primary portal vein hypoplasia (PPVH), a disease associated 
with fibrosis. These pathologies, that lack inflammation or cholestasis, may represent 
simplified models to study liver growth and fibrosis. To investigate the possible use 
of these models for Hepatocyte Growth Factor (HGF) treatment, we studied the 
functionality of HGF signaling in CPSS and PPVH dogs and compared this to aged-
matched healthy controls. We used quantitative real-time polymerase chain reaction 
(Q-PCR) to analyze the mRNA expression of Hepatocyte Growth Factor (HGF), 
Transforming Growth Factor-β1 (TGF-β1), and relevant mediators in liver biopsies 
from cases with CPSS or PPVH, in comparison with healthy control dogs. CPSS and 
PPVH were associated with a decrease in mRNA expression of HGF and c-MET. 
Western blot analysis confirmed the Q-PCR results and showed that intracellular 
signaling components (PKB/Akt, ERK1/2, and STAT3) were functional. The TGF-
β1 mRNA levels were unchanged in CPSS but t-fold increased in PPVH indicating 
an active TGF-β1 pathway, consistent with the observation of fibrosis seen in PPVH. 
Western blots on TGF-β1 and phosphorylated Smad2 confirmed an activated pro-
fibrotic pathway in PPVH. Furthermore, Q-PCR showed an increase in the amount of 
Collagen I present in PPVH compared to CPSS and control, which was confirmed by 
Western blot analysis. The pathophysiological differences between CPSS and PPVH 
can adequately be explained by the Q-PCR measurements and Western blots. 
Although c-MET levels were reduced, downstream signaling seemed to be functional 
and provides a rational for HGF-supplementation in controlled studies with CPSS 
and PPVH. Furthermore both diseases may serve as simplified models for com-
parison with more complex chronic inflammatory diseases and cirrhosis.  
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Introduction 

Chronic liver disease is characterized by decreased regeneration of hepatocytes and 
increased formation of fibrous tissue. These characteristics may be the sequel of 
various chronic processes such as cholestasis, viral infections, toxin exposure, and 
metabolic disorders. Dogs have complex liver diseases such as hepatitis and cirrhosis 
which are highly comparable with the human counterparts. Moreover, coding se-
quences of dogs proved highly homologous to the human sequences [1], especially 
compared to the rodent genome. Thus, dogs may fulfill a role as a spontaneous 
animal model in between toxin-induced or surgical models in rodents, and spon-
taneous diseases in man. The complex interplay of many factors active in chronic 
liver disease makes it difficult to unravel the roles of different individual patho-
genetic pathways. Dogs display liver diseases, which are potentially valuable models 
to compare complex with simple pathologic entities. 

We have chosen these two congenital dog diseases for comparative analysis of liver 
growth/regeneration, fibrosis, and hepatic homeostasis: congenital portosystemic 
shunt (CPSS) and primary portal vein hypoplasia (PPVH). CPSS is characterized by 
an abnormal single large communication between the portal vein and a major sys-
temic vein (cava or azygos). This results in the virtual absence of portal vein perfu-
sion to the liver from birth onwards. Liver growth remains nearly absent but there is 
essentially no liver pathology [2,3]. PPVH is a developmental abnormality in which 
the terminal vein branches are not or only partially present and, in most cases, in 
combination with congenital portal fibrosis, but without inflammation [4]. PPVH is 
associated with portal hypertension and reduced liver growth. Thus, these two 
congenital diseases represent relatively simple models for reduced liver growth asso-
ciated with fibrosis (PPVH) or without fibrosis (CPSS). Both diseases have a de-
crease in liver growth due to markedly insufficient portal perfusion which results in a 
massive reduction of liver size. 

Because hepatocyte growth factor (HGF) is one of the most important genes involved 
in liver growth/regeneration [5-7], abnormal expression of HGF could play a major 
role in the decreased liver size in CPSS or PPVH. Therefore, treatment of dogs with 
HGF could be a possible therapeutic approach. A pre-requisite for treatment is that 
HGF signaling components are unaffected in those dogs. Consequently, we focused 
on measuring gene products involved in signaling of HGF and counteracting 
transforming growth factor β1 (TGF-β1). All biological responses induced by HGF 
are elicited by binding to its receptor, a transmembrane tyrosine kinase encoded by 
the MET proto-oncogene (c-MET). The signaling cascade triggered by HGF begins 
with phosphorylation of the receptor and is mediated by concomitant activation of 
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different cytoplasmic effectors that bind to the same multifunctional binding site. The 
c-MET mediated response includes two key pathways involved in cell survival and 
mitogenesis [8]. The first; protein kinase B (PKB/Akt) is activated by phospho-
inositide 3-kinase (PI3K) and elicits cell survival [9,10]. The second; ERK1/2 (also 
known as p42/44 MAPK), a member of the mitogen-activated protein (MAP) kinase 
family, is activated by the RAS-RAF-MEK pathway and is responsible for mito-
genesis [11]. A third response of HGF is the branching morphogenesis which next to 
the PKB and ERK pathways requires involvement of the signal transducer and 
activator of transcription (STAT) 3 pathway [12]. 

It is well established that an increase of TGF-β1 in liver promotes the formation of 
extracellular matrix (ECM) components and suppresses hepatocyte proliferation 
[13,14]. Prolonged overexpression of TGF-β1 in non-parenchymal cells causes hepa-
tic fibrosis in humans and experimental animals. In several fibrosis models, fibrotic 
lesions are associated with an increase in collagens and TGF-β1 mRNAs [15]. The 
intracellular pathway that is activated by TGF-β1 receptors is mediated by Smads. 
Smad2 is activated via carboxy-terminal phosphorylation by TGF-β1 type I receptor 
kinases. When bound with co-Smads, they act as TGF-β1-induced transcriptional 
activators of target genes [16]. 

Cell homeostasis is the result of balance between cell death, cell proliferation, and 
growth-arrest. Therefore we investigated expression levels of pro-apoptotic Fas-
ligand and caspase-3, anti-apoptotic Bcl-2 [17], cell-cycle stimulating TGFα, and 
cell-cycle inhibitor p27kip. All of these gene-products are regulated directly or indi-
rectly by PKB [9]. 

The present study was designed to describe the differential gene-expression of the 
above indicated crucial pathways involved in growth/regeneration, fibrosis, and 
cellular homeostasis in liver tissues of dogs with CPSS (reduced growth/regeneration 
without fibrosis) and PPVH (reduced growth/regeneration and fibrosis) in compa-
rison with healthy animals. These simple congenital dog models may be used to 
unravel the roles of different gene products in those pathways. These well-defined 
large animal models are intended to serve as the first spontaneous liver diseases to 
investigate novel regenerative/anti-fibrotic therapies, such as HGF treatment. This 
study may also serve as a basis for future comparison with more complex diseases 
like chronic hepatitis and cirrhosis. 
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Materials and methods 

Animals 
 
All samples are obtained from different dog breeds appearing in the clinic with 
spontaneous diseases. Samples were randomly chosen and aimed to encompass dif-
ferent dog-breeds and both sexes in each group. The procedures were approved by 
the Ethical Committee as required under Dutch legislation. 
 
Groups 
 
The congenital portosystemic shunt (n = 11 dogs) and primary portal vein hypoplasia 
group (n = 8 dogs) were compared with a group of healthy dogs (n = 11 dogs). The 
inclusion criteria for CPSS were increased fasting plasma ammonia concentration, 
abnormal ammonia tolerance test (peak ammonia ≥ 150 µmol/L plasma) and ultra-
sonographic visualization of a small liver and a congenital portosystemic shunt with 
a diameter as wide as the portal vein trunk. The presence of the shunt was further 
confirmed with surgery. During surgery a wedge liver biopsy was taken and 
immediately put in liquid nitrogen and stored at -70oC until analysis. In CPSS there 
is no portal hypertension. The inclusion criteria for PPVH were the visualization of a 
small liver with ultrasonography, presence of multiple small acquired portosystemic 
collaterals due to portal hypertension, and an abnormal ammonia tolerance test (peak 
ammonia ≥150 µmol/L plasma). Liver tissue of dogs with PPVH was obtained under 
local anaesthesia by ultrasound-guided biopsy with a true cut 16G biopsy needle. 
Two biopsies were immediately immersed in liquid nitrogen, and stored at –70oC 
until analysis. The healthy control dogs were age-matched, and had AP, ALT, and 
fasting bile acids in plasma within the reference range. Ultrasonographically the 
control dog livers had a normal size, shape, and structure, and there were no histo-
logical abnormalities in stained histological sections. 
 
Histological grading of fibrosis  
 
All liver samples were fixed in 10% buffered formalin and routinely embedded in 
paraffin. Sections (4µm) were stained with haematoxylin eosin, the Van Gieson stain, 
and the reticulin stain according to Gordon and Sweet. Histologically the presence of 
fibrosis was evaluated semi-quantitatively (absent, slight, moderate, or marked) as 
well as with respect to its localization. Fibrosis scoring was performed according to 
Scheuer, a defined scoring method for fibrosis in hepatitis. The slides were in-
dependently examined by one certified veterinary pathologist. 
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RNA isolation and reverse-transcription polymerase chain reaction 
 
Total cellular RNA was isolated from each frozen canine liver tissue in duplicate, 
using the RNeasy Mini Kit (Qiagen, Leusden, The Netherlands) according to the 
manufacturer’s instructions. The RNA samples were treated with Dnase-I (Qiagen 
Rnase-free DNase kit). In total 3 µg of RNA was incubated with poly(dT) primers at 
42°C for 45 min, in a 60 µl reaction volume, using the Reverse Transcription System 
from Promega (Promega Benelux, Leiden, The Netherlands). 
 
Quantitative measurements of the mRNA levels of HGF, TGF-β1, and other 
related signaling molecules 
 
Real-Time PCR based on the high affinity double-stranded DNA-binding dye 
SYBR® green I (BMA, Rockland, ME) was performed in triplicate in a spectro-
fluoremetric thermal iCycler® (BioRad, Veenendaal, The Netherlands). Data were 
collected and analyzed with the provided application software. For each Q-PCR, 2 µl 
(of the 2 times diluted stock) of cDNA was used in a reaction volume of 50 µl con-
taining 1x manufacturer’s buffer, 2 mM MgCl2, 0.5 × SYBR® green I, 200 µM 
dNTP’s, 20 pmol of both primers, 1.25 units of AmpliTaq Gold (Applied Biosys-
tems, Nieuwerkerk a/d IJssel, The Netherlands), on 96-well iCycler iQ plates (Bio-
Rad). Primer pairs, depicted in Table 1, were designed using PrimerSelect software 
(DNASTAR Inc., Madison, WI). All PCR protocols included a 5-minute polymerase 
activation step and continued for 40 cycles at 95oC denaturation for 20 sec, annealing 
for 30 sec and elongation at 72oC for 30 sec with a final extension for 5 min at 72oC. 
Annealing temperatures were optimized at various levels ranging from 56oC till 67oC 
(Table 1). Melt curves (iCycler, BioRad), agarose gel electrophoresis, and standard 
sequencing procedures were used to examine each sample for purity and specificity 
(ABI PRISM 3100 Genetic Analyser, Applied Biosystems). Standard curves 
constructed by plotting the relative starting amount versus threshold cycles were 
generated using serial 4-fold dilutions of pooled cDNA fractions from both healthy 
and diseased liver tissues. The amplification efficiency,  
E (%) = (10(1/-s)-1) * 100 (s = slope), of each standard curve was determined and 
appeared to be > 95 %, and < 105 %, over a wide dynamic range. For each experi-
mental sample the amount of the gene of interest, and of the endogenous references 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hypoxanthine phospho-
ribosyl transferase (HPRT) were determined from the appropriate standard curve in 
autonomous experiments. If relative amounts of GAPDH and HPRT were constant 
for a sample, data were considered valid and the average amount was included in the 
study (data not shown). Results were normalized according to the average amount of 
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the endogenous references. The normalized values were divided by the normalized 
values of the calibrator (healthy group) to generate relative expression levels [18]. 
 
Statistical analysis 
 
A Kolmogorov-Smirnov test was performed to establish a normal distribution and a 
Levene’s test for the homogeneity of variances. All samples included in this study 
were normally distributed. The statistical significance of differences between 
diseased and control animals was determined by using the Student's t-test. A p-value 
< 0.05 was considered statistically significant. Analysis was performed using SPSS 
software (SPSS Benelux BV, Gorinchem, the Netherlands). 
 
Western blot analysis 

Used antibodies are described in Table 2. For Western blot analysis 30 mg of liver 
tissue from at least six samples of each group (n = 6 dogs per group, randomly 
chosen from original group) were pooled and analyzed. Liver tissues were homo-
genized in RIPA buffer containing 1 % Igepal, 0.6 mM Phenylmethylsulfonyl-
fluoride, 17 µg/ml aprotinine, and 1 mM sodium-orthovanadate (Sigma chemical 
Co., Zwijndrecht, The Netherlands). Protein concentrations were obtained using a 
Lowry-based assay (DC Protein Assay, BioRad). Twenty µg of protein of the super-
natant was denatured for 3 min at 95oC and electroferesed on 7.5 % Tris-HCl poly-
acrylamide gels (BioRad) and the proteins were transferred onto Hybond-C Extra 
Nitrocellulose membranes (Amersham Biosciences Europe, Roosendaal, The Nether-
lands) using a Mini Trans-Blot® Cell blot-apparatus (BioRad). Immunodetection was 
based on an ECL Western blot analysis system, performed according to the manu-
facturer’s instructions (Amersham Biosciences Europe). The membranes were 
incubated with 4 % ECL blocking solution in TBS for 1 hour under gentle shaking. 
The incubation of the primary antibody was performed at 4oC over-night for all 
antibodies (see Table 2) in TBS with 0.1 % Tween-20 (Boom B.V., Meppel, The 
Netherlands). After washing, the membranes were incubated with their respective 
horseradish peroxidase-conjugated secondary antibody (R&D systems, Europe Ltd., 
Abingdon, UK) at room temperature for 1 h and exposed to Kodak BioMax Light-1 
films (Sigma chemical Co.). Densitometric analysis of immunoreactive bands was 
performed with a Gel Doc 2000 system with Quantity One 4.3.0 Software (BioRad). 
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Table 1. Nucleotide Sequences of Dog-Specific Primers for Real-Time Q-PCR 

 
F: Forward primer; R: reversed primer 

Gene F/
R 

Sequence (5’-3’) Tm 
(oC) 

Product 
size (bp) 

Accession 
number 

GAPDH F TGT CCC CAC CCC CAA TGT ATC 58 100 AB038240 
 R CTC CGA TGC CTG CTT CAC TAC CTT  
HPRT F AGC TTG CTG GTG AAA AGG AC 56 100 L77488 /  
 R TTA TAG TCA AGG GCA TAT CC L77489 
HGF F AAA GGA GAT GAG AAA CGC AAA CAG 58 92 BD105535 
 R GGC CTA GCA AGC TTC AGT AAT ACC  
c-MET F TGT GCT GTG AAA TCC CTG AAT AGA AATC 59 112 AB118945 
 R CCA AGA GTG AGA GTA CGT TTG GAT GAC  
TGFα F CCG CCT TGG TGG TGG TCT CC 63 136 AY458143 
 R AGG GCG CTG GGC TTC TCG T  
HGF F ACA CAG ACG TTT GGC ATC GAG AAG TAT  60 128 AY458142 
 R AAA CTG GAG CGG ATG GCA CAG  
p27kip F CGG AGG GAC GCC AAA CAG G 60 90 AY455798 
 R GTC CCG GGT CAA CTC TTC GTG  
TGF-β1 F CAA GGA TCT GGG CTG GAA GTG GA 66 113 L34956 
 R CCA GGA CCT TGC TGT ACT GCG TGT  
TGF-β1 R I F CAG TCA CCG AGA CCA CAG ACA AAG T 59 101 AY455799 
 R TGA AGA TGG TGC ACA AAC AAA TGG  
TGF-β1 R II F GAC CTG CTG CCT GTG TGA CTT TG 61 116 AY455800 
 R GGA CTT CGG GAG CCA TGT ATC TTG  
UPA F CTG GGG AGA TGA AGT TTG AGG TGG 64.5 105 AY455801 
 R TGG AAC GGA TCT TCA GCA AGG C  
Bcl-2 F TGG AGA GCG TCA ACC GGG AGA TGT 61 87 AB116145 
 R AGG TGT GCA GAT GCC GGT TCA GGT  
Fas Ligand F GGG GTC AGT CCT GCA ACA ACA A 54 94 AY603042 
 R ATC TTC CCC TCC ATC AGC ATC AG  
Caspase-3 F ATC ACT GAA GAT GGA TGG GTT GGT 58 140 AB085580 
 R GAA AGG AGC ATG TTC TGA AGT AGC ACT  
HIF1α F TTA CGT TCC TTC GAT CAG TTG TCA 61 106 AY455802 
 R GAG GAG GTT CTT GCA TTG GAG TC  
Collagen I F GTG TGT ACA GAA CGG CCT CA 61 111 AF056303 
 R TCG CAA ATC ACG TCA TCG  
Collagen III F ATA GAG GCT TTG ATG GAC GAA 65 134 AB042266 
 R CCT CGC TCA CCA GGA GC  
Collagen IV F CAC AGC CAG ACA ACA GAT GC 67 151 U07888 
 R GCA TGG TAC TGA AGC GAC G  
Fibronectin F AGG TTG TTA CCA TGG GCA  61 91 U52106 
 R GCA TAA TGG GAA ACC GTG TAG  



Regenerative and fibrotic pathways in CPSS and PPVH 
 

 37

Table 2. Used antibodies in Western blot experiments 
 
Antigen Product 

size (kDa) 
Dilution Manufacturer Secondary 

antibody 
Dilution 

HGF 82 1:100 Neomarkers Anti-mouse HRP 1:20,000 
p-c-MET  169 1:750 Abcam Anti-rabbit HRP 1:20,000 
c-MET 145                 1:750 Sigma Anti-goat HRP 1:20,000 
p-PKB  60 1:1,000 Cell-Signaling Anti-mouse HRP  1:20,000 
PKB 60 1:250 BD Biosciences Anti-mouse HRP 1:20,000 
p-STAT3  86 1:1,000 Cell Signaling Anti-rabbit HRP 1:20,000 
STAT3 86 1:2,500 BD Biosciences Anti-mouse HRP 1:20,000 
p-Erk1/2  42/44 1:1,500 Cell Signaling Anti-rabbit HRP 1:20,000 
ERK1/2  42/44 1:1,000 Cell Signaling Anti-rabbit HRP 1:20,000 
TGF-β1 25 1:1,000 Abcam Anti-rabbit HRP  1:20,000 
p-Smad2  58 1:2,000 Cell-Signaling Anti-rabbit HRP  1:20,000 
Smad2 58 1:500 BD Biosciences Anti-mouse HRP 1:20,000 
Collagen I  95/210 1:500 Calbiochem Anti-mouse HRP 1:20,000 
Caspase-3 34/20/18 1:1,000 Calbiochem Anti-rabbit HRP  1:20,000 
Beta-actin 42 1:2,000 Neomarkers Anti-mouse HRP 1:20,000 
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Results 

Histological grading of fibrosis 
 
No fibrosis was seen in liver biopsies of CPSS dogs. In the PPVH dogs histological 
examination revealed slight portal fibrosis in one dog, slight to moderate portal 
fibrosis associated with slight to moderate centrolobular fibrosis in four dogs, and 
marked portal fibrosis with biliary proliferation in three dogs. The control dogs sho-
wed a normal liver without fibrosis. Examples of histological examination of CPSS 
and PPVH are included as Figures 1A and 1B, respectively. 

Figure 1. Histological grading of fibrosis.  
(A) CPSS, Portal area without recognizable portal vein and arteriolar proliferation. Van 
Gieson stain. (B) PPVH, Markedly enlarged portal area with fibrosis and extensive arteriolar 
and ductular proliferation. Van Gieson stain. Color-figure see Appendix 1, page 218. 
 
HGF/c-MET signaling pathway involved in regeneration and growth 
 
One of the main in vivo events during regeneration and growth is the signaling via 
phosphorylation of the HGF receptor c-MET. Q-PCR analysis revealed that HGF 
mRNA levels in both CPSS and PPVH were decreased three-fold in comparison with 
healthy dogs (Figure 2). Moreover, the c-MET levels in CPSS and PPVH were 
significantly decreased (two- and three-fold, respectively). The levels of the mRNAs 
for TGFα (proliferation) were decreased six-fold in both CPSS and PPVH. The 
serine-protease HGF activator mRNA was doubled in dogs with CPSS. In contrast, it 
was halved in dogs with PPVH. The cell-cycle inhibitor p27kip mRNA was decreas-
ed in both conditions, although not significantly in dogs with CPSS.  

A B
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TGF-β1 cascade signaling pathway involved in fibrosis 
 
The fibrosis signaling pathway is activated through bindings of the active TGF-β1 di-
mer to the heteromeric type-I and type-II serine/threonine receptor kinases. As shown 
in Figure 3, TGF-β1 mRNA levels were increased two-fold in dogs with PPVH, 
whereas the levels in dogs with CPSS were not changed significantly. The receptor 
type-I, was induced in both liver diseases but only significantly in PPVH. Receptor 
type-II was increased in both CPSS and PPVH (4- and 5-fold, respectively), indi-
cating an increased binding capacity. One of the proteolytic enzymes involved in 
activation of TGF-β1 is urokinase plasminogen activator (uPA). The uPA mRNA 
level was decreased two-fold in dogs with CPSS, and in contrast doubled in dogs 
with PPVH. 
 
Gene-expression of apoptosis-related signaling proteins and hypoxia induced 
factor 
 
We measured three well-known basic apoptotic components of which two are pro-
apoptotic (Caspase-3 and Fas ligand) and one is anti-apoptotic (Bcl-2). Figure 4, 
shows that pro-apoptotic mediator Fas ligand was severely inhibited in both dogs 
with CPSS and in dogs with PPVH, (14- and 8-fold, respectively). Moreover, 
Caspase-3 was halved in both CPSS and PPVH. On the other hand, no induction of 
the anti-apoptotic Bcl-2 was seen in dogs with CPSS, whereas Bcl-2 in dogs with 
PPVH was doubled. The mechanisms underlying progressive fibrosis are unknown, 
but fibrosis and hypoxia could have been a fibrogenic stimulus. Hypoxia coordi-
nately up-regulates matrix production and hypoxia induced factor 1 alpha (HIF1α) 
[19]. These direct hypoxic effects on the expression of genes involved in fibrogenesis 
was shown in our dogs with PPVH which indeed had elevated levels of HIF1α.  
 
Gene-expression of extracellular matrix gene products 
 
The analysis of ECM expression was performed on three collagens (I, III and IV) and 
one glycoprotein (fibronectin). Interstitial collagens types I and III are the most 
commonly found collagens, collagen type IV is a basal membrane collagen. In Figure 
5, Collagen I was shown to be significantly increased in PPVH (two-fold), whereas 
CPSS was unchanged. Collagen III and IV were not significantly changed in both 
groups. Fibronectin showed to be halved in the PPVH group where CPSS remained 
normal. 
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Figure 2. Quantitative Real-Time PCR of genes involved in regeneration and growth.  
Representative data of mRNA levels of congenital portosystemic shunt (CPSS, n = 11 dogs) is 
shown in (A). Representative data of mRNA levels of primary portal vein hypoplasia (PPVH, 
n = 8 dogs) is shown in (B). Data represent mean + SD.  
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Figure 3. Quantitative Real-Time PCR of genes involved in fibrosis. Representative data of 
mRNA levels of congenital portosystemic shunt (CPSS, n = 11 dogs) is shown in (A). 
Representative data of mRNA levels of primary portal vein hypoplasia (PPVH, n = 8 dogs) is 
shown in (B). Data represent mean + SD. 
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Figure 4. Quantitative Real-Time PCR of apoptosis genes and a hypoxia related gene.  
Representative data of mRNA levels of congenital portosystemic shunt (CPSS, n = 11 dogs) is 
shown in (A). Representative data of mRNA levels of primary portal vein hypoplasia (PPVH, 
n = 8 dogs) is shown in (B). Data represent mean + SD.  
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Figure 5. Quantitative Real-Time PCR of extracellular matrix gene products.  
Representative data of mRNA levels of congenital portosystemic shunt (CPSS, n = 11 dogs) is 
shown in (A). Representative data of mRNA levels of primary portal vein hypoplasia (PPVH, 
n = 8 dogs) is shown in (B). Data represent mean + SD.  
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Western blot analysis of HGF, c-MET, PKB, STAT, ERK, TGF-β1, Smad2, 
Collagen I, and Caspase-3 
 
PKB plays a pivotal role in liver regeneration and growth upon activation of the c-
MET-HGF signaling pathway [10]. Western blot analysis of HGF showed an 
immunoreactive band at 82 kDa with no apparent quantitative differences (Figure 
6A). Total c-MET was detected in all samples, where it was present as an immuno-
reactive band of 145 kDa. Results showed a decrease in the amount of c-MET in both 
diseases. On the other hand, the anti-phosphorylated c-MET antibody showed an 
immunoreactive band in all samples with no apparent quantitative differences. Total 
PKB was detected in all samples, where it was present as a single band of 60 kDa. 
The anti-phosphorylated PKB antibody showed an immunoreactive band in all 
samples. Two immunoreactive bands at 42 and 44 kDa representing the MAP kinase 
ERK1/2 showed to be equally present at the protein level between the diseased 
groups and healthy controls. Interestingly this also applied for the phosphorylated 
form where no apparent quantitative differences were found. The 80 kDa STAT3 
protein showed a similar result with no apparent quantitative differences in the total 
form; however the STAT3 protein seemed to be somewhat less phosphorylated at the 
serine 727 residue in the PPVH group. TGF-β1 exerts its actions through complex 
intracellular signaling pathways. All downstream signaling routes following binding 
of an active TGF-β1 to its receptors type-I and II elicit phosphorylation of Smad2. 
TGF-β1 was seen in all diseases as a single band of 25 kDa under non-denaturing 
conditions (Figure 6B). Interestingly, the amount of TGF-β1 was induced in PPVH 
compared to CPSS and controls. Total Smad2 was detected in all samples, where it 
was present as a single band of 58 kDa, with no apparent changes in quantity. 
Interestingly, the anti-phosphorylated Smad2 antibody showed a slight band in CPSS 
whereas in PPVH a phosphorylated Smad2 is clearly present. Moreover, anti-
Collagen I showed an increase in the amount of protein in PPVH compared to CPSS 
and healthy controls, all together emphasizing the differences in fibrosis between 
CPSS and PPVH. Inactive or uncleaved Caspase-3 was detected in all samples 
(Figure 6C), where it was present as a single band of 34 kDa, although reduced in the 
CPSS and PPVH group. Interestingly, the processed forms of 20 and 13 kDa showed 
to be increased in CPSS and PPVH towards healthy controls. 
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Figure 6. Western blot analysis of liver homogenates of controls, CPSS, and PPVH. 
Detection of HGF, c-MET, PKB, STAT, and ERK shown in (A), detection of the TGF-β1, 
Smad2, and Collagen I in (B), and detection of the Caspase-3 protein, uncleaved/inactive 34 
kDa, and cleaved/active products of 20 kDa and 13 kDa in (C). Western blot analysis of liver 
homogenates (n = 6 dogs, randomly chosen from original group). Lane 1: Control; Lane 2: 
Congenital portosystemic shunts; Lane 3: Primary portal vein hypoplasia. 
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Discussion 
 
Two congenital canine liver diseases were molecularly dissected in order to analyze 
the possibility of growth factor therapy. The expression of a total of 17 gene products 
involved in liver growth/regeneration, fibrosis, ECM, and cellular homeostasis was 
measured and normalized to the average amount of two reference genes (Q-PCR). 
Western blot analysis confirmed the quantitative mRNA results and furthermore 
showed activated pathways. These two independent techniques provided insight into 
the effects of portal venous hypoperfusion in two canine hepatic diseases; congenital 
portosystemic shunt (CPSS) without fibrosis and primary portal vein hypoplasia 
(PPVH) with fibrosis. Taken together, the obtained data provided insights in the fea-
sibility for HGF-treatment. 
 
The normalization performed in this study is obtained by averaging the amount of 
two different reference genes (GAPDH and HPRT). No samples were more than 5 
percent apart from the individual measured reference genes levels (data not shown). 
This normalization strategy, using the average amount of two reference genes, is a 
prerequisite for accurate RT-PCR expression profiling which enables us to measure 
small expression differences and allows the study of their biological relevance [20]. 
 
It is well known that HGF plays an essential role in development [21] and regene-
ration of the liver, and increases hepatocyte viability. The found decrease in gene-
expression of both HGF and its receptor agrees with the reduced liver size in these 
canine disorders. However, in contrast to the c-MET levels which correlate nicely 
with the found protein levels, the amount of HGF mRNA does not seem to reflect 
protein levels. This can be contributed to HGF which can be a paracrine but also an 
endocrine factor. Extra hepatic HGF could have been present in the pancreas or 
intestinal tract [22]. 
 
Although HGF and c-MET mRNA levels were decreased, downstream targets of this 
tyrosine cascade signaling pathway were still active. Downstream targets, such as 
Fas ligand and p27kip, were chosen as direct or indirect targets of the HGF-cMET-
PI3K-PKB axis. Fas ligand transcription is regulated by FOXO’s. The decrease in 
Fas ligand can therefore be explained by an active PKB which directly phospho-
rylates FOXO’s [23]. A similar result can be seen in the reduced levels of p27kip 
mRNA, as this is down-regulated at the gene-transcription level by active PKB [24]. 
Combined, this indicates that PKB is active in both diseases, which was confirmed 
by Western blot analysis. It remains to be seen if other receptor tyrosine kinases (e.g. 
EGF receptor or insulin receptor) activate this pathway in these dogs [25]. Next to 
the activated PKB pathway, we have analyzed other c-MET mediated responses in 
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CPSS and PPVH. ERK1/2 showed to be activated in both diseases to a similar level 
as the healthy controls. The significance of the slightly reduced phosphorylated 
STAT3 in PPVH, which is phosphorylated by HGF on serine 727 [26], needs to be 
further investigated. Taken together, the pathways which elicit all major biological 
functions of c-MET showed to be active in CPSS and PPVH.  
 
Prolonged or overexpression of TGF-β1 acts to suppress cell proliferation, and 
induces a deposition of ECM proteins, resulting in fibrosis in major organs such as 
liver [27,28]. We showed that in PPVH the TGF-β1 pathway through Smad2 is 
activated, consistent with the fibrosis seen in PPVH. Measurements on fibrosis 
related gene products revealed no elevated activity of the TGF-β1 pathway in CPSS. 
Gene expression levels related to the TGF-β1 pathway, including its receptors, and 
the proteolytic activator of TGF-β1 (uPA) were elevated in PPVH, thus indicating an 
active Smad pathway that could subsequently lead to fibrosis. Western blot analysis 
confirmed found TGF-β1 levels. Measurements on collagen gene-expression, espe-
cially collagen I, confirmed the current paradigm of TGF-β1 signaling in fibrous 
tissues like PPVH [29]. Contrary, non-fibrotic CPSS did not show any alterations in 
collagen expression. The observation of phosphorylated Smad2 in healthy liver tissue 
showed that the phosphorylation of Smad2 is a dynamic process and has already 
been described in other publications [30,31]. 
 
The expressions of the pro-apoptotic genes Fas ligand and Caspase-3 were clearly 
decreased. Bcl-2 gene-expression was elevated two times in PPVH, but not in CPSS 
(Figure 2). Western blot analysis showed that the unprocessed form of Caspase-3 
was present in lesser amount in CPSS and PPVH, however the amount of processed 
or active bands compared to healthy control was higher in the diseases compared to 
healthy controls. This indicates that although the total amount of Caspase-3 is lower, 
there is more cleavage of the Caspase-3 to its active forms in the diseases, possibly 
leading to an increase in apoptosis. 
 
Both HGF and TGF-β1 need extracellular processing to become biologically active. 
The serine protease HGF activator is responsible for activation of proHGF [32]. Our 
studies revealed that HGF activator gene-expression was doubled in dogs with CPSS 
and halved in case of PPVH. This indicated an increased HGF activation in CPSS. 
Although levels of HGF activator were reduced in PPVH, this does not necessarily 
indicate a lack of extracellular processing of HGF. Interestingly uPA, the activator of 
TGF-β1, was expressed at an increased level in dogs with PPVH. This may, via 
active TGF-β1-receptor interaction, indicate an activation of Smads and thus the 
formation of collagens. 
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Differential gene expression measurements on hepatic diseases have been performed 
in the past, nevertheless little is known about levels of genes that play an important 
role in fibrosis. There have been measurements on cirrhosis in man and rat that in-
dicate an up or down-regulated expression of several proteins [33]. Although these 
results might be significant in severe forms of fibrosis, these data depict an end-point 
of the disease whereas earlier stages may be more informative. 
 
Regeneration with recombinant HGF has been achieved in rodent models of liver 
failure [34,35]. Moreover, besides its regenerative capacity, HGF is known to have 
an antifibrogenic effect [36,37] and thus reduces or prevent fibrosis in PPVH. TGF-
β1 intervention to halt the progression of liver fibrosis and positively effect re-
generation, has been applied successfully [38] even in cirrhosis [39]. The measured 
gene products involved in fibrosis in PPVH make it a good spontaneous animal 
model to investigate new therapeutic strategies to influence the HGF and/or TGF-β1 
pathways in vivo. Furthermore, most fibrogenic models are induced by toxins such as 
dimethylnitrosamine (DMN), CCl4, or thioacetamide [40]. The canine PPVH model 
is not drug-induced and therefore may be better to compare with human diseases and 
thus fill the gap between induced rodent models and human diseases.  
 
This study is the first to measure expression profiles of crucial pathways of liver 
growth/regeneration, fibrosis, and hepatic homeostasis in spontaneous canine liver 
diseases. The present findings in two diseases with relatively simple pathogenesis 
may also serve as basis for evaluation of more complex diseases like hepatitis and 
cirrhosis. Evaluation of such complex diseases in dogs is highly suitable for com-
parative studies on the roles of different pathways in the pathogenesis of liver 
diseases in man. Two further conclusions can be deduced from the data presented 
here. First, the pathophysiological differences between CPSS and PPVH can nicely 
be explained by the Q-PCR measurements and Western blots. Second, although c-
MET levels were reduced, downstream signaling seemed to be functional and 
provides a rational background to design controlled studies for HGF-supplementation 
in CPSS and PPVH. 
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Abstract 
 
Acute and chronic hepatitis affect hepatic regeneration. We have analyzed canine 
clinical liver samples from four different forms of hepatitis; Acute Hepatitis (AH), 
Chronic Hepatitis (CH), Cirrhosis (CIRR), and Lobular Dissecting Hepatitis (LDH) 
in comparison with human liver samples from cirrhotic stages of alcoholic liver 
disease (hALC) and chronic hepatitis C infection (hHC). We used Q-PCR to analyze 
the canine specific mRNA expression of Hepatocyte Growth Factor (HGF) and rele-
vant down-stream mediators. Furthermore, we analyzed activation of STAT3, PKB, 
ERK1/2, and p38-MAPK by Western blotting in both dog and man. In all canine 
groups, c-MET (HGF receptor) mRNA levels were significantly decreased (P < 0.05) 
up to four-fold compared to control. Western blotting on canine samples showed an 
increased activation of STAT3 (Serine), PKB, ERK1/2, and p38-MAPK in CH and 
LDH. Similar activations were found in human samples (hHC and hALC). Partial 
loss of c-MET (siRNA) in a canine hepatic cell-line, does not lead to severe loss in 
HGF-sensitivity. In conclusion, despite the reduced c-MET levels in canine hepatitis 
and cirrhosis major regenerative downstream pathways are still activated, and con-
sidered highly comparable to man. Furthermore, canine hepatitis and cirrhosis could 
be an important clinical model to evaluate novel interventions such as HGF treat-
ment.  
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Introduction 
 
Hepatitis is a very complex interplay of many factors, all of which compose the 
pathogenesis of liver disease. This makes it difficult to dissect the roles of different 
individual pathogenetic pathways. Dogs have liver diseases highly comparable with 
the human counterparts and have a high resemblance at the genetic level [1,2]. Fur-
thermore dogs are within the same body weight range and share many years in close 
proximity of humans exposing them to the same environmental and biological stres-
ses. Therefore, privately owned dogs may fulfill an important translational role be-
tween toxin induced- or surgical-models in rodents, and clinical cases in man. 
 
We have chosen four different forms of hepatitis and cirrhosis in dogs for compara-
tive analysis of major regenerative pathways. Although the etiology of canine hepa-
titis is largely unknown, several known etiologies of hepatitis in other species have 
been excluded [3]. In contrast to rodent models, hepatitis in these dogs is not delibe-
rately induced. Hepatitis ranged from Acute Hepatitis (AH) without fibrosis to 
Chronic Hepatitis (CH), and cirrhosis (CIRR), including Lobular Dissecting Hepa-
titis (LDH). The last disease is a specific form of cirrhosis with severe fibrosis and 
complete disruption of the lobular architecture, mainly seen in young dogs [4,5]. As 
in humans, chronic hepatitis in dogs is associated with progressive fibrosis, reduction 
in liver size and regeneration, and finally disruption of the liver architecture (cirr-
hosis), which may cause portal hypertension, ascites, and portosystemic encephalo-
pathy [6]. 
 
Liver regeneration is a complex interplay of different factors [7]. Many of these vital 
regenerative factors have been investigated after partial hepatectomy (PH) and in 
toxin-induced rodent models. However, little is known how regeneration is affected 
in the process of hepatic diseases. One of the main growth factors identified in liver 
regeneration is the Hepatocyte Growth Factor (HGF). HGF activates the proto-
oncogenic receptor tyrosine kinase c-MET [8], and subsequent down-stream path-
ways, including PI-3-Kinase, protein kinase-B (PKB/Akt), MAP-kinases such as 
ERK1/2 (p42/44 MAPK), and Signal Transducers and Activators of Transcription 
(STATs) [9]. 
 
The present study was undertaken to investigate these crucial pathways involved in 
regeneration in liver tissues obtained from dogs with different forms of hepatitis. The 
results from canine samples were compared to the activity of the same regenerative 
proteins derived from human liver explant samples with alcoholic cirrhosis (hALC) 
respectively cirrhosis due to hepatitis C virus (hHC) in order to validate the dog as a 
model for man. The great similarities between man and dogs are already described at 
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the genetic [2], the pathophysiological, and at the pathology level. The present data 
indicate that the regenerative signal transduction level the pathways are also highly 
comparable. This emphasizes the potential of dogs to bridge between toxin-induced 
rodent models and human clinical situation. Furthermore, results might give a ratio-
nal to initiate growth factor therapy in dogs and man. 

 
 

Materials and Methods 
 
Animals 
 
All samples were obtained from privately owned dogs of different breeds referred to 
our veterinary clinic. All procedures were approved by Utrecht University's Ethical 
Committee, as required under Dutch legislation. Each disease group (n = 11 dogs) 
was compared age-matched healthy control dogs (n = 12 dogs), without clinical signs 
of hepatitis or other disease (histopathology did not reveal any abnormalities). Liver 
tissue was obtained from all dogs under local anesthesia by ultrasound-guided biopsy 
with a true cut 14G biopsy needle, preceded by ultrasonographic evaluation of the 
liver to exclude biopsy artifacts in case of non-homogeneous hepatic changes. Two 
formalin-fixed biopsies were embedded in paraffin, sliced, and stained with 
hematoxylin and eosin, Van Gieson stain, and reticulin stain according to Gordon 
and Sweet. All histological examinations were performed by one experienced, certi-
fied veterinary pathologist. Two other biopsies were snap-frozen, and stored at –70oC 
until molecular analysis. 
 
Human patients 
 
All samples were obtained from surgical patients who were transplanted at the 
Department of Abdominal Transplantation in the University Hospital Leuven, Leu-
ven, Belgium. The procedures were approved by Leuven University's Ethical Com-
mittee, as required under Belgian legislation. Human explant samples were collected 
directly after surgery and immediately snap-frozen. All patients, predominantly male, 
were presented with micronodular cirrhosis. The Alcoholic Cirrhosis (hALC) group 
contained five patients (n = 5) characterized by cirrhosis with neutrophil infiltrations, 
alcohol related morphological changes (hepatocyte ballooning, Mallory bodies, 
necrosis), and in some cases steatosis and increased iron deposition. The Hepatitis C 
(hHC) group contained four patients (n = 4) characterized by cirrhosis with neutro-
phil infiltrations, lymphoid follicles and aggregates. All cases were presented with 
hepatocyte decay, apoptosis/necrosis, regeneration, and fibrosis. 
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Quantitative PCR 
 
Quantitative real-time PCR (Q-PCR) was performed on a total of six gene products; 
HGF, c-MET, TGFα, HGF activator, p27kip, and PTEN. The abundance of mRNA 
was determined by Reverse Transcription (RT) followed by real-time quantitative 
PCR using appropriate primers (Table 1), as previously described [10]. For each ex-
perimental sample, two references genes (GAPDH and HPRT) were included. 
Results were normalized according to the average amount of the endogenous referen-
ces and were divided by the normalized values of the control group to generate rela-
tive expression levels [11]. 
 
Silencing c-MET levels by RNA interference 
 
For silencing experiments, Stealth™ dsRNA molecules were obtained from Invitro-
gen (Invitrogen, Breda, The Netherlands). Specific sequence (Genbank AB118945) 
for canine c-MET silencing (5’-GCAUCCUUGUGCUUCUGUUUACCUU-3’) was 
selected after general recommendations (Invitrogen). A random non-sense sequence 
was used as a negative control (5’-GCAGGUGCUAGUACAAGUCCGACAA-3’). 
Transfection was performed on canine bile duct epithelial (BDE) cells [12], charac-
terized by serum albumin and ceruloplasmin expression (data not shown). Cells were 
acquired from the Experimental Liver Cell Bank (Prof. Oude-Elferink, AMC-
Amsterdam, The Netherlands). BDE cells were grown in glutamine- and gentamycin-
supplemented DMEM with 10% FCS (Life Technologies, Inc., Invitrogen) at 37°C 
in a humidified atmosphere of 5% CO2 in air. Cells were seeded into 96-wells plates 
in a concentration of 3x104 cells/well. Transfection was performed with the Magnet-
Assisted-Transfection (MATra) technique (IBA BioTAGnology/Westburg b.v., 
Leusden, The Netherlands), in combination with Lipofectamine2000™ (Invitrogen), 
according to the manufacturers instructions. In short, siRNA molecules were 
transfected into BDE cells, with the optimized concentration Lipofectamin2000™ 
(1.2 µl/ml) for 20 minutes on the plate magnet. After transfection normal growth 
media including gentamycin was added.  
 
Viability assay 
 
48 Hours after transfection the cells were treated with recombinant human HGF 
(R&D Systems, Abingdon, United Kingdom; end-concentration HGF 100 ng/ml) in 
glutamine- and gentamycin-supplemented DMEM with 10% FCS. After 24 hours, 
the viability was measured with a MTT assay (5 mg/ml). 
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Table 1. Nucleotide Sequences of Dog-Specific Primers for Real-Time Quantitative PCR 
 

Gene F/R Sequence (5’-3’) Tm 
(oC) 

Product 
size (bp) 

Accession 
number 

GAPD F TGT CCC CAC CCC CAA TGT ATC 58 100 AB038240
 R CTC CGA TGC CTG CTT CAC TAC CTT  
HPRT F AGC TTG CTG GTG AAA AGG AC 56 100 L77488 / 
 R TTA TAG TCA AGG GCA TAT CC L77489 
HGF F AAA GGA GAT GAG AAA CGC AAA CAG 58 92 BD105535
 R GGC CTA GCA AGC TTC AGT AAT ACC  
c-MET F TGT GCT GTG AAA TCC CTG AAT AGA AATC 59 112 AB118945
 R CCA AGA GTG AGA GTA CGT TTG GAT GAC  
TGFα F CCG CCT TGG TGG TGG TCT CC 63 122 AY458143
 R AGG GCG CTG GGC TTC TCG T  
HGFA F AAA CTG GAG CGG ATG GCA CAG 60 127 AY458142
 R ACA CAG ACG TTT GGC ATC GAG AAG TAT  
p27kip F CGG AGG GAC GCC AAA CAG G 60 90 AY455798
 R GTC CCG GGT CAA CTC TTC GTG  
PTEN F AGA TGT TAG TGA CAA TGA ACC T 64.5 110 U92435 
 R GTG ATT TGT GTG TGC TGA TC  

 
F: Forward primer; R: reversed primer 
 
Immunoblot analysis 
 
Twenty micrograms of pooled protein extracts (n=6 dogs per group, randomly 
chosen) was electrophoresed on SDS-PAGE, and transferred to a Hybond ECL nitro-
cellulose membrane (Amersham-Biosciences, Cleveland, OH). The procedure for 
immunodetection was based on an ECL-Western blot analysis system, as previously 
described [13]. Primary antibodies are depicted in Table 2. Densitometric analysis 
was performed with a Geldoc2000 system with QuantityOne 4.3.0 software (Biorad). 
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Table 2. Primary Antibodies used in Western blot experiments 
 

Antibody Product 
size (kDa) 

Dilution Supplier 

Goat anti-human HGF 80 1:1,000 Santa Cruz 
Goat anti-human c-MET 145 1:1,000 Santa Cruz 
Rabbit anti-human c-MET  
(Tyr1230/1234/1235) 

169 1:1,000 Abcam 

Rabbit anti-human/dog STAT3 86 1:2,500 BDBioscience
Rabbit anti-human phospho-STAT3 (Ser727) 86 1:1,000 Cell Signalling 
Mouse anti-human phospho-STAT3 (Tyr705) 86 1:1,000 Cell Signalling 
Mouse anti-human/dog PKB 60 1:250 BDBioscience
Rabbit anti-human phospho-PKB (Thr308) 60 1:1,000 Cell Signalling 
Rabbit anti-human Erk1/2 42/44 1:1,000 Cell Signalling 
Rabbit anti-human phospho-ERK1/2 
(Thr202/Tyr204)

42/44 1:1,500 Cell Signalling 

Rabbit anti-human p38-MAPK 38 1:500 Abcam 
Rabbit anti-human phospho-p38-MAPK 
(Thr180/Tyr182)

38 1:1,000 Abcam 

Mouse anti-human/dog Beta-actin (pan Ab-5) 42 1:2,000 Neomarkers 

 
 

Results 
 
Q-PCR on the HGF/c-MET signaling pathways involved in canine regeneration 
and growth in AH, CH, CIRR, and LDH 
 
HGF mRNA levels were induced in CH, LDH, and CIRR, three-, five-, and five-fold, 
respectively (Figure 1). In AH, HGF mRNA levels remained unchanged. The c-MET 
mRNA levels in all groups were significantly decreased, with a maximum four-fold 
reduction in AH. The mRNA levels for TGFα were not aberrant in CH, but were 
decreased in LDH and AH (two- and 15-fold, respectively). In CIRR, however, the 
mRNA levels of TGFα were doubled. The serine protease HGF-activator (HGFA) 
mRNA levels were inhibited in LDH. In contrast HGFA was doubled in dogs with 
AH and not significantly changed in CH and CIRR. A cell cycle inhibitor, p27KIP, 
was halved in CH and LDH. Interestingly, in AH p27KIP mRNA levels were inhi-
bited 19-fold, unchanged in CIRR. The mRNA levels of PTEN, a tumor-suppressor 
gene inhibiting PI-3-K activity, was unchanged in CH, but doubled in LDH and 
CIRR. In AH, however, the PTEN mRNA levels were halved. 
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Western blot analysis on HGF, c-MET, STAT3, PKB/Akt, ERK1/2, and p38-
MAPK 
 
In Figure 2, Western blot analysis showed the presence of a single HGF band (80 
kDa) in all samples. Interestingly, there is a clear correlation between HGF protein 
and mRNA levels, as the protein (and mRNA) levels of HGF is increased in CH, 
LDH, and CIRR. The same correlation was seen with the c-MET protein and mRNA; 
all diseases have decreased c-MET protein levels similar to reduced mRNA levels 
(Figure 2C). Analysis on phosphorylated c-MET showed an immuno-reactive band 
in CH, LDH, and CIRR, which was almost absent in AH (Figure 2C). Important 
downstream signaling proteins of HGF/c-MET, e.g. STAT3, PKB/Akt, ERK1/2, and 
p38-MAPK, were measured (Figure 3). The total STAT3 was detected as an 
immuno-reactive 86 kDa band in all hepatic diseases, with slightly lower expression 
in CH, LDH, and CIRR. Tyrosine (Tyr705)-phosphorylated STAT3 was strongly 
reduced in AH and seemed to be increased in LDH. Healthy controls, CH, and CIRR 
groups had comparable levels of Tyr-phosphorylated STAT3. Interestingly Serine 
(Ser727)-phosphorylated STAT3 was slightly increased in LDH, conversely slightly 
reduced in CIRR. PKB/Akt plays a pivotal role during regeneration and growth [14]. 
Total PKB/Akt was detected in all hepatic diseases as a single 60 kDa protein. 
Threonine (Thr308)-phosphorylated PKB/Akt was less present in AH and CIRR, 
whereas CH and LDH showed no apparent quantitative differences toward healthy 
controls. Analysis of total ERK1/2 (42/44 kDa), a principle kinase in growth factor 
signaling, showed a slight reduction in AH, and moderate increases in CH, LDH, and 
CIRR. The phosphorylated form threonine/tyrosine (Thr202/Tyr204)-phosphorylated 
ERK1/2 was strongly increased in CH and LDH. A similar effect can be seen in p38-
MAPK (represents a point of convergence for multiple signalling processes that are 
activated during inflammation, a key potential target for the modulation of cytokine 
production); an increased expression of total p38-MAPK in CH, LDH, and CIRR and 
decreased levels in AH. The threonine/tyrosine (Thr180/Tyr182)-phosphorylated 
p38-MAPK form is increased in CH and LDH. 
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Figure 1. Quantitative Real-Time PCR of gene products involved in regeneration and 
growth. Representative data of mRNA levels of acute hepatitis (AH) shunt is shown in (A). 
Representative data of mRNA levels of chronic hepatitis (CH) is shown in (B). Representative 
data of mRNA levels of lobular dissecting hepatitis (LDH) is shown in (C). Representative 
data of mRNA levels of cirrhotic samples (CIRR) is shown in (D). Data represent mean + SD. 
A Kolmogorov-Smirnov test was performed to establish a normal distribution and a Levene’s 
test for the homogeneity of variances. All samples included in this study were normally 
distributed. The statistical significance of differences between diseased and control animals 
was determined by using the Student's t-test. A p-value < 0.05 was considered statistically 
significant. Analysis was performed using SPSS software (SPSS Benelux BV, Gorinchem, the 
Netherlands). 
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Figure 2. Western blot analysis of canine liver homogenates of several diseases (n = 6). 
Detection of the 80 kDa HGF protein shown in (A). Analysis of HGF immunoreactive bands 
by means of Optical Density (OD) measurement corrected for the amount of loading control 
beta-actin as shown in (B). Detection of the HGF receptor c-MET including phosphorylated 
(Tyr) form shown in (C). Lane 1: Control; Lane 2: Acute Hepatitis; Lane 3: Chronic 
Hepatitis; Lane 4: Lobular Dissecting Hepatitis; Lane 5: Cirrhosis 
 
Western blot analysis on human cirrhotic explant samples after alcohol abuse 
(hALC) and after hepatitis C virus infection (hHC) 
 
Western blot analysis on hALC and hHC samples showed a detectable 80 kDa HGF 
in all samples with minor quantitative differences (Figure 4). The 145 kDa c-MET 
was also detected in all samples. In contrast, the phosphorylated form was detected in 
all samples although three patients had increased c-MET (Tyr) in the ALC-group as 
well as two patients in the hHC-group. Total STAT3 was detectable in all individual 
samples. Tyr-phosphorylated STAT3 was easier detectable than Ser-phosphorylated 
STAT3 in hALC samples. In contrast, in the hHC-group both phosphorylated STAT3 
proteins were relatively equally detectable. Comparing hALC versus hHC, Tyr-
phosphorylated STAT3 was about equally expressed, whereas Ser-phosphorylated 
STAT3 was in most samples stronger expressed in hHC compared to hALC. Total 
PKB/Akt was detected in all samples. Interestingly, the phosphorylated PKB (Thr) 
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was induced in three hALC-samples and two hHC-samples. Overall PKB was active 
in all samples under study. Total ERK1/2 was detected in all samples. Phospho-
rylated ERK1/2 showed a similar pattern although two samples in the hALC-group 
generally were less phosphorylated. In the 38 kDa p38-MAPK samples no 
quantitative differences were found in total p38-MAPK or the phosphorylated form, 
which both were detected in all samples.  
 
c-MET siRNA experiments 
 
We partially knocked-down c-MET in BDE cells in order to see if HGF treatment 
still provided a cellular proliferation signal. Both mRNA and protein of c-MET are 
partially knocked-down by using a serial dilution of c-MET directed siRNA’s 
ranging from 100 pM to 50 nM (Figure 5). An 85 percent knock-down was obtained 
with 10 and 50 nM siRNA’s. Non-sense siRNA did not affect c-MET mRNA and 
protein levels. Interestingly, even with 80 percent reduced c-MET mRNA levels (2 
nM siRNA), the cells were still sensitive for a proliferative HGF treatment as these 
cells significantly proliferated almost 28 percent compared to control (Figure 5C). 
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Figure 3. Western blot analysis of pooled canine liver homogenates of several diseases (n = 
6). Detection of the 86 kDa STAT3 protein (A), detection of the 60 kDa PKB protein (B), 
detection of the 44/42 kDa ERK 1/2 protein shown in (C), and detection of the p38-MAPK 
protein shown in (D). Lane 1: Control; Lane 2: Acute Hepatitis; Lane 3: Chronic Hepatitis; 
Lane 4: Lobular Dissecting Hepatitis; Lane 5: Cirrhosis. Beta-actin was used as a loading 
control. 
 

 

1        2         3        4        5

p-PKB (Thr)

Beta-actin

PKB

p-STAT3 (Tyr)
p-STAT3 (Ser)
STAT3

p-ERK1/2 (Thr/Tyr)

ERK1/2 

44 kDa
42 kDa 
44 kDa
42 kDa 

42 kDa 

86 kDa 
86 kDa 
86 kDa 

60 kDa 
60 kDa 

P38-MAPK (Ser) 
P38-MAPK 

37 kDa 
37 kDa 

A

B

C

D



Regeneration in hepatitis and cirrhosis 
 

 65

Beta-actin

P38-MAPK
P38-MAPK (Ser)

ERK1/2
ERK1/2 (Thr/Tyr)

PKB
PKB (Thr)

HGF

STAT3 (Ser)
STAT3 (Tyr)

STAT3

c-MET
c-MET (Tyr)

1       2        3       4        5       6        7       8   9      
A B

80 kDa 

42 kDa 

169 kDa 
145 kDa 

86 kDa 
86 kDa 

86 kDa 

60 kDa 

60 kDa 

42/44 kDa 
42/44 kDa 

37 kDa 

37 kDa 

 
Figure 4. Western blot analysis of human liver homogenates of several diseases (n = 6). 
Samples 1 to 5 represent individual alcoholic cirrhosis (hALC) shown in (A), samples 6 to 9 
represent individual HC cirrhotic samples (hHC) shown in (B). Beta-actin was used as a 
loading control. 
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Figure 5. c-MET gene silencing experiments.  
Data is expressed as mean percentage mRNA levels shown in (A), mean + SE. Western blot 
analysis showing quantitative presence of the 145 kDa c-MET protein is shown in (B). 
Proliferation capacity is expressed as mean percentage toward untreated controls shown in 
(C), mean + SE. 
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Discussion 
 
In the present study the expression of a total of six gene products involved in liver 
regeneration was measured. Furthermore, Western blot experiments were used to 
show the de/activation of important signaling pathways of liver regeneration. This 
provided insight into major regeneration pathways of four canine hepatic diseases; 
acute hepatitis (AH), chronic hepatitis (CH), lobular dissecting hepatitis (LDH), and 
cirrhosis (CIRR). Human explant samples were used for comparison to assess the 
possible use of dogs with spontaneous liver diseases as a model for growth factor 
therapy. 
 
The two major pathways involved in regeneration of the liver are the Jak/STAT and 
the MAPK pathway [15]. From the MAPK pathway two major members are often 
coupled with regeneration, viz. ERK1/2 and p38MAPK [16]. Both MAPK and the 
STAT3 pathway can be activated by a variety of cytokines and growth factors. HGF 
can indirectly activate STAT3 on the serine residue through activation of ERK1/2 
[17]. Indeed, the phosphorylated serine STAT3 was observed in all diseases and 
controls indicating an active STAT3 pathway (Figure 3). Although STAT3 serine 
phosphorylation negatively modulates the tyrosine phosphorylation in vitro [18], 
both forms were observed in all diseases. Serine phosphorylation of STAT3 results in 
a significant up-regulation of the transcriptional activity [19]. Furthermore, the in 

vivo serine phosphorylation of STAT3 appears essential for postnatal survival as the 
knock-in S727A STAT3 mice failed to compensate the noted phenotype [20]. Taken 
together the presence of a serine phosphorylated STAT3 could contribute to the 
chronic nature of all hepatic diseases under study. The lowered tyrosine phospho-
rylated STAT3 in CIRR could be contributed to inactive cirrhosis with slight or no 
cytokine activity. The reduction tyrosine phosphorylation of STAT3 in CH however 
is not expected and could be contributed to activate Suppressors of Cytokine 
Signaling (SOCS) which negatively regulate STAT3 activity after liver injury [21], 
which remains to be proven. 
 
HGF plays an essential part in the development and regeneration of the liver, and has 
anti-apoptotic activity in hepatocytes [22]. The levels of HGF (mRNA and protein) 
seemed to be induced in our disease models were chronic inflammation is present. 
These finding of increased expression of HGF in these canine disorders with reduced 
hepatocyte regeneration could indicate an active c-MET pathway. This idea was 
strengthened by the measurements on the PKB pathway, both phosphorylated PKB 
itself and downstream targets clearly showed an active PKB pathway in CH and 
LDH. However, PKB can be phosphorylated by several other receptor tyrosine kina-
ses such as epidermal growth factor receptor or the insulin receptor [23]. Moreover, 
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previous measurements on PKB in congenital canine liver hypoplasia where HGF 
and c-MET levels were significantly lower [13], an active, thus phosphorylated PKB 
was also found. This indicates that although the phosphorylated PKB as is shown to 
be active, this effect can not be solely regarded as a c-MET mediated response. In 
order to see if the lowered c-MET mRNA levels reduced the hepatocytes ability to 
proliferate we partially knocked down c-MET in epithelial liver cells. Results show-
ed that even though the c-MET mRNA levels are over five times reduced the cells 
are still sensitive for recombinant HGF treatment. 
 
The liver is comprised of several cell-types of both mesenchymal and parenchymal 
origin. Therefore, the observed differences in gene-expression in our measurements 
could be due to changes in the amount of cell-types and the relative ratios between 
cell-types present. For instance the observed increase in HGF both at mRNA as 
protein level could be due to an increase in (myo)fibroblasts (activated stellate cells) 
which express HGF [24]. Immunohistochemistry and laser micro-dissection can 
answer which specific cell-types are involved in the pathogenesis of these hepatic di-
seases. 
 
HGF needs extracellular processing to become biologically active. The serine 
protease HGF activator (HGFA) is responsible for activation of proHGF [25]. Our 
studies revealed that HGFA was doubled in dogs with AH and halved in case of 
LDH, but unchanged in CH and CIRR. This may indicate increased HGF activation 
in AH. Although levels of HGFA were reduced in LDH, this does not necessarily 
indicate a lack of extracellular processing of HGF as HGF can be activated by other 
proteases [26].  
 
Surgical animal models for liver regeneration, such as partial hepatectomy (PHx), 
represent an over-simplification by the absence of inflammation or overperfusion; 
furthermore, all hepatocytes are stimulated by PHx to enter the G1 phase simulta-
neously. Toxic models induced by dimethylnitrosamine (DMN), CCl4, acetomino-
phen, or thioacetamide can represent chronic as well as acute/fulminant hepatitis [27-
29]. Toxic models are better clinical models as hepatotoxins can be used to selec-
tively induce centrolobular and periportal necrotic lesions and thus mimic sponta-
neous liver diseases. However toxin-induced models do not represent the full range 
of changes seen in spontaneous human liver disease [30]. Comparison between dog 
and human diseases were obtained by using samples derived from cirrhotic human 
samples derived from alcohol abuse or hepatitis C infection, two of the most com-
mon causes of hepatitis in the Western world [31,32]. Overall, differences between 
individual human samples and between groups showed to be minor and highly com-
parable to canine cirrhosis. The homogenous groups emphasize the validity to use 
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pooled canine livers samples in stead of individual measurements. A few differences 
in the individual human cirrhotic samples were found. As mentioned before, three 
patients in the hALC-group (3-5, Figure 5A), and two in the hHC-group (8-9, Figure 
5B) showed an increase in phosphorylated c-MET and the downstream PKB towards 
the other samples. The same samples showed slight increases in HGF protein. This 
indicated that these patients probably had active cirrhosis, in combination with rege-
nerative pockets. 
 
This study is the first to measure expression profiles of crucial pathways of liver 
regeneration and apoptosis in complex spontaneous canine liver diseases in com-
parison with man. Our canine liver diseases are spontaneous models representing the 
entire complexity of spontaneous human liver diseases so that they represent natural 
models to compare with human diseases. Moreover, dogs are large animals per-
mitting procedures which would also be relevant for human medicine. Therefore, 
privately owned dogs may help to fill in the gap between induced rodent models and 
human diseases. More specifically, these results indicated that AH, CH, LDH, and 
CIRR are good spontaneous large animal models to evaluate the clinical application 
of therapies such as cell transplantation or administration of growth factors. 
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Abstract 
 
The purpose of this study was to validate spontaneous chronic hepatitis and cirrhosis 
in dogs as a potential large animal model for fibrotic liver disease in man by 
evaluating their molecular pathophysiology. Transforming growth factor-β1 (TGF-
β1) signalling was analysed in liver samples of dogs with Acute Hepatitis (AH), 
Chronic Hepatitis (CH), Cirrhosis (CIRR), and a specific form of cirrhosis, Lobular 
Dissecting Hepatitis (LDH) in comparison with human cirrhotic samples from alco-
hol abuse (ALC) and hepatitis C (HC). Canine samples were investigated with quan-
titative real-time PCR (Q-PCR) and Western blotting on TGF-β1 signalling including 
Smad2/3 phosphorylation. Immunohistochemistry on collagen-I and –III was per-
formed. Q-PCR showed an increase in TGF-β1 levels and downstream effector gene 
products in CH, LDH, and CIRR. The same fibrotic diseases also showed an increase 
in phosphorylated Smad2/3 and a higher deposition of collagen-I and collagen-III. In 
contrast, in AH neither active TGF-β1 signalling nor collagen deposition was obser-
ved. Western blot analysis on human ALC and HC indicated a high similarity with 
canine samples in TGF-β1 expression and Smad2/3 phosphorylation. In conclusion, 
our results demonstrate that fibrosis in spontaneous dog liver diseases is highly com-
parable to their human counterparts and might serve as models for anti-fibrotic 
strategies. 
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Introduction 
 
Chronic hepatitis is characterized by hepatocellular apoptosis or necrosis, inflam-
mation, and fibrosis. Fibrosis is the major factor causing morbidity and mortality due 
to the development of cirrhosis [1,2]. Chronic hepatitis may be the sequel of various 
causes such as (viral) infections, exposure to toxins and drugs, or immunological and 
metabolic disorders [3]. Dogs have chronic liver diseases which are clinically and 
pathologically highly comparable to their human liver disease counterparts; they may 
thus fulfil a role as spontaneous (non-experimental) animal model, in between 
induced toxic or surgical models in rodents, and diseases in man [4]. To become fully 
accepted as a model for human diseases molecular pathways must be similarly af-
fected. 
 
We chose four different spontaneous forms of hepatitis and cirrhosis in dogs for 
comparative analysis of fibrosis. They ranged from Acute Hepatitis (AH) without 
fibrosis to Chronic Hepatitis (CH), and cirrhosis (CIRR), including Lobular Dissec-
ting Hepatitis (LDH). The last disease is a specific form of cirrhosis with severe 
fibrosis and complete disruption of the lobular architecture and is comparable to 
neonatal hepatitis in humans [5,6]. Although the aetiology of canine hepatitis is 
largely unknown, the reaction patterns (clinical and pathological) of the liver to 
injury are uniform and therefore mimic their human counterparts [7]. Like in man, 
cirrhosis is the end stage of chronic hepatitis which typically needs 1-5 years to be 
reached. Dogs with cirrhosis develop portal hypertension, and in the decompensated 
stage this may be complicated by formation of ascites and development of hepatic 
encephalopathy and coagulopathies [5-7]. 
 
It has already been established that a transient increase of transforming growth factor 
β1 (TGF-β1) in the liver promotes fibrosis with the formation of extracellular matrix 
(ECM) components and suppresses hepatocyte proliferation [8,9]. The major com-
ponents of the ECM are interstitial collagens (types I and III), membrane collagen 
(type IV), and non-collagenous glycoproteins, such as laminin and fibronectin [10]. 
In several toxin-induced liver fibrosis models, fibrotic lesions are associated with an 
increase in procollagens type I, III, IV and TGF-β1 mRNAs [11,12]. Intracellular 
TGF-β1 signalling involves interaction of Smad proteins [13]. Smad-2 and -3 are 
phosphorylated at the carboxy-terminus by activated TGF-β receptor kinases. When 
bound with co-Smads, the Smad-complex translocates into the nucleus and acts as 
TGF-β1-induced transcriptional activator of target genes [14]. 
 
The present study was undertaken to investigate molecular pathophysiology of 
canine liver disease and compare it to the current paradigm of liver fibrosis in man 
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[15-17]. Therefore our emphasis was on the TGF-β1 signalling routes which are in-
volved in the crucial pathways of fibrosis. We analysed TGF-β1 signalling in liver 
tissues obtained from dogs with different forms of hepatitis, encompassing acute to 
chronic hepatitis and cirrhosis. In contrast with chemically induced rodent models, 
these spontaneous dog diseases are expected to be very well comparable with chronic 
human liver disease. If TGF-β1 signalling is similarly affected in canine and human 
diseases these spontaneous dogs could form a good model for evaluating clinical 
effects of new therapies, such as anti-fibrotic factors, prior to their application in 
man. Then, these animals can bridge the gap between basic physiology and clinical 
patient care. 
 

 
 

Materials and methods 
 
Animals 
 
All samples were obtained from dogs of different breeds examined at our faculty of 
veterinary medicine. The procedures were approved by Utrecht University's Ethical 
Committee, as required under Dutch legislation. 
Each disease group contained eleven dogs (n = 11 dogs), and was compared to a 
group of twelve age-matched healthy control dogs (n = 12 dogs), without clinical 
signs of hepatitis or other disease. Liver tissue was obtained from all dogs under 
local anaesthesia by ultrasound-guided biopsy with a true cut 14G biopsy needle, 
preceded by ultrasonographic evaluation of the liver to exclude biopsy artefacts in 
case of non-homogeneous hepatic changes. Two formalin-fixed biopsies were em-
bedded in paraffin, sliced, and stained with hematoxylin and eosin, Van Gieson stain, 
and reticulin stain according to Gordon and Sweet. Fibrosis scoring was performed 
according to Scheuer, a defined scoring method for fibrosis in hepatitis [18]. The 
slides were examined by one certified veterinary pathologist. Two other biopsies 
were snap-frozen in liquid nitrogen, and stored at –70oC until molecular analysis. 
Dogs with hepatitis presented with apathy, anorexia, vomiting and/or jaundice, and in 
cases of CIRR and LDH often with signs of liver decompensation with ascites and 
hepatic encephalopathy. The presence of a liver disease was confirmed by finding 
high plasma levels of AP, ALT, and/or BA. The AH, CH, CIRR, and LDH diseases 
were diagnosed according to the criteria of the World Small Animal Veterinary 
Association (WSAVA) Liver Diseases and Pathology Standardization Research 
Group [19].  Acute hepatitis (AH) was clinically characterized by acute onset of the 
disease and histologically by inflammation, hepatocellular apoptosis and necrosis. 
Chronic hepatitis (CH) was characterized histologically by mononuclear or mixed 
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inflammation, apoptosis and necrosis of hepatocytes, fibrosis, and regeneration. 
Cirrhosis (CIRR), the end stage of chronic hepatitis, was characterized by bridging 
fibrosis, shunting of afferent and efferent vessels, and conversion of the normal liver 
architecture into abnormally structured parenchymal nodules. Lobular dissecting 
hepatitis (LDH), a rapidly progressive form of cirrhosis was characterized by fibrosis 
surrounding individual hepatocytes with complete disruption of the lobular archi-
tecture. Although the aetiology of canine hepatitis is largely unknown, several known 
aetiological agents associated with hepatitis in other species have been excluded [20]. 
Furthermore, two known causes of hepatitis in the dog, CAV-1 and copper toxicosis, 
have been excluded by PCR and (immuno)histochemistry. 
 
Human patients 
 
All samples were obtained from surgical patients who were transplanted at the de-
partment of Abdominal Transplantation in the University Hospital Leuven, Leuven, 
Belgium. The procedures were approved by Leuven University’s Ethical Committee, 
as required under Belgian legislation. Human explant samples were collected directly 
after surgery and immediately snap frozen. All patients were presented with micro-
nodular cirrhosis and were predominantly male. The Alcoholic Cirrhosis (hALC) 
group contained five patients (n = 5) characterized by cirrhosis with neutronphil 
infiltrations, alcohol related morphological changes (hepatocyte ballooning, Mallory 
bodies, necrosis), and in some cases steatosis and increased iron deposition. The 
Hepatitis C (hHC) group contained four patients (n = 4) characterized by cirrhosis 
with neutrophil infiltrations, lymphoid follicles and aggregates, and in one case in 
combination with hepatocellular carcinoma (HCC, sample 6, Figure 4). All cases 
were presented with hepatocyte decay, apoptosis/necrosis, regeneration, and fibrosis. 
 
Quantitative PCR and statistical methods 
 
Quantitative real-time PCR (Q-PCR) was performed on a total of 9 gene products 
involved in fibrosis; e.g. TGF-β1, TGF-β receptor type I (TGF-β RI), TGF-β receptor 
type II (TGF-β RII), uPA, collagen-I, collagen-III, collagen-IV, fibronectin, and HIF-
1α. The abundance of mRNA was determined by Reverse Transcription (RT) 
followed by real-time quantitative PCR using appropriate primers (Table 1), as pre-
viously described [21]. In short, total cellular RNA was isolated from each frozen 
canine liver tissue in duplicate, using Qiagen RNeasy Mini Kit (Qiagen, Leusden, the 
Netherlands) according to the manufacturer’s instructions. The RNA samples were 
treated with DNase-I (Qiagen Rnase-free DNase kit). In total, 3 µg of RNA was incu-
bated with poly(dT) primers at 42°C for 45 min, in a 60 µl reaction volume, using the 
RT System from Promega (Promega Benelux, Leiden, the Netherlands). Q-PCR was 
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based on the high affinity double-stranded DNA-binding dye SYBR® green I (BMA, 
Rockland, ME). For each experimental sample, the amount of the gene of interest 
and of the two independent endogenous references (glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) and hypoxanthine phosphoribosyl transferase (HPRT)) was 
determined from the appropriate standard curve in autonomous experiments. If rela-
tive amounts of GAPDH and HPRT were constant for a sample, data were conside-
red valid and the average amount was used as a normalization factor in the study 
(data not shown). Results were normalized according to the average amount of the 
endogenous references. The normalized values were divided by the normalized 
values of the calibrator (healthy group) to generate relative expression levels [22]. 
 
A Kolmogorov-Smirnov test was performed to establish a normal distribution and a 
Levene’s test for the homogeneity of variances. All samples included in this study 
were normally distributed. The statistical significance of differences between disea-
sed and control animals was determined by using the Student's t-test. A p-value < 
0.05 was considered statistically significant. Analysis was performed using SPSS 
software (SPSS Benelux BV, Gorinchem, the Netherlands). 
 
Immunoblot analysis 
 
Pooled liver tissues (n = 6 dogs per group, randomly chosen from original group) 
were homogenized in RIPA buffer containing 1% Igepal, 0.6 mM Phenylmethyl-
sulfonyl fluoride, 17 µg/ml aprotinine and 1 mM sodium orthovanadate (Sigma 
chemical Co., Zwijndrecht, the Netherlands). Protein concentrations were obtained 
using a Lowry-based assay (DC Protein Assay, BioRad). Detection of TGF-β1 was 
performed under non-denaturing conditions with twenty µg of protein on 15% Tris-
HCl polyacrylamide gels (BioRad). For the detection of Smad’s twenty µg of protein 
of the supernatant was denatured for 3 min at 95°C and separated on 7.5% Tris-HCl 
polyacrylamide gels (BioRad). The procedure for immunodetection was based on an 
ECL Western blot analysis system, performed according to the manufacturer’s 
instructions (Amersham-Biosciences). The membranes were incubated with 4% ECL 
blocking solution in TBS for 1 hour under gentle shaking. The incubation of the 
primary antibody was performed at 4°C overnight in TBST with 4% BSA (Table 2). 
After washing, the membranes were incubated with the appropriate horseradish 
peroxidase-conjugated secondary antibody at room temperature for 1 h in TBST with 
4% BSA. Exposures were made with Kodak BioMax Light-1 films (Sigma-Aldrich, 
Zwijndrecht, the Netherlands). Densitometric analysis of immunoreactive bands was 
performed with a Gel Doc 2000 system using Quantity One 4.3.0 Software (BioRad). 
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Table 1. Nucleotide Sequences of Dog-Specific Primers for Real-Time Quantitative PCR 
 
Gene F/

R 
Sequence (5’-3’) Tm 

(oC) 
Product 
size (bp) 

Accession 
number 

GAPDH F TGT CCC CAC CCC CAA TGT ATC 58 100 AB038240 
 R CTC CGA TGC CTG CTT CAC TAC CTT  
HPRT F AGC TTG CTG GTG AAA AGG AC 56 100 L77488 /  
 R TTA TAG TCA AGG GCA TAT CC L77489 
TGF-β1 F CAA GGA TCT GGG CTG GAA GTG GA 66 113 L34956 
 R CCA GGA CCT TGC TGT ACT GCG TGT  
TGF-β R I F CAG TCA CCG AGA CCA CAG ACA AAG T 59 101 AY455799 
 R TGA AGA TGG TGC ACA AAC AAA TGG  
TGF-β R II F GAC CTG CTG CCT GTG TGA CTT TG 61 116 AY455800 
 R GGA CTT CGG GAG CCA TGT ATC TTG  
uPA F CTG GGG AGA TGA AGT TTG AGG TGG 64.5 105 AY455801 
 R TGG AAC GGA TCT TCA GCA AGG C  
Collagen-I F GTG TGT ACA GAA CGG CCT CA 61 111 AF056303 
 R TCG CAA ATC ACG TCA TCG  
Collagen-III F ATA GAG GCT TTG ATG GAC GAA 65 134 AB042266 
 R CCT CGC TCA CCA GGA GC  
Collagen-IV F CAC AGC CAG ACA ACA GAT GC 67 151 U07888 
 R GCA TGG TAC TGA AGC GAC G  
Fibronectin F AGG TTG TTA CCA TGG GCA  61 91 U52106 
 R GCA TAA TGG GAA ACC GTG TAG  
HIF-1α F TTA CGT TCC TTC GAT CAG TTG TCA 61 106 AY455802 
 R GAG GAG GTT CTT GCA TTG GAG TC  

 
F: Forward primer; R: reversed primer 
 
Immunohistochemistry 
 
Collagens-I and -III were evaluated from at least 4 sections per group (n = 4 dogs, 
randomly chosen) and compared to sections from normal control dogs (n = 4 dogs, 
randomly chosen).  For antigen retrieval the sections (3 µm) were heated in 10 mM 
citrate buffer (pH 6.0) in a microwave-oven (850 W) at full power until boiling-
point, after which the sections were heated for 15 minutes at half-power. Sections 
were incubated in 0.3% hydrogen peroxide in PBS for 30 min at RT to quench endo-
genous peroxidase activity. After washing with PBS buffer containing 0.1% Tween-
20, background staining was blocked in 10% normal horse serum in PBS for 30 min 
at RT. Sections were incubated overnight at 4°C with the primary antibody mouse 
anti-collagen-I (Abcam, Cambridge, UK) diluted 1:100 in PBS with 2% bovine 
serum albumin (BSA). The primary antibody mouse anti-collagen-III (Chemicon, 
Victoria, Australia) was diluted 1:50 in PBS. After washing in PBS-Tween, slides  
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Table 2. Used antibodies in Western blot experiments 
Antigen Product 

size (kDa) 
Dilution Manufacturer Secondary 

antibody 
Dilution 

TGF-β1 25 1:1,000 Abcam Anti-rabbit HRP 1:20,000 
p-Smad2/3 
(Ser 465/467)  

58 1:500 Cell-Signaling Anti-rabbit HRP  1:20,000 

Smad2/3 58 1:500 BD Biosciences Anti-mouse HRP 1:20,000 
Beta-actin 42 1:2,000 Neomarkers Anti-mouse HRP 1:20,000 

 
were incubated with the biotinylated secondary antibody horse anti-mouse IgG (Vec-
tor Laboratories, Peterborough, UK) diluted 1:125 in PBS for 1 hour at RT. After 
washing in PBS buffer, slides were treated with the ABC peroxidase complex 
(Vectastain from Brunschwig, Amsterdam, the Netherlands) for 1 hour at RT. The 
peroxidase activity was visualized by applying 0.5 mg/ml diaminobenzidine chro-
mogen containing 0.035% hydrogen peroxide in PBS for 10 min at RT. The DAB 
solution contained 0.3% (w/v) di-ammonium nickel (II) 6-hydrate (Brunschwig) to 
improve contrast. The sections were counterstained with hematoxylin, dehydrated, 
and mounted. They were examined and photographed using an Olympus BX41 light 
microscope equipped with an Olympus DP50 digital camera (Olympus, Zoeter-
woude, the Netherlands). The amount of positive staining was semi-quantitatively 
assessed by one certified veterinary pathologist examining the sections (original mag-
nification of 450x) and the sections were also evaluated with respect to localization 
of the staining. Negative controls were performed as described above, yet without 
incubation of the primary antibody; these sections showed no positive staining in any 
of the diseases under study (data not shown). 
 
 

Results 
 
To gain insight into the activity of the TGF-β1 pathway in spontaneous canine liver 
diseases we first measured mRNA levels by means of Q-PCR. Second, Western blot-
ting was performed to confirm mRNA quantities and to show activation at the 
protein level. Third, Western blots were used to compare canine samples to human 
cirrhotic samples from alcohol abuse (hALC) and hepatitis C (hHC). Finally, immu-
nohistochemistry was used to determine ECM deposition. 
 
TGF-β1 cascade signalling pathway involved in fibrosis 
 
In AH (Figure 1A) none of the mRNA levels analysed were significantly changed. In 
contrast, in CH (Figure 1B) we found that all analysed mRNA levels were signifi-
cantly induced. An induction was seen in the TGF-β1 mRNA levels (2-fold), whe-
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reas the receptors type I (signalling) and type II (binding) were induced 3- and 2-
fold, respectively. The proteolytic enzyme involved in activation of TGF-β1, uro-
kinase type plasminogen activator (uPA), was induced 2-fold in the CH group. In the 
LDH group (Figure 1C), TGF-β1 mRNA levels were induced 4-fold, type I receptor 
3-fold and type II receptor 4-fold. The uPA mRNA levels were highly induced (6-
fold). In the CIRR group (Figure 1D), an increase in TGF-β1 mRNA levels was also 
seen (2-fold). The highest induction of TGF-β receptor type I mRNA levels was seen 
(12-fold) in this group, but type II mRNA levels were not significantly changed. The 
uPA mRNA level was induced 5-fold. 
 
Gene expression of extra-cellular matrix (ECM) gene products and HIF-1α 
 
Collagen-I levels are commonly associated with severe forms of hepatic fibrosis [23]. 
The mRNA levels of collagens-I, -III, and -IV were decreased 3-, 6-, and 4-fold, 
respectively, in AH, although fibronectin and HIF-1α mRNA levels did not change 
significantly (Figure 2A). In the CH group, the only significant change was seen in 
the collagen-III mRNA level, which was elevated 2-fold (Figure 2B). All mRNA 
levels were significantly elevated in the LDH group (9-, 4-, 4-, 3-, and 3-fold, for col-
lagens I, III, and IV, fibronectin, and HIF-1α, respectively) (Figure 2C). In the 
cirrhosis group (Figure 2D), the mRNA levels of collagen-I were induced 3-fold, but 
the mRNA levels of collagen-IV and fibronectin were significantly decreased (2- and 
4-fold, respectively). The highest increase in HIF-1α mRNA levels was found in this 
group, with a 7-fold induction compared to the healthy group. 
 
Western blot analysis on canine AH, CH, CIRR, and LDH 
 
TGF-β1 was detected in all diseases as a peptide of 25 kDa (Fig. 3). TGF-β1 seemed 
to be induced in all fibrotic diseases compared to the healthy group, with the highest 
increase in CIRR. The non-phosphorylated Smad2/3 (58 kDa) was detected in 
fibrotic disease types, with a slight quantitative increase in CH. The activated thus 
phosphorylated Smad2/3 was detected in CH, LDH, and CIRR, where it was present 
as a single band of 58 kDa. Interestingly, the quantity of phosphorylated Smad2/3 
was very low in healthy samples and AH, the latter emphasizing the absence of 
fibrogenesis in this type of disease. Furthermore, the phosphorylated Smad2/3 
protein showed the highest increase in LDH. 
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Figure 1. Quantitative Real-Time PCR of gene-products involved in fibrosis.  
Relative expression of mRNA levels in acute hepatitis (AH) shunt is shown in (A), in chronic 
hepatitis (CH) in (B), in lobular dissecting hepatitis (LDH) in (C), and in cirrhotic samples 
(CIRR) in (D). Data represent mean + SD.   
 
Western blot analysis on human cirrhotic explant samples after alcohol abuse 
(hALC) and after hepatitis C virus infection (hHC) 
 
Western blot analysis on human hALC and hHC samples showed a detectable 25 
kDa TGF-β1 in all samples with minor quantitative differences (Figure 4). The 58 
kDa Smad2/3 was also detected in all samples although two samples in the hHC-
group (Figure 4B, lane 7 and 8) were present to a lesser extent. The phosphorylated 



Fibrosis in hepatitis and cirrhosis 
 

 83

form of Smad2/3 (58 kDa) was detected in all samples; however two samples in the 
hHC-group had a diminished phosphorylation of the Smad2/3 protein (Figure 4B, 
lane 7 and 8). 
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Figure 2. Quantitative Real-Time PCR of collagens, fibronectin,  and HIF-1α.  
Relative expression of mRNA levels in acute hepatitis (AH) shunt is shown in (A), in chronic 
hepatitis (CH) in (B), in lobular dissecting hepatitis (LDH) in (C), and in cirrhotic samples 
(CIRR) in (D). Data represent mean + SD. 
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Figure 3. Western blot analysis of diseased and control canine liver homogenates. 
Detection of the 25 kDa TGF-β1 protein is shown in (A). Detection of the 58 kDa Smad-2 
protein is shown in (B). Beta-actin served as a loading control is shown in (C). Quantitative 
analysis of immunoreactive bands by means of Optical Density (OD) measurements corrected 
for the amount of beta-actin (loading control, shown in (C)). Lane 1: Control; Lane 2: Acute 
Hepatitis; Lane 3: Chronic Hepatitis; Lane 4: Lobular Dissecting Hepatitis; Lane 5: Cirr-
hosis 
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Figure 4. Western blot analysis of human liver homogenates. Analysis of the (25 kDa) TGF-
β1, (58 kDa) Smad-2 protein, and (42 kDa) Beta-actin (loading control). Human cirrhotic 
samples from alcohol abuse (hALC, lane 1-5) is shown in (A), cirrhotic samples after 
hepatitis C infection (hHC, lane 6-9) is shown in (B). 
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Figure 5. Immunohistochemistry on collagen-I and -III in liver samples.  
Collagen-I and-III in healthy liver tissue is shown in (A). Collagen-I and -III in Chronic 
Hepatitis is shown in (B). Collagen-I and -III in cirrhotic liver tissue is shown in (C). 
Collagen-I and -III in Lobular Dissecting Hepatitis is shown in (D). Size bar indicated in 
figures. Color-figure see Appendix 2, page 219. 
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Immunohistochemical observation of collagen levels 
 
Collagens-I and -III showed a similar pattern in the normal canine liver. Marked 
positive staining was seen in the stroma of the larger portal areas and around the 
larger hepatic veins, whereas mild staining was seen in the smaller portal and peri-
venous areas. Moreover, a fine fibrillar staining was often observed in the perisi-
nusoidal space in the centrolobular areas (Figure 5A). In the AH group, the collagen-
I and -III staining showed a pattern comparable to that of the control dogs although 
the fibers in the centrolobular areas were less recognizable. In the CH group (Figure 
5B), the stroma of the portal areas and around the hepatic veins stained as in the 
normal dogs. The parenchyma showed an increased presence of both collagens-I and 
-III in the periportal and centrolobular parenchyma, regularly surrounding individual 
liver cells or groups of them, and associated with inflammation. In the CIRR group 
(Figure 5C), there was marked staining for both collagens-I and -III in the fibrous 
septa separating large parenchymal hyperplastic nodules. Staining within these 
nodules varied depending of the activity of the disease as evidenced by the degree of 
inflammation and necrosis. In nodules without inflammation only the pre-existent 
stroma of the portal areas and around the hepatic veins stained positive, whereas in 
nodules with inflammation and necrosis an increased staining was often seen encir-
cling single liver cells or small groups of them. An increased staining for collagen-I 
and -III surrounding individual and small groups of hepatocytes was also observed in 
larger areas between nodules with a mixture of hepatocytes, inflammation and 
fibrosis. In the LDH group (Figure 5D), a marked increase of collagen-I and -III was 
seen throughout the parenchyma encircling individual liver cells and small groups of 
hepatocytes. In some dogs small hyperplastic parenchymal nodules were seen sur-
rounded by thin fibrous septa containing both collagen-I and -III; in these nodules 
only slight staining for collagen-I and -III was present. 
 
 

Discussion 
 
The results of this study showed that the molecular pathophysiology of canine 
fibrotic liver diseases is highly comparable to the pathophysiology of their human 
counterparts. This emphasizes the potential of spontaneous dog diseases as models 
for human clinical investigation. We have analyzed liver fibrosis using several 
molecular and biochemical techniques (Q-PCR, Western blotting, and immunohisto-
chemistry on ECM proteins). This provided insight into the TGF-β1 pathway in four 
spontaneous canine hepatic diseases; acute hepatitis (AH), chronic hepatitis (CH), 
lobular dissecting hepatitis (LDH) and cirrhosis (CIRR). 
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Prolonged overexpression of TGF-β1 suppresses cell proliferation, is pro-apoptotic, 
and induces a deposition of ECM proteins, resulting in fibrosis in major organs such 
as the liver [15]. By independent techniques we showed that in fibrotic diseases (CH, 
LDH, and CIRR) the TGF-β1 pathway was activated. First, we found an increase in 
mRNA levels of the TGF-β1 ligand and the two receptors. Second, uPA (Figure 1), 
the activator of TGF-β1, was expressed at a higher level [24]. Third, Western blotting 
confirmed increased TGF-β1 (Figure 3A) in these diseases. Taken together, increased 
levels of TGF-β1 signalling may very well explain the activation of Smad2/3 and 
subsequently the formation of collagens. Comparing Western blot analysis with cirr-
hotic samples derived from human explant samples indicated a high similarity in 
protein quantity and activity of TGF-β1 signalling components. In both analysed 
human cirrhotic groups (alcohol induced (ALC) or due to hepatitis C infection (HC)) 
TGF-β1 was detected (Figure 4). More importantly, phosphorylated Smad2/3 was 
detected in all samples, although somewhat reduced in lane 7 and 8 as shown in 
Figure 4B. This observation probably is due to a decrease in total amount of Smad2/3 
whereas beta-actin indicated an equal amount of protein loading. 
 
Immunostaining against collagen-I and -III on normal liver tissues showed slight 
staining of the collagens in portal tracts, around the hepatic veins, as well as in the 
perisinoidal space (particularly centrolobular). Our observations of an increase in 
collagen-III mRNA levels in dogs with CH and the increased presence of collagen-I 
mRNA levels in CIRR were surprising. These data indicate that the chronic 
accumulation of collagens could begin with collagen-III and gradually form broad 
septal tracts composed of collagen-I and -III in CIRR. However, immunostaining 
against collagen-I and -III in CH and CIRR showed increased presence of both 
collagens. This indicates that the mRNA levels for collagen do not always reflect the 
presence of the protein product. This observation can be ascribed to the chronic stage 
of our cirrhotic samples and most likely is due to the long half-life of these ECM-
proteins. The corresponding results of mRNA levels and immunostaining in LDH 
can be explained by the rapid clinical course of the disease in LDH. The different 
inflammatory activities of our cirrhotic samples, which varied from very active to 
almost inactive, are associated with rather small standard deviations at the mRNA 
level. Thus it seems that the number of patients in each group, combined with diffe-
rent biopsies per individual, greatly averages the differences between active and non-
active CIRR. In CCl4-induced rodent models of liver fibrosis, TGF-β1 and procol-
lagen mRNAs were increased, including procollagen-I, -III, and -IV [25,26]. The fact 
that in our spontaneous dog liver diseases not all the collagens were induced stresses 
the importance of studying spontaneous chronic models in comparison with toxin-
induced models [27]. 
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The liver is comprised of several cell-types of both mesenchymal and parenchymal 
origin. Therefore, the observed differences in gene-expression in our measurements 
could be due to changes in the amount of cell-types and the relative ratios between 
cell-types present. For instance the observed increase in TGF-β1 mRNA and protein 
level could be due to an increase in (myo)fibroblasts (activated stellate cells) which 
express TGF-β1 in the perpetuation phase of fibrosis [28]. Immunohistochemistry 
and micro-dissection can answer which specific cell-types are involved in the 
pathogenesis of these hepatic diseases. Furthermore the discrepancy between TGF-β1 
mRNA and protein level as seen in AH, could be contributed to the lack of activation 
of TGF-β1 in this group, which could be still be noncovalently bound to the Latency 
Associated Peptide (LAP), which occurs after expression [15].  
 
The mechanisms underlying progressive fibrosis are unknown, but hypoxia is a 
known fibrogenic stimulus [29]. On the other hand, it is conceivable that increased 
collagen deposition leads to reduced oxygen levels in the surrounding tissue and 
consequently up-regulates HIF-1α. Indeed, the two major fibrotic diseases, LDH and 
CIRR, clearly showed an induction of HIF-1α mRNA levels of 3- and 7-fold respec-
tively, indicating the correlation between extensive fibrosis and presence of HIF-1α. 
 
The use of TGF-β1 intervention to halt the progression of liver fibrosis and aid 
regeneration has been applied successfully in animal models [30-33]. Although many 
of these techniques are based on rodent models [34], they could be further evaluated 
in these spontaneous canine liver diseases. 
 
In conclusion, our canine liver diseases are spontaneous models representing the 
entire complexity of human liver diseases so that they provide natural models for 
comparison with human diseases. The variations with in age, body weight, feeding- 
and drinking behaviour and sex, as presented by the dogs visiting our clinic, nicely 
resemble the variations in a human population. Moreover, dogs are large animals per-
mitting procedures which would also be relevant for human medicine. Finally, the 
use of canine patients can lead to a reduction in the amount of experimental animals. 
Proven effects in dogs may predict potential effects in human medicine with much 
greater power than effects in artificial rodent models. Our spontaneous dog models 
may therefore help to bridge the gap between basic physiology in rodent models and 
patient care in human diseases. 
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Abstract 
 

Hepatocyte Growth Factor (HGF), the most important factor for the development and 
regeneration of the liver, may potentially be useful for the treatment of several liver 
diseases. In the present study, we report on the successful expression, purification, 
and in vitro activity of recombinant canine HGF (rcHGF) produced by means of a 
baculoviral expression system in High-5 cells. Biological activity of rcHGF was 
equal to the activity of recombinant human HGF (rhHGF), as determined in a MTT 
proliferation assay using a canine hepatic epithelial cell-line. Furthermore, Western 
blot analysis showed that rcHGF induces three different signaling pathways that are 
important for liver regeneration; e.g. ERK1/2, STAT3, and PKB/Akt. We conclude 
that rcHGF is bioactive and permits future in vivo evaluation of its therapeutic 
potentials. 



Production and bio-activity of rcHGF 
 

 93

Introduction 
 
Hepatocyte growth factor (HGF) is a multifunctional growth factor, originally iden-
tified in the plasma of partially hepatectomized rats as a potent mitogen for hepato-
cytes in primary culture [1]. This kringle-containing heterodimeric glycoprotein is 
synthesized and secreted by cells of mesenchymal origin and targets a variety of 
epithelial and endothelial cells in an endocrine and/or paracrine fashion [2]. HGF 
triggers a wide variety of cellular responses through its receptor, the proto-oncogene 
c-MET, including mitogenic, motogenic, morphogenic, and anti-apoptotic activities 
[3]. Activation of the c-MET signaling pathway has been shown to play an important 
role in many physiological processes, including embryological development and 
tissue regeneration. In a variety of liver diseases, especially in patients with fulmi-
nant hepatitis, serum levels of hepatocyte growth factor (HGF) are increased [4]. 
Furthermore, exogenous administration of recombinant HGF or the HGF gene was 
found to be protective against toxin-induced acute and chronic liver failure in animal 
models [5-8]. To examine its relevance as a therapeutic agent, the ability of HGF to 
promote tissue repair and organ regeneration after injury in animal models should be 
extrapolated for application in human medicine. The evaluation of HGF treatment in 
naturally occurring canine liver diseases, presented at the veterinary clinic, may pro-
vide a tool to form a bridge between rodent animal models and spontaneous diseases 
in man. 
 
Liver diseases occur frequently in dogs; the overall incidence in dogs has been 
estimated around 1-2% of the clinical cases [9,10]. Recently, we showed that HGF 
mRNA levels were also induced in canine liver diseases with chronic inflammation 
and cirrhosis. Furthermore, we showed an increased activation of components of 
three major pathways involved in regeneration of the liver; e.g. the mitogen activated 
protein (MAP) kinase ERK1/2, the Signal Transducers and Activators of Transcrip-
tion 3 (STAT3), and the protein kinase B (PKB, also known as Akt). The results 
were highly comparable to the results from samples derived from cirrhotic human 
samples after alcohol abuse or hepatitis C infection. Therefore, chronic liver diseases 
in dogs are highly comparable with the human counterparts [11]. These canine liver 
diseases can be used as models for evaluation of novel treatment options which may 
also become available for human liver diseases. 
 
In this study, we showed the in vitro activity of functionally active recombinant 
canine HGF (rcHGF). To examine its biological activity, the proliferative activity of 
rcHGF was compared to the activity of recombinant human HGF in a canine hepatic 
epithelial cell line. Furthermore, we showed that rcHGF is able to induce the main 
downstream signaling transduction pathways that are known to play an important 
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role in tissue regeneration in a canine hepatic epithelial cell-line and the frequently 
used Madin-Darby Canine Kidney (MDCK) cell line.  

 
 

Materials and methods 
 
HGF production 
 
Plasmid was constructed by inserting the complete coding region of canine HGF [12] 
including a 6xHis tag into pFastBac1. Recombinant baculovirus expressing canine 
HGF was obtained with the Bac-to-Bac expression system (Invitrogen, Breda, The 
Netherlands). RcHGF was produced by infection of High-5 (BTI-TN-5B1-4) cells in 
SF900 medium (Invitrogen) containing 3 % FCS with a multiplicity of infection 
(m.o.i.) of 0.1. The rcHGF containing supernatant was harvested 3 days after infec-
tion and was concentrated by ultra microfiltration (NORIT Membrane Technology 
B.V., Enschede, The Netherlands). The concentrate was centrifuged at 100.000xg for 
1 hour and the supernatant was gamma irradiated (25kGray) to inactivate residual 
baculovirus. 
 
Partial purification and determination of rcHGF concentration 
 
RcHGF was purified on a heparine-sepharose CL-6B column (Amersham Bio-
sciences Europe, Roosendaal, The Netherlands) [13], according to the manufacturer’s 
instructions. In short, rcHGF containing supernatant was applied to the column 
equilibrated with 25 mM Tris-HCl and 400 mM NaCl (pH 7.4) with a rate of 1 
ml/min and a sample pressure of 0.03 Mpa. RcHGF was eluted with a continuous 
increasing gradient of 0.4–1.5 mM NaCl in 25 mM Tris-HCl at a flow rate of 1 
ml/min. Fractions of 0,5 ml were collected for further protein determination by 
coomassie gel staining and Western blot analysis. Western blotting was performed 
under denaturing conditions. Concentration of rcHGF was determined by ELISA, 
based on capture with a mouse monoclonal antibody against human HGF (Lab 
Vision Corporation, USA) and detection was performed with a biotin labeled, 
polyclonal goat-anti-human HGF (Sanbio/Monosan, Uden, The Netherlands).  
 
Cell lines and cultures 
 
The canine bile-duct epithelial (BDE) cell line was acquired from the Amsterdam 
Medical Centre, Experimental Liver cell bank (Amsterdam, The Netherlands) [14]. 
This liver cell line is characterized by albumin and ceruloplasmin expression, data 
not shown. The Madin-Darby Canine Kidney (MDCK) cell line was purchased from 
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the American Type Culture Collection (ATCC, Cat.no. CCL-34). All cultures were 
maintained in DMEM (Life technologies, Inc., Invitrogen) supplemented with 10% 
FCS (Fetal Calf Serum Gold, PAA Laboratories GmBH, Pasching, Austria) and 
standard antibiotics at 37ºC with 5% CO2 and 95% air under a humidified atmos-
phere. 
 
MTT proliferation assay 
 
The in vitro activity of purified rcHGF on the proliferation activity of BDE and 
MDCK cells was evaluated by a colormetric 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay [15]. The proliferating activity was com-
pared to the proliferative activity of the commercially available recombinant human 
HGF (rhHGF) (R&D systems, Abingdon, UK). In short, cells were seeded in 96-well 
culture plates at a density of 1.5x104 cells/100µl well in DMEM medium containing 
1% FCS. After an overnight culture starvation period, rcHGF (or rhHGF) was added 
to the first column of the plate in triplicate to a final concentration of 300 ng/ml. The 
rcHGF containing medium was serially diluted three times, except for the last 
column (non-treated cells). After 24 hours under culture conditions, 10µl MTT (0.5 
mg/ml) was added in each well and incubated at 37°C for 1.5 hours. Culture medium 
was decanted and the formed dark blue formazan crystals dissolved by adding 100 µl 
DMSO. Absorbances were measured after 15 minutes by means of a micro plate 
reader (BioRad, Veenendaal, The Netherlands) at 595 nm with a reference of 650 
nm. The increase in absorbance is directly proportional to the number of viable cells. 
Proliferation activity was calculated as percentage increase in absorbance of treated 
cells compared to non-treated cells.  
 
Cell treatment and Western blot analysis of c-MET, ERK1/2, STAT3, and PKB 
 
For Western blot analysis, BDE and MDCK cells were seeded in 6-well tissue 
culture dishes at a density of 1.5x105 cells/well. After an overnight starvation period, 
cells were treated with 0, 1.5, 15, or 150 ng/ml rcHGF for 5 minutes. Cells were 
lysed in RIPA buffer containing 1 % Igepal, 0.6 mM PhenylMethylSulfonyl-
Fluoride, 17 µg/ml aprotinine, and 1 mM sodium-orthovanadate (Sigma chemical 
Co., Zwijndrecht, The Netherlands). Protein concentrations were obtained using a 
Lowry-based assay (DC Protein Assay, BioRad). Twenty µg of protein of the super-
natant was denatured for 3 min at 95oC and electroferesed on Tris-HCl polyacryl-
amide gels (BioRad) and the proteins were transferred onto Hybond-C Extra Nitro-
cellulose membranes (Amersham Biosciences Europe, Roosendaal, The Netherlands) 
using a Mini Trans-Blot® Cell blot-apparatus (BioRad). The used antibodies are 
listed in Table 1. In general, the incubation of the primary antibody was performed at 
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4oC over-night for all antibodies in TBS with 0.1 % Tween-20 (Boom B.V., Meppel, 
The Netherlands). After washing, the membranes were incubated with horseradish 
peroxidase-conjugated secondary antibody at room temperature for 1 h. The proce-
dure for immunodetection was based on an ECL Western blot analysis system, per-
formed according to the manufacturer’s instructions (Amersham Biosciences Euro-
pe). Exposures were made with Kodak BioMax Light-1 films (Sigma chemical Co.). 
Densitometric analysis was performed with a GelDoc 2000 system using Quantity 
One 4.3.0 Software (BioRad). 
 
Table 1. Used antibodies in Western blot experiments 

 
 

Results 
 
Production and purification of rcHGF 
 
RcHGF was produced by means of a baculoviral expression system in High-5 cells. 
The supernatant harvested 3 days after infection contained between 10 and 20 mg/l 
of rcHGF as determined by ELISA. After purification using a heparine-sepharose 
column, concentration was around 5 mg/l. Western-blotting showed specific rcHGF 
bands in collected fractions eluted at 0,8-1,2 M NaCl and a conduction of 50 - 70 
mS/cm. Coomassie gel staining showed a purification of around 80% (see Figure 1).  
 

Antigen Product size 
(kDa) 

Dilution Manufacturer Secondary 
antibody 

Dilution 

HGF 78 1:200 Labvision Anti-mouse HRP 1:20,000 
c-MET 145                 1:750 Sigma Anti-goat HRP 1:20,000 
c-MET (Tyr ) 169 1:750 Abcam Anti-rabbit HRP 1:20,000 
Stat 3  86 1:2,500 BD Biosciences Anti-mouse HRP 1:20,000 
Stat 3 (Ser727) 86 1:1,000 Cell-Signaling Anti-rabbit HRP 1:20,000 
Stat 3 (Tyr705) 86 1:1,000 Cell-Signaling Anti-mouse HRP 1:20,000 
Erk1/2  44/42 1:1,000 Cell-Signaling Anti-rabbit HRP 1:20,000 
Erk1/2 (Thr/Tyr) 44/42 1:1,500 Cell-Signaling Anti-rabbit HRP 1:20,000 
Beta-actin 40 1:2,000 Labvision Anti-mouse HRP 1:20,000 
PKB 58 1:250 BD Biosciences Anti-mouse HRP 1:20,000 
PKB (Thr 308) 58 1:1,000 Cell-Signaling Anti-mouse HRP  1:20,000 
Beta-actin 40 1:2,000 Labvision Anti-mouse HRP 1:20,000 



Production and bio-activity of rcHGF 
 

 97

 
Figure 1. Detection of the rcHGF protein on Coomassie stained gels and Western blot 
analysis. 
Coomasie stained gel is shown in (A); Lane 1: Biorad prestained precision marker, lane 2: 
RcHGFafter gamma irradiation, lane 3:  RcHGF flow through, lane 4-13: RcHGF elution 
fractions (nr 10 to 19 of the heparine-sepharose column). Western blot analysis with HGF 
specific antibody is shown in (B); Lane 1: Biorad prestained precision marker, lane 2: 
RcHGF after gamma irradiation, lane 3: RcHGF flow through, lane 4-13: RcHGF elution 
fraction nr 10 to 19. 
 
Proliferation assay (MTT) 
 
To investigate the in vitro proliferation activity of the purified rcHGF, we measured 
cell growth of BDE cells in a MTT proliferation assay after rcHGF treatment. Results 
were compared with the same concentration recombinant human HGF (hHGF). As 
shown in Figure 2, rcHGF and hHGF stimulated cell growth in BDE cells in a dose-
dependent manner. Maximum proliferation activity, for both rcHGF and hHGF, was 
seen at 100 ng/ml.  
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Figure 2. MTT proliferation assay of HGF treated BDE-cells.  
Cell viability of BDE-cells after canine recombinant HGF (rcHGF) and commercially 
available human recombinant HGF (hHGF). Cells were treated for 24 hours with HGF after 
an overnight starvation period.Experiment performed in triplicate, data expressed as average 
± SD. 
 
Western blot analysis of c-MET, ERK2, STAT3, and PKB. 
 
To further analyze the biological activity of rcHGF, Western blot analysis was per-
formed on MDCK and BDE cells (Figure 3). We investigated rcHGF-induced activa-
tion of important transduction pathway signals that are involved in tissue 
regeneration; e.g. c-MET, ERK1/2, STAT3, and PKB. Results showed that the phos-
phorylation of the HGF receptor c-MET (169 kDa) occurred in a dose-dependent 
fashion in both cell lines, whereas the total c-MET (145 kDa) showed no increase 
after 5 minutes. From the MAP kinase pathway, ERK1/2 (particular important for  
c-MET elicited proliferation) was measured after rcHGF treatment. Both cell-lines 
showed a maximal increase in phosphorylation of ERK1/2 (42/44 kDa) at a concen-
tration of 15 ng/ml HGF, while total ERK1/2 showed no changes in expression. 
From the STAT pathway, STAT3 (86 kDa) and the two phosphorylated forms 
(Ser727 and Tyr705) were analyzed by Western blot. Total STAT3 did not change in 
MDCK and BDE cells after rcHGF treatment, whereas the serine phosphorylation 
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was induced in both cell lines. In contrast, tyrosine phosphorylation did not show any 
activation upon rcHGF treatment. Finally, Western blot results showed a dose depen-
dent activation of PKB (Thr308) in MDCK and BDE cells, whereas no changes were 
seen in the non-phosphorylated PKB protein (60 kDa).  

 
Figure 3. Western blot analysis of c-MET, ERK2, STAT3, and PKB.  
Protein analysis of major regenerative pathways in BDE- and MDCK-cells treated with a 
serial dilution of rcHGF for 5 minutes. 

BDE MDCK
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Discussion 
 
In the present study, we report the successful expression, purification, and in vitro 
bioactivity of recombinant canine HGF (rcHGF) produced by means of a baculoviral 
expression system in High-5 cells. Biological activity of rcHGF was equal to the 
activity of recombinant human HGF (rhHGF), as determined in a MTT proliferation 
assay using a canine hepatic epithelial cell-line. Furthermore, Western blot analysis 
showed rcHGF/c-MET induced effects on three different signaling pathways that are 
important for liver regeneration; e.g. ERK1/2, STAT3, and PKB/Akt. 
 
HGF is synthesized and secreted as an inactive single-chain precursor protein that 
must be proteolytically cleaved between Arg494 and Val495 to form a biologically 
active disulfide-linked heterodimer. The proteases that are responsible for this con-
version are HGF activator (HGFA) and, with a 1,000-fold lower activity, urokinase 
type plasminogen activator (uPA) [16,17]. Mature HGF consists of a α-chain, im-
portant for the high affinity binding to the receptor, and a β-chain that seems to play 
an important role in the optimal activation of the receptor for the transduction of 
multiple biological activities [18]. In this study, we showed that the biological 
activity of rcHGF, produced by High-5 cells, is similar to human rcHGF, indicating a 
complete conversion to the active heterodimeric form of HGF.  
 
Biological activities of HGF are triggered by the phosphorylation of the tyrosine 
residue of a heterodimeric membrane-spanning tyrosine kinase receptor encoded by 
c-MET [19]. After binding to its receptor, c-MET binds and activates the PI-3-kinase 
/PKB signal transduction pathway and the Ras-mitogen-activated protein (MAP) 
kinase cascade [20]. These signal transduction pathways are important in tissue rege-
neration as they coordinately regulate cell proliferation, differentiation, motility, and 
survival in a wide variety of cells.  
 
Mitogen activated protein (MAP) kinase pathways play important roles in the 
regulation of cell growth and differentiation in response to extracellular signals. The 
most extensively studied groups of MAP kinases are the ERK1/2, JNKs, and p38 
kinases [21]. MAP kinases can be activated by a wide variety of different stimuli, but 

in general, growth factors and other mitogenic stimuli usually activate ERK1/2, 
while the JNK and p38 kinases are more responsive to cytokines and factors that pro-
mote growth inhibition and apoptosis [22].  
 
STAT3 is a cytoplasmatic transcription factor that is frequently activated by cyto-
kines through JAK-mediated tyrosine phosphorylation. After activation, STAT3 
dimerizes and translocates to the nucleus, where it activates immediate early genes 
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that are important for liver regeneration [23]. In addition to cytokines, growth factors 
can also indirectly activate STAT3 by ERK, which specifically activates STAT3 at 
Serine727 [24,25]. Indeed, in the present study we observed a phosphorylation of 
ERK1/2 and STAT3 (Ser727), whereas STAT3 (Tyr727) remained equally phospho-
rylated in both cell lines.  
 
The therapeutic potential of HGF has been demonstrated in various toxin-induced 
acute and chronic liver failure in rodent models [26]. The next step is to study these 
therapeutic effects by in vivo studies followed by evaluation in clinical cases. As 
shown in several rodent models, the immediate availability of the HGF protein for a 
relative short period may be life saving in fulminate or severe acute hepatitis [5,27-
28]. The use of HGF as a therapy in dogs with spontaneously occurring liver diseases 
may be regarded as an important translational step to explore the clinical 
applicability in human medicine. It is feasible to start the first clinical studies in vete-
rinary medicine in the near future after successful efficacy- and safety-studies of 
rcHGF in dogs. 
 
In conclusion, we showed that the purified recombinant canine HGF is a biologically 
active recombinant protein, able to activate different signal transduction pathways 
that are important in tissue regeneration; e.g. ERK1/2, STAT3, and PKB/Akt. The 
practical use of recombinant rcHGF holds great potential in the therapeutic use of 
canine liver diseases and provides a rationale for translational research in man.  
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Abstract 
 
Inherited defects of copper metabolism resulting in hepatic copper accumulation and 
oxidative-stress may cause different breed-associated forms of hepatitis. Biliary excre-
tion is the major elimination route of copper, therefore increased hepatic copper levels 
could also be caused by cholestasis. The aim of this study was to find criteria to deter-
mine whether copper-accumulation is primary or secondary to hepatitis. Liver samples 
of Bedlington terriers with copper toxicosis (CT) and non-copper associated breeds 
with chronic extrahepatic cholestasis (EC) or chronic hepatitis (CH) in comparison 
with healthy dogs were used. Copper metabolism was analyzed using histochemical 
staining (copper levels) and quantitative RT-PCR (Q-PCR) on copper excretion/-
storage (ATOX1, COX17, ATP7A, ATP7B, CP, MT1A, MURR1, XIAP). Oxidative 
stress was measured by determining GSH/GSSG ratios and gene-expression (SOD1, 
CAT, GSHS, GPX1, CCS, p27KIP, Bcl-2). Results showed 5+ copper in CT, but no 
or 1-2+ copper in EC and CH. Most gene-products for copper metabolism remained at 
control levels. Three clear exceptions were observed in CT; 3-fold mRNA increase of 
ATP7A and XIAP and complete absence of MURR1. The only quantitative diffe-
rences between the diseases and the control group were observed regarding oxidative 
stress, confirmed by reductions in all GSH/GSSG ratios. We conclude that 3+ or 
higher histochemical detection of copper indicates a primary copper storage disease. 
The expression profile of copper-associated genes can be used as a reference for future 
studies on copper-associated diseases. All three diseases have reduced protection 
against oxidative stress, opening a rationale to use anti-oxidants as possible therapy. 
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Introduction 
 
Copper is an integral part of many important enzymes involved in several vital 
biological processes [1]. In humans the only copper storage disease of which the 
molecular background is resolved is Wilson’s disease; unresolved hepatic copper 
storage diseases are Indian Childhood Cirrhosis and Endemic Infantile Tyrolean 
Cirrhosis [2,3]. A major pathogenetic pathway is the formation of highly reactive 
oxygen species (ROS) such as hydroxyl radicals, by accumulated copper [4]. As in 
man, in dogs hepatic copper accumulation may cause hepatitis which ultimately 
causes cirrhosis. Copper associated hepatitis has been described in dog breeds such as 
Bedlington terriers, Doberman pinschers, Sky terriers, West-Highland white terriers, 
Dalmatians, Anatolian shepherds, and Labrador retrievers [5-7]. Copper Toxicosis 
(CT) in Bedlington terriers is an autosomal recessive disorder causing impaired 
biliary copper excretion [8]. The resulting progressive lysosomal accumulation of 
copper becomes histologically evident at one year of age [9,10]. Recently the genetic 
defect in Bedlington terriers has been ascribed to a deletion of exon 2 of the MURR1 
(COMMD1) gene [9]. In all other dog breeds the molecular background of the di-
sease is unknown. Therefore it is uncertain whether increased hepatic copper is the 
cause or consequence of the disease. Cholestasis, which is a sequel of most parenchy-
mal liver diseases, could cause a reduced biliary copper excretion and consequently 
copper accumulation. 
 
Copper is intracellularly bound to specific proteins [10]. Small copper-binding 
proteins, denoted copper chaperones, distribute copper to specific intracellular 
destinations. ATOX1 for instance, delivers copper to ATPases, CCS distributes cop-
per to Cu/Zn superoxide dismutase (SOD1), COX17 delivers copper to cytochrome c 
oxidase in the mitochondria. MURR1 is implicated in the lysosomal copper storage 
and excretion into bile [11]. The ATPases ATP7A and ATP7B transport copper to 
the cuproenzymes and ameliorate excretion of excess copper. Ceruloplasmin (CP) is 
a metalloprotein which binds copper during synthesis after which the complex is 
secreted into serum. Metallothionein 1A (MT1A) is a small intracellular protein 
capable of chelating several metal ions, including copper [12]. XIAP is an X-linked 
inhibitor of apoptosis recently associated with MURR1 [13]. 
 
Excess copper can induce oxidative stress which could lead to chronic inflammation 
[15,16]. Oxidative stress occurs when cells are exposed to increased ROS due to 
enhancement of reactive oxygen production or inhibition of its removal. Most of the 
anti-oxidants can be grouped into either enzymatic or non-enzymatic defenses [16]. 
The enzymatic defense against oxidative stress consists of several tightly regulated 
proteins such as Cu/Zn superoxide dismutase (SOD1) and Catalase (CAT). Non-



Chapter 6 
 

 108

enzymatic defenses are exerted by molecules such as alpha-tocopherol, beta-carotene, 
ascorbate, and a ubiquitous low molecular thiol component, Glutathione [17]. The 
synthesis of Glutathione from glutamate, cysteine, and glycine is catalyzed by two 
cytosolic enzymes, γ-glutamilcysteine synthetase (GCS) and GSH synthetase 
(GSHS). Glutathione is mainly present in its reduced form (GSH); during oxidative 
stress glutathione is converted to the oxidized form GSSG. GPX1 another main 
antioxidant, converts GSH into its oxidized form GSSG [18]. The redox status of 
GSH depends on the relative amounts of the reduced and oxidized forms of 
glutathione (GSH/GSSG) and appears to be a critical determinant in the cell [19].  
 
In this study we investigated the presence of copper and its possible role in 
inflammatory and cholestatic chronic liver diseases. To study the effect of cholesta-
sis, we examined dogs with the most pronounced form caused by chronic extrahepa-
tic cholestasis (EC) due to bile duct obstruction. In comparison we have studied 
idiopathic chronic hepatitis (CH) in dogs of breeds not associated with copper accu-
mulation, and the only proven inherited form of copper toxicosis in dogs, CT in 
Bedlington terriers. We have previously shown that copper accumulation causes a 
decrease in enzymatic and non-enzymatic ROS defenses and affects several copper 
associated gene products [20]. Therefore, we analyzed copper metabolism pathways 
and ROS defenses including glutathione metabolism in these chronic liver diseases.    

 
 

Materials and Methods 
 
Dogs 
 
Dogs were kept privately as companion animals. The dogs were presented to the 
Department of Clinical Sciences of Companion Animals, Utrecht University for 
spontaneously occurring liver disease. All samples were obtained after fully informed 
consent of the owner. The procedures were approved by the Utrecht University 
Ethical Committee as required under Dutch legislation. 
 
Groups 
 
The presence of a liver disease was confirmed by finding increased plasma activities 
of the liver enzymes AP and/or ALT, and increased plasma bile acid (BA) con-
centration. Liver tissue of all dogs was obtained using the Menghini (14-gauge) 
aspiration technique under local anesthesia. Two biopsies were used for histopatho-
logical examination and directly fixed in 10% neutral buffered formalin. Two other 
biopsies were collected in a cryo vial, snap-frozen in liquid nitrogen, and stored at -
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700C for future measurements. Sections (4µm) of the fixed and paraffin-embedded 
biopsies were stained with haematoxylin eosin, the Van Gieson’s stain, the reticulin 
stain according to Gordon and Sweet, and rubeanic acid staining for copper. The 
diagnoses of CT, EC, and CH were made according to the criteria of the World Small 
Animal Veterinary Association (WSAVA) Liver Diseases and Pathology Standardi-
zation Research Group [21]. All histological examinations were performed by one 
experienced board certified veterinary pathologist. The dogs were also evaluated with 
abdominal ultrasonography, using a high-definition Ultrasound system with a 4–7 
MHz broad-band Faced-array transducer (HDI 3000 ATL, Philips Medical Systems, 
Eindhoven, The Netherlands).  
 
Four groups were included in this study: 
1) Healthy group (n = 12 dogs). Age-matched clinically healthy dogs with normal 

liver enzymes and bile acids. Histopathology of the liver revealed no abnor-
malities. 

2) Copper toxicosis group (CT, n = 12 dogs). Plasma liver enzymes AP and ALT as 
well as BA were at least three times elevated above normal reference values. 
Abdominal ultrasound revealed a normally sized or somewhat small liver with a 
slightly or moderately irregular structure. Histopathology showed chronic hepa-
titis often with histological evidence of cirrhosis associated with marked copper 
accumulation. All dogs were Bedlington terriers carrying a deletion of exon-2 of 
the MURR1 (COMMD1) gene and were detected as previously described [22].  

3) Extrahepatic cholestasis group (EC, n = 6 dogs). The presence of chronic 
extrahepatic cholestasis was diagnosed by the presence of dilated and often 
tortuous extrahepatic bile ducts at ultrasonography, in combination with the cha-
racteristic histopathological lesions. There was hepatocanalicular cholestasis in 
the parenchyma. The portal areas showed fibrosis with bile duct proliferation and 
periductal concentric fibrosis, and inflammation limited to the portal areas with 
pigment-laden macrophages, lymphocytes, plasma cells and neutrophils. The 
plasma AP, ALT and BA levels were increased at least three times elevated 
above the upper reference values. All dogs had clinical icterus. 

4) Chronic Hepatitis group (CH, n = 12 dogs). Chronic hepatitis was characterized 
histologically by mononuclear or mixed inflammation, apoptosis and necrosis of 
hepatocytes, fibrosis and in some cases evidence of cirrhosis with regenerative 
nodules of hepatic parenchyma. The disease was chronic in all cases as judged by 
the presence of fibrosis. Plasma AP, ALT, and BA were at least three times ele-
vated above upper normal reference values. Abdominal ultrasound revealed a 
small liver with an irregular structure. All cases of hepatitis were idiopathic. With 
PCR or RT-PCR performed on DNA, respectively cDNA isolated from liver 
tissue, potential infectious agents were excluded (CAV-1, hepadna-, adeno-, or 
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parvoviridae, Helicobacter spp, Leptospira spp, Borrelia spp) [23]. None of the 
dogs was of a breed known for copper associated hepatitis. 

 
Histological grading of copper accumulation 
 
The presence of copper was evaluated semi-quantitatively scored in a scale from 0 to 
5+ as previously described, as well as with respect to its localization in the liver 
lobules [24]. The slides were examined by one board-certified veterinary pathologist. 
 
Quantitative PCR and statistical methods 
 
Quantitative real-time PCR (Q-PCR) was performed on a total of 15 gene products 
involved in copper metabolism (ATOX1, COX17, ATP7A, ATP7B, CP, MT1A, 
MURR1, and XIAP), oxidative stress defences (SOD1, CAT, GSHS, GPX1 and 
CCS), and cell homeostasis (p27KIP and Bcl-2). The concentration of mRNA was 
determined after a Reverse Transcription (RT) step, by real-time quantitative PCR 
using appropriate primers (Table 1) as previously described [20]. In short, Q-PCR 
was based on the high affinity double-stranded DNA-binding dye SYBR® green I 
(BMA, Rockland, MA). For each experimental sample, the amount of the gene of 
interest and of the two independent endogenous references (glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and hypoxanthine phosphoribosyl transferase 
(HPRT)) was determined from the appropriate standard curve in autonomous experi-
ments. If relative amounts of GAPDH and HPRT were constant for a sample, data 
were considered valid and the average amount was used in the study. Results were 
normalized according to the average amount of the endogenous references. The 
normalized values were divided by the normalized values of the healthy group to 
generate relative expression levels. 
 
The relative gene-expression of each gene-product was used as the basis for all 
comparisons. The results were assessed for normality using the Kolmogorov Smir-
noff and the Levene’s test. The data were not normally distributed; therefore the non-
parametric (Kruskal-Wallis) analysis of variance was used for all comparisons. Post-
test analysis was performed with a Mann-Whitney test (P < .05). Analysis was per-
formed using SPSS software (SPSS Benelux BV, Gorinchem, the Netherlands). 
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GSH/GSSG-assay 
 
The total amount of GSH was determined by a modified version of a total Gluta-
thione Determination Colorimetric Microplate assay according to Allen et al. [25], 
based on the original Tietze macro assay [26]. In short, 25 µl of the cell-lysate (1 
mg/ml) was added in triplicate in a 96-wells plate. The lysates were incubated for 5 
minutes with 50 µl of 1,5 mM DTNB, and 50 µl GSH reductase (7.5 U/ml) (Sigma). 
To start the reaction 50 µl of NADPH was added to the wells (Sigma). Absorbance at 
450 nm was measured immediately after the NADPH addition and after 4 minutes. 
The rate of TNB production was measured in delta absorbance per minute and was 
directly proportionate with the amount of GSH in the samples. To determine the 
amount of GSSG, GSH was first trapped with 3 mM 1-methyl-2-vinylpyridine triflate 
(Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands). A standard curve of 
GSH (0-20 µM) was used to determine the GSH and GSSG concentrations in the 
samples. Samples were normalized to the amount of total protein as determined by a 
Lowry-based assay (DC Protein Assay, BioRad, Veenendaal, The Netherlands). 
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Table 1. Nucleotide Sequences of Dog-Specific Primers for Quantitative Real-Time PCR 
 
Gene F/R Sequence (5’-3’) Tm 

(oC) 
Product 
size (bp) 

Accession 
number 

 F TGT CCC CAC CCC CAA TGT ATC 58 100 AB038240 
 R CTC CGA TGC CTG CTT CAC TAC CTT    
HPRT F AGC TTG CTG GTG AAA AGG AC 56 100 L77488 /  
 R TTA TAG TCA AGG GCA TAT CC   L77489 
SOD1 F TGG TGG TCC ACG AGA AAC GAG ATG 64 99 AF346417 
 R CAA TGA CAC CAC AAG CCA AAC GAC T    
CAT F TGA GCC CAG CCC TGA CAA AAT G 62 119 AB012918 
 R CTC GAG CCC GGA AAG GAC AGT T    
GSHS F CTG GAG CGG CTG AAG GAC A 62 131 AY572226 
 R AGC TCT GAG ATG CAC TGG ACA    
GPX1 F GCA ACC AGT TCG GGC ATC AG 62 123 AY572225 
 R CGT TCA CCT CGC ACT TCT CAA AA    
CCS F TGT GGC ATC ATC GCA CGC TCT G 64 96 AY572228 
 R GGG CCG GCC TCG CTC CTC    
p27KIP F CGG AGG GAC GCC AAA CAG G 60 90 AY455798 
 R GTC CCG GGT CAA CTC TTC GTG    
Bcl-2 F TGG AGA GCG TCA ACC GGG AGA TGT 61 87 AB116145 
 R AGG TGT GCA GAT GCC GGT TCA GGT    
ATOX1 F ACG CGG TCA GTC GGG TGC TC 67 137 AF179715 
 R AAC GGC CTT TCC TGT TTT CTC CAG    
COX17 F ATC ATT GAG AAA GGA GAG GAG CAC 60 127 AY603041 
 R TTC ATT CTT CAA GGA TTA TTC ATT TAC 

A
   

ATP7A F CTA CTG TCT GAT AAA CGG TCC CTA AA 50 99 AY603040 
 R TGT GGT GTC ATC ATC TTC CCT GTA    
ATP7B F GGT GGC CAT CGA CGG TGT GC 56 136 AY603039 
 R CGT CTT GCG GTT GTC TCC TGT GAT    
CP F AAT TCT CCC TTC TGT TTT TGG TT 62 97 AY572227 
 R TTG TTT ACT TTC TCA GGG TGG TTA    
MT1A F AGC TGC TGT GCC TGA TGT G 64 130 D84397 
 R TAT ACA AAC GGG AAT GTA GAA AAC    
MURR1 F GAC CAA GCT GCT GTC ATT TCC AA 58 122 AY047597 
 R TTG CCG TCA ACT CTC CAA CTC A    
XIAP F ACT ATG TAT CAC TTG AGG CTC TGG TTT 

C
54 80 AY603038 

 R AGT CTG GCT TGA TTC ATC TTG TGT ATG    
 

F: Forward primer; R: reversed primer 
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Results 
 
Copper-staining 
 
No copper accumulation was detected in the healthy control group and were therefore 
deemed copper negative (0). In the copper toxicosis (CT) group all samples showed a 
marked copper-staining (5+) with massive copper accumulation in the hepatocytes 
diffusely throughout the liver parenchyma and macrophages in inflammatory foci 
(see example Figure 1A). In the chronic extrahepatic cholestasis (EC) group no 
copper was found in two out of six dogs. In the other dogs a slight to moderate 
degree of copper staining (1-2+) was seen centrolobularly (see example Figure 1B), 
and in one case there was also a slight stain in the periportal hepatocytes (see Figure 
1C). In the chronic hepatitis (CH) group no positive copper staining was found in six 
out of twelve dogs. In the other samples a slight to moderate degree of copper 
staining (1-2+) was seen in the hepatocytes and in one case within some macrophages 
(see example Figure 1D). 
 
Gene-expression of copper metabolism related gene-products 
 
The relative amount of mRNA coding for proteins involved in copper metabolism 
was measured to gain insight into the pathogenesis of copper accumulation in the 
liver. Statistically significant differences (Kruskal-Wallis test) was identified in the 
expression of mRNA encoding COX17 (P = .017), ATP7A (P = .008), ATP7B (P = 
.016), CP (P = .047), MT1A (P < .001), MURR1 (P = .040), and XIAP (P = .007). 
No significant differences (Kruskal-Wallis test) was identified in the expression of 
mRNA encoding ATOX1 (P = .959). COX17, a copper chaperone, was halved in 
gene-expression in the CT-group (Figure 2). The mRNA levels of ATP7A were 
unchanged in the CH and EC-group; interestingly ATP7A was significantly increased 
in the CT-group. On the other hand ATP7B was inhibited in all groups, with halved 
mRNA levels in the CT and EC-group, and a 3-fold decrease in the CH-group. 
Ceruloplasmin was equal at the gene-expression level in the EC and CH-group 
towards control, and halved in the CT-group. Metallothionein (MT1A), was inhibited 
two-fold at the gene-expression level in the CH-group, and halved in the CT-group 
towards control. MURR1 was equally expressed in the CH and EC-group towards 
control. The absence of MURR1 as seen in the CT-group was expected as these 
primers were designed on the exon which is deleted in these Bedlington terriers. 
XIAP was halved at gene-expression level in the EC-group, but was doubled in the 
CT-group towards control. Overall, the reductions as seen in MURR1 mRNA and 
increases in ATP7A and XIAP mRNA seem to be exclusive for the CT-group com-
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pared to the other diseases. The mRNA levels of the copper chaperone ATOX1 
remained equal in all groups. 

 
 
Figure 1. Copper staining. 
Examples of Rubeanic acid staining on Copper Toxicosis with 5+ copper shown in (A), 
Extrahepatic cholestasis with 1-2+ centrolobular staining (B), Extrahepatic cholestasis with 
staining in periportal hepatocytes in (C), and Chronic hepatitis with 1-2+ copper shown in 
(D). Color-figure see Appendix 3, page 222. 
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Gene-expression measurements on oxidative stress markers, apoptosis, and cell-
proliferation 
 
To gain insight into oxidative stress during copper toxicosis, chronic extrahepatic 
cholestasis, and chronic hepatitis we first measured mRNA levels on several impor-
tant gene products by means of Q-PCR. Statistically significant differences (Kruskal-
Wallis test) was identified in the expression of mRNA encoding SOD1 (P = .004), 
CAT (P = .003), GSHS (P = .002), GPX1 (P < .001), CCS (P = .002), and p27KIP (P 
= .014). No significant differences (Kruskal-Wallis test) was identified in the expres-
sion of mRNA encoding Bcl-2 (P = .227). SOD1 and CAT were inhibited 3-fold in 
the CT-group compared to healthy controls (Figure 3). A two-fold reduction in 
mRNA levels of both genes was also seen in the EC and CH-groups. GSHS mRNA 
levels were equal to control in CH but halved in EC and CT-groups. GPX1 was 
induced in the CT and CH-group, and remained equal in the EC-group towards 
control. The mRNA levels of CCS were inhibited 3-fold in the CT and CH-group, 
and halved in the EC-group. Measurements on the cell-cycle inhibitor p27kip showed 
a large decrease in mRNA levels in the CH-group (5-fold), and remained equal to 
control in the EC and CT-group. Overall, the reductions as seen with CAT and GSHS 
seem to be exclusive for the CT-group compared to the other diseases. One anti-
apoptotic marker Bcl-2 showed no change at the gene-expression level in any of the 
groups. 
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Figure 2. Box plots of quantitative Real-Time PCR for copper metabolism related gene 
products. Relative expression of mRNA levels in copper toxicosis (CT), extrahepatic 
cholestasis (EC), and chronic hepatitis (CH). After initial analysis of variance with the 
Kruskal-Wallis test (see results), post-test was performed with a Mann-Whitney test for 
analysis between groups. Different letters above bars indicate when the median differed 
significantly (P < .05). 
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Figure 3. Box plots of quantitative Real-Time PCR for oxidative stress and cell homeostasis 
related gene products. Relative expression of mRNA levels in copper toxicosis (CT), 
extrahepatic cholestasis (EC), and chronic hepatitis (CH). After initial analysis of variance 
with the Kruskal-Wallis test (see results), post-test was performed with a Mann-Whitney test 
for analysis between groups. Different letters above bars indicate when the median differed 
significantly (P < .05). 
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GSH/GSSG measurements 
 
To indicate the levels of oxidative stress, we measured the reduced glutathione 
(GSH) and its oxidized form GSSG. In Figure 4A, all disease groups showed a signi-
ficant decrease, up to three-fold, of GSH in the liver. In contrast, the GSSG levels 
(Figure 4B) were significantly increased in all groups, with the highest values in the 
dogs with EC, which had on average a three-fold increase of GSSG. Consequently 
the GSH/GSSG ratios were decreased in all groups; seven-fold in the CT-group, six-
fold in the EC-group, and four-fold in the CH-group (Figure 4C). 
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Figure 4. Glutathione measurements. 
GSH levels normalized against the amount of protein are shown in (A), GSSG levels 
normalized against the amount of protein are shown in (B), and GSH/GSSG ratios are shown 
in (C). 
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Discussion 
 
In the present study we analyzed copper metabolism and oxidative stress in three 
forms of chronic liver disease in the dog. Although copper is an essential component 
of different vital proteins, most of the ingested copper is in excess and has to be 
eliminated by the liver in order not to become toxic. To date, different intracellular 
routes of copper are known in detail [11], which are essential in defending the cell 
against damage and in eliminating copper by biliary excretion. The central role of the 
liver in copper homeostasis makes it also the most important target organ if any of 
the above processes fails. Besides copper-toxicosis in Bedlington terriers, there are a 
number of dog breeds with an increased prevalence of hepatitis associated with 
copper accumulation [27]. Examples are Dalmatians, Labrador retrievers, West-
Highland white terriers, Skye terriers, and Anatolian shepherds. It is currently hard to 
decide whether copper accumulation is the primary event causing these forms of 
hepatitis, or secondary due to impaired copper handling. Because biliary excretion is 
the principal route of copper elimination, cholestasis could cause copper accumu-
lation. The present study was undertaken to differentiate between primary and 
secondary copper accumulation. To this end, we have not only included two forms of 
hepatitis (copper- and non copper-associated) but also the most pronounced form of 
cholestasis, chronic extrahepatic bile duct obstruction (EC). EC may reflect the effect 
of cholestasis on copper accumulation, and helps interpret copper effects in more 
modest forms of intrahepatic cholestasis in hepatitis. 
 
Observations on the histological grading of copper in CT showed a marked diffuse 
copper accumulation in the hepatocytes and focally in macrophages, in agreement 
with earlier reports [6,22]. On the other hand, in EC and CH there were no copper 
granules detectable in respectively 33 and 50 percent of the cases. The rest showed 
only a slight to moderate degree of copper staining. This implies that copper accu-
mulation is not a consistent feature and never exceeds moderately increased copper 
levels. Copper may thus be of minor importance in prolonged idiopathic inflam-
mation (CH) or cholestasis (EC). 
 
Comparing the differential expression profiles of diseases with varying levels of 
copper accumulation and severity of inflammation allowed us to discriminate be-
tween direct copper-induced damage and damage inflicted by the infiltrating inflam-
matory cells. The large differences between the three diseases, with respect mRNAs 
for the copper handling proteins, were limited to ATP7A and XIAP. The large 
increase in XIAP and ATP7A in Bedlington terriers lacking functional MURR1 is 
most likely a compensatory effect to overcome complete absence of MURR1 [28]. In 
the EC and CH-group no significant changes in mRNA levels were found in the 
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excretory copper proteins, ATP7A, CP, and MURR1. Perhaps only the decrease in 
ATP7B mRNA has had an effect to produce slight accumulation of copper in the EC 
and CH-group. MT1A mRNA as well as protein levels are known to increase after 
acute copper administration [29]. Surprisingly the mRNA level in the CT and CH-
group showed significant decreases in metallothionein transcription. The majority of 
copper is intracellularly bound to metallothionein and stored in lysozomes as copper-
metallothionein complexes. Therefore, it is highly probable that, despite lowered 
mRNA levels, metallothionein protein levels are increasingly present in the hepato-
cytes during CT.  
 
With respect to the defense against oxidative stress, the expression profiles for EC 
and CH were similar. Apparently cholestasis and/or inflammation reduced mRNA 
expression of SOD1 and CAT. However, these reductions were greater in the CT-
group. We conclude that, although copper is a major trigger for oxidative stress, 
diseases with primary copper accumulation cannot be distinguished from primary 
cholestatic or inflammatory diseases based on their reaction profile when exposed to 
ROS.  
 
Non-enzymatic defenses against oxidative stress showed marked reductions in 
glutathione synthesis (GSHS) in the CT and EC-group although lowest in CT. GSH 
measurements corroborated these measurements where the lowest GSH level was 
seen in the CT-group. A similar reduction of GSH was seen in the EC- and CH-
groups. Interestingly, the amount of GSSG, the oxidized form of glutathione, showed 
inductions in all diseases with the highest amount in the EC-group. Consequently, 
GSH/GSSG ratios were decreased in all diseases with the highest reduction in the 
CT-group. A similar induction of the GSSG and a reduced GSH/GSSG ratio has been 
reported in rats with bile-duct ligation [30]. Hepatic depletion of GSH occurs also in 
human Wilson’s disease and acetaminophen-induced liver toxicity [16,31]. Recently, 
a reduction in GSH levels was also shown in copper toxicosis of Doberman pinchers 
[20]. Overall, the GSH depletion in all copper toxicosis related diseases (Wilson’s, 
LEC-rats, and Bedlington Terrier Copper Toxicosis), but also in EC and idiopathic 
hepatitis seems to be a critical factor in the hepatocellular damage.  
 
The use of anti-oxidants or GSH esters may be effective in treating these liver patho-
logies. However, oral administration of GSH in healthy and GSH depleted subjects 
was not clinically beneficial [32]. Alternative medications could be ascorbic acid, D-
penicillamine, and zinc. The GSH precursor S-adenosylmethionine (SAM-e or 
AdoMet) has already been shown to reduce oxidative stress levels in cultured pri-
mary hepatocytes [33]. Furthermore, in cirrhotic rat models SAM-e inhibited 
collagen-I production which could ameliorate liver fibrosis [34]. Because of the de-
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crease in oxidative stress defenses (enzymatic and non-enzymatic), the use of SAM-e 
could be considered in dogs with CT, but also in other inflammatory and/or chole-
static liver diseases.  
 
To our knowledge this is the first study to show the effects of copper toxicosis, 
chronic hepatitis and extrahepatic cholestasis on copper metabolism and oxidative 
stress. Results clearly showed that cholestasis and inflammation cause no or only li-
mited copper accumulation. Results clearly showed that even in severe cases such as 
chronic extrahepatic cholestasis only limited copper accumulation was found, indi-
cating that cholestasis does not increase copper levels. Similarly inflammation did 
not seem to induce these copper levels. ATP7B is the only gene-product in the 
copper metabolic pathway affected by both cholestasis and idiopathic hepatitis. This 
implies that high increases of copper in the liver (>3+) and/or changes in the expres-
sion of copper metabolic genes, other than ATP7B, indicate the presence of a pri-
mary disease of copper metabolism. These findings may help to determine the (inhe-
rited) nature of potential primary copper storage diseases in different dog breeds with 
hepatopathies. Finally, the reductions in defenses against oxidative stress in all 
chronic liver diseases studied may imply that therapeutic approaches against oxida-
tive stress have a broad indication in canine liver diseases. 
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Abstract 
 
The role of copper accumulation in the onset of hepatitis is still unclear. Therefore, 
we investigated a spontaneous disease model of primary copper-toxicosis in Dober-
man pinschers to gain insights into the pathophysiology of copper toxicosis, namely 
on genes involved in copper metabolism and reactive oxygen species (ROS) de-
fences. We used quantitative real-time PCR to determine differentially expressed 
genes within a target panel, investigating different groups ranging from copper-
associated subclinical hepatitis (CASH) to a clinical chronic hepatitis with high 
hepatic copper concentrations (Doberman hepatitis, DH). Furthermore, a non-copper 
associated subclinical hepatitis group (N-CASH) with normal hepatic copper concen-
trations was added as a control. Most mRNA levels of proteins involved in copper 
binding, transport, and excretion were around control values in the N-CASH and 
CASH group. In contrast, many of these (including ATP7A, ATP7B, ceruloplasmin, 
and metallothionein) were significantly reduced in the DH group. Measurements on 
defences against oxidative stress showed a decrease in gene-expression of superoxide 
dismutase 1 and catalase in both groups with high copper. Moreover, the anti-
oxidative glutathione molecule was clearly reduced in the DH group. In the DH 
group the expression of gene products involved in copper efflux was significantly 
reduced, which might explain the high hepatic copper levels in this disease. ROS 
defences were most likely impaired in the CASH and DH group. Overall, this study 
describes a new variant of primary copper toxicosis and could provide a molecular 
basis for equating future treatments in dog and in man. 
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Introduction 
 

Copper is an imperative molecule in life; in contradiction, however, it is highly toxic 
[1]. Like zinc, iron, and selenium, copper is an essential trace element in diets and is 
required for the activity of a number of physiologically important enzymes [2]. Cells 
have highly specialized and complex systems for maintaining intracellular copper 
concentrations [3]. If this balance is disturbed, excess copper can induce oxidative 
stress that could lead to chronic inflammation [4,5]. Copper induced hepatitis has 
been described both in humans (Wilson's disease) as well as in dogs. There are seve-
ral non-human models of copper toxicosis models, such as the Long-Evans Cinna-
mon rats and Bedlington terriers. Although the gene underlying Wilson's disease 
(ATP7B) is deficient in Long-Evans Cinnamon rats [6-9], in Bedlington terriers it 
has been excluded as a candidate for copper toxicosis [10]. The recent discovery of 
mutations in gene MURR1, responsible for copper toxicosis in Bedlington terriers, 
has given rise to the discovery of a new copper pathway [11]. Here, we describe in 
Doberman pinschers a copper associated chronic hepatitis (also called Doberman 
hepatitis), characterized by micro-nodular cirrhosis with elevated hepatic copper con-
centrations [12-15]. Doberman hepatitis accounts for 4 % of all deaths in a Dutch 
population of 340 Dobermans [16]. Until recently, the role of copper in the develop-
ment and progression of hepatitis in the Doberman pinscher had been unclear. Recent 
studies using intravenous 64Cu clearly show an impaired copper excretion in dogs 
with hepatitis and elevated copper concentrations [17]. However, genes ATP7B and 
MURR1 have been excluded by us as possible candidates by genotyping (data not 
shown). Therefore, Doberman hepatitis can be seen as a separate form of copper 
toxicosis and a possible model for other types of copper toxicosis in humans, such as 
Indian childhood cirrhosis, non-Indian childhood cirrhosis, or idiopathic copper toxi-
cosis. 
 
Intracellular copper is always transiently associated with small copper-binding pro-
teins (See Figure 6, Chapter 1), denoted copper chaperones, which distribute copper 
to specific intracellular destinations [18]. One of these copper chaperones is the anti-
oxidant protein 1 (ATOX1) [19], which transports copper to the copper-transporting 
ATPases ATP7A and ATP7B [20], located in the trans-Golgi network. Copper can 
then be bound to liver specific ceruloplasmin (CP) [21] or MURR1 and transferred 
outside the cell to blood and bile, respectively [22]. The second chaperone – cyto-
chrome c oxidase (COX17) is responsible for delivering copper to the mitochondria 
for incorporation into cytochrome c oxidase [23]. The third chaperone – copper 
chaperone for superoxide oxidase (CCS) is responsible for the incorporation of 
copper into Cu/Zn superoxide dismutase (SOD1) – one of the most important cyto-
solic enzymes in the defence against oxidative stress [24,25]. Also known as ferroxi-
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dase or oxygen oxidoreductase, CP is a plasma metalloprotein which is involved in 
peroxidation of Fe(II)transferrin to Fe(III)transferrin and forms 90 to 95 % of plasma 
copper. CP is synthesized in hepatocytes and is secreted into the serum with copper 
incorporated during biosynthesis. Metallothionein 1A (MT1A) is a small intracellular 
protein capable of chelating several metal ions, including copper. It contains many 
cysteine residues, which allow binding and storage of copper. Furthermore, MT1A is 
inducible, at the transcriptional level, by metals and a variety of stressors such as 
reactive oxygen species (ROS), hypoxia, and UV radiation [26]. MT1A can donate 
copper to other proteins, either following degradation in lysosomes or by exchange 
via glutathione (GSH) complexation [27]. 
 
High hepatic levels of copper induce oxidative stress. There are several important 
proteins and molecules involved in the defence against oxidative stress. Most of the 
anti-oxidants can be grouped into either enzymatic defences or non-enzymatic 
defences [28]. The enzymatic defence against oxidative stress consists of several pro-
teins that have tight regulations such as SOD1 and catalase (CAT). Non-enzymatic 
defences against oxidative stress consist of molecules such as α-tocopherol, β-
carotene, ascorbate, and a ubiquitous low molecular thiol component – the GSH [29]. 
The present study was undertaken to investigate the effect of copper toxicosis on 
expression of gene-products involved in copper metabolism and oxidative stress in 
several gradations of hepatic copper toxicosis in Doberman pinschers. 
 
 

Materials and methods 
 
Dogs 
 
Doberman pinschers were kept privately as companion animals. The dogs were 
presented to the Department of Clinical Sciences of Companion Animals, Utrecht 
University, either for a survey investigating the prevalence of Doberman (chronic) 
hepatitis, as described by Mandigers et al. [30] or were referred for spontaneously 
occurring liver disease. All samples were obtained after written consent of the owner. 
The procedures were approved by the Ethical Committee, as required under Dutch 
legislation. 
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Groups 
 
Animals were divided in groups based on histopathological examination and 
quantitative copper analysis. Each group contained both sexes from four to seven 
years of age. (A possible gender effect was later excluded by looking at the indivi-
dual data). Liver tissue of all Doberman pinschers was obtained using the Menghini 
aspiration technique [31]. Four biopsies, 2–3 cm in length, were taken with a 14-
gauge Menghini needle for histopathological examination and quantitative copper 
analysis and stored for future quantitative PCR and protein investigations. The 
quantitative copper analysis was performed using instrumental neutron activation 
analysis via the determination of 64Cu [32]. Histopathological biopsies were fixed in 
10% neutral buffered formalin, routinely dehydrated and embedded in paraffin. 
Sections (4 µm thick) were stained with haematoxylin-eosin, van Gieson's stain, reti-
culin stain (according to Gordon and Sweet), and with rubeanic acid. One expe-
rienced board certified veterinary pathologist performed all histological examina-
tions. All diseased groups contained at least six animals that were compared with a 
group of eight age-matched healthy dogs. Four groups were included in this study 
(Table 1): 
 
1) Healthy group (n = 8 dogs), clinically healthy dogs with normal liver enzymes and 
bile acids. Histopathology of the liver did not reveal histomorphological lesions. 
Liver copper concentrations were below 200 mg/kg dry matter. 
 
2) Non-copper associated subclinical hepatitis group (N-CASH, n = 6 dogs), dogs 
with liver enzymes and bile acids within reference values. Although histological 
examination showed evidence of a slight hepatitis, hepatic copper concentrations 
were within normal levels, i.e., below 300 mg/kg dry matter. The dogs were classi-
fied as suffering from subclinical hepatitis, which most likely was the result of a 
different etiological factor, such as infections, deficiencies, other toxins, deficient 
immune status or immune-mediated mechanism [33]. 
 
3) Copper associated subclinical hepatitis group (CASH, n = 6 dogs), dogs with liver 
enzymes and bile acids within reference values. At histopathology these dogs showed 
centrolobular copper-laden hepatocytes, on occasions apoptotic hepatocytes asso-
ciated with copper-laden Kupffer cells, lymphocytes, plasma cells and scattered 
neutrophils. These lesions were classified as subclinical copper-associated hepatitis 
[34,35]. Hepatic copper concentrations were in all dogs above 600 mg/kg dry matter. 
 
4) Doberman hepatitis group (DH, n = 6 dogs), dogs with chronic hepatitis and 
elevated hepatic copper concentrations. All dogs were referred with a clinical presen-
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tation of hepatic failure (apathy, anorexia, vomiting, jaundice, and in chronic cases 
sometimes ascites) and died within 2 months after diagnosis from this disease. 
Heparinized plasma liver enzymes (alkaline phosphatase and alanine aminotrans-
ferase) and fasting bile acids were, at least, three times elevated above normal refe-
rence values. Abdominal ultrasound revealed small irregular shaped echo dense liver, 
as performed with a high definition Ultrasound system – HDI 3000 ATL (Philips) – 
with a 4–7 MHz broad band Faced-array transducer. Histopathology showed chronic 
hepatitis (Figure 1A) with histological features of fibrosis / micronodular cirrhosis, 
etc. These lesions are comparable to chronic hepatitis in man [33]. Rubeanic acid 
staining revealed copper accumulation in hepatocytes and Kupffer cells / macro-
phages (Figure 1B). Hepatic copper concentrations were in all cases above 1500 
mg/kg dry matter. 
 
Table 1. Doberman pinscher group description 
 

 
RNA isolation and reverse-transcription polymerase chain reaction 
 
Total cellular RNA was isolated from each frozen Doberman liver tissue in duplicate, 
using Qiagen RNeasy Mini Kit (Qiagen, Leusden, The Netherlands) according to the 
manufacturer's instructions. The RNA samples were treated with Dnase-I (Qiagen 
Rnase-free DNase kit). In total 3 µg of RNA was incubated with poly(dT) primers at 
42°C for 45 min, in a 60 µl reaction volume, using the Reverse Transcription System 
from Promega (Promega Benelux, Leiden, The Netherlands). 

Group n Hepatic copper  Copper concentrations 
mg/kg dry matter 

Clinical observation 

Healthy 8 Normal 100 – 200 No abnormalities 

N-CASH 6 Normal < 300 Sub-clinical hepatitis 
CASH 6 Elevated copper levels > 600 Sub-clinical hepatitis 
DH 6 Highly elevated copper levels > 1500 Chronic hepatitis 
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Figure 1. Histological evaluation of Doberman hepatitis.  
(A) Hepatitis characterised by accumulation of pigmented granules (probably Cu) in 
hepatocytes, and inflammation with lymphocytes and pigmented (probably Cu) macrophages. 
HE staining. (B) Centrolobular accumulation of copper in hepatocytes and band of fibrous 
tissue with inflammatory cells and Cu-laden macrophages. Rubeanic acid staining. P = 
Portal area, CV = Central Vein area. Color-figure see appendix 4, page 223. 
 
Q-PCR of oxidative-stress gene-products, copper metabolism and other related 
signalling molecules 
 
Q-PCR was performed on a total of 17 genes involved in oxidative stress and copper 
metabolism. Real-time PCR was based on the high affinity double-stranded DNA-
binding dye SYBR green I (SYBR® green I, BMA, Rockland, ME) and was perfor-
med in triplicate in a spectrofluorometric thermal cycler (iCycler®, BioRad, Veenen-
daal, The Netherlands). For each PCR reaction, 1.67 µl (of the 2× diluted stock) of 
cDNA was used in a reaction volume of 50 µl containing 1× manufacturer's buffer, 2 
mM MgCl2, 0.5 × SYBR® green I, 200 µM dNTP's, 20 pmol of both primers, 1.25 
units of AmpliTaq Gold (Applied Biosystems, Nieuwerkerk a/d IJssel, the Nether-
lands), on 96-well iCycler iQ plates (BioRad). Primer pairs, depicted in Table 2, 
were designed using PrimerSelect software (DNASTAR Inc., Madison, WI). All 
PCR protocols included a 5-minute polymerase activation step and continued with 
for 40 cycles (denaturation) at 95°C for 20 sec, annealing for 30 sec, and elongation 
at 72°C for 30 sec with a final extension for 5 min at 72°C. Annealing temperatures 
were optimized at various levels ranging from 50°C till 67°C (Table 2). Melt curves 
(iCycler, BioRad), agarose gel electrophoresis, and standard sequencing procedures 
were used to examine each sample for purity and specificity (ABI PRISM 3100 
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Genetic Analyser, Applied Biosystems). Standard curves constructed by plotting the 
relative starting amount versus threshold cycles were generated using serial 4-fold 
dilutions of pooled cDNA fractions from both healthy and diseased liver tissues. The 
amplification efficiency, E (%) = (10(1/-s)-1)·100 (s = slope), of each standard curve 
was determined and appeared to be > 95 %, and < 105 %, over a wide dynamic 
range. For each experimental sample the amount of the gene of interest, and of the 
endogenous references glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 
hypoxanthine phosphoribosyl transferase (HPRT) were determined from the appro-
priate standard curve in autonomous experiments. If relative amounts of GAPDH and 
HPRT were constant for a sample, data were considered valid and the average 
amount was included in the study (data not shown). Results were normalized accor-
ding to the average amount of the endogenous references. The normalized values 
were divided by the normalized values of the calibrator (healthy group) to generate 
relative expression levels. 
 
Western blot analysis 
 
Pooled liver tissues (n = 6 dogs) were homogenized in RIPA buffer containing 1 % 
Igepal, 0.6 mM Phenylmethylsulfonyl fluoride, 17 µg/ml aprotinine and 1 mM 
sodium orthovanadate (Sigma chemical Co., Zwijndrecht, The Netherlands). Protein 
concentrations were obtained using a Lowry-based assay (DC Protein Assay, Bio-
Rad). Thirty five µg of protein of the supernatant was denatured in Leammli-buffer 
supplemented with Dithiothreitol (Sigma Chemical Co.) for 3 min at 95°C and elec-
trophoresed on 10 % Tris-HCl SDS PAGE polyacrylamide gels (BioRad). Proteins 
were transferred onto Hybond-C Extra Nitrocellulose membranes (Amersham Bio-
sciences Europe, Roosendaal, The Netherlands) using a Mini Trans-Blot® Cell blot-
apparatus (BioRad). The procedure for immunodetection was based on an ECL 
western blot analysis system, performed according to the manufacturer's instructions 
(Amersham Biosciences Europe). The membranes were incubated with 4 % ECL 
blocking solution and 0.1 % Tween 20 (Boom B.V., Meppel, The Netherlands) in 
TBS for 1 hour under gentle shaking. The incubation of the primary antibody was 
performed at room temperature for one hour, with a 1:2000 dilution of mouse anti-
horse metallothionein (DakoCytomation B.V., Heverlee, Belgium). After washing, 
the membranes were incubated with horseradish peroxidase-conjugated chicken anti-
mouse (Westburg B.V., Leusden, The Netherlands) at room temperature for one 
hour. Exposures were made with Kodak BioMax Light-1 films (Sigma chemical 
Co.). 
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Total GSH assay 
 
The total amount of GSH was determined by a modified version of a total GSH 
Determination Colorimetric Microplate Assay according to Allen et al. [36], based 
on the original Tietze macro assay [37]. Protein samples from Doberman hepatitis (n 
= 6 dogs) and healthy controls (n = 8 dogs) were isolated as described in Western 
blot analysis and subsequently pooled. Total protein concentration was measured 
using a Lowry-based assay (DC Protein Assay, BioRad). In short, 50 µl of the cell-
lysate (1 mg/ml) was used in triplicate in a 96-wells plate. The lysates were 
incubated for 5 minutes with 50 µl of 1.3 mM 5,5'dithiobis-2-nitrobenzoic acid 
(DTNB), and 50 µl GSH reductase (1.5 U/ml). To start the reaction 50 µl of NADPH 
(0.7 mM) was added to the wells. Absorbance at 450 nm was measured at start and 
after 5 minutes. The rate of 2-nitro-5-thiobenzoic acid production (yellow product) 
was measured in delta absorbance per minute and is directly proportionate with the 
amount of GSH in the samples. A standard curve was added with known concen-
trations GSH (0 to 20 µM) in order to determine the GSH concentrations in the 
samples. 
 
Statistical analysis 
 
A Kolmogorov-Smirnov test was performed to confirm normal distribution of every 
group, and a Levene's test checked the homogeneity of variances across groups. 
After both verifications, the statistical significance of the difference between the 
control group and each particular non-healthy group was determined by using the 
Student's t-Test. The significance level (α) was set at 0.05. 
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Table 2. Nucleotide Sequences of Dog-Specific Primers for Quantitative Real-Time PCR 
 

Gene F/
R 

Sequence (5’-3’) Tm 
(oC) 

Product 
size (bp) 

Accession 
number 

GAPDH F TGT CCC CAC CCC CAA TGT ATC 58 100 AB038240 
 R CTC CGA TGC CTG CTT CAC TAC CTT    
HPRT F AGC TTG CTG GTG AAA AGG AC 56 100 L77488 /  
 R TTA TAG TCA AGG GCA TAT CC   L77489 
SOD1 F TGG TGG TCC ACG AGA AAC GAG ATG 64 99 AF346417 
 R CAA TGA CAC CAC AAG CCA AAC GAC T    
CAT F TGA GCC CAG CCC TGA CAA AAT G 62 119 AB012918 
 R CTC GAG CCC GGA AAG GAC AGT T    
GSS F CTG GAG CGG CTG AAG GAC A 62 131 AY572226 
 R AGC TCT GAG ATG CAC TGG ACA    
GPX1 F GCA ACC AGT TCG GGC ATC AG 62 123 AY572225 
 R CGT TCA CCT CGC ACT TCT CAA AA    
CCS F TGT GGC ATC ATC GCA CGC TCT G 64 96 AY572228 
 R GGG CCG GCC TCG CTC CTC    
p27KIP F CGG AGG GAC GCC AAA CAG G 60 90 AY455798 
 R GTC CCG GGT CAA CTC TTC GTG    
Bcl-2 F TGG AGA GCG TCA ACC GGG AGA TGT 61 87 AB116145 
 R AGG TGT GCA GAT GCC GGT TCA GGT    
ATOX1 F ACG CGG TCA GTC GGG TGC TC 67 137 AF179715 
 R AAC GGC CTT TCC TGT TTT CTC CAG    
COX17 F ATC ATT GAG AAA GGA GAG GAG CAC 60 127 AY603041 
 R TTC ATT CTT CAA GGA TTA TTC ATT TAC A    
ATP7A F CTA CTG TCT GAT AAA CGG TCC CTA AA 50 99 AY603040 
 R TGT GGT GTC ATC ATC TTC CCT GTA    
ATP7B F GGT GGC CAT CGA CGG TGT GC 56 136 AY603039 
 R CGT CTT GCG GTT GTC TCC TGT GAT    
CP F AAT TCT CCC TTC TGT TTT TGG TT 62 97 AY572227 
 R TTG TTT ACT TTC TCA GGG TGG TTA    
MT1A F AGC TGC TGT GCC TGA TGT G 64 130 D84397 
 R TAT ACA AAC GGG AAT GTA GAA AAC    
MURR1 F GAC CAA GCT GCT GTC ATT TCC AA 58 122 AY047597 
 R TTG CCG TCA ACT CTC CAA CTC A    
XIAP F ACT ATG TAT CAC TTG AGG CTC TGG TTT C 54 80 AY603038 
 R AGT CTG GCT TGA TTC ATC TTG TGT ATG    

 
F: Forward primer; R: reversed primer 

 



Copper metabolism in the Doberman  
 

 135

Results 
 

To gain insight into the pathogenesis of copper toxicosis, we first measured mRNA 
levels on several important copper binding gene-products by means of quantitative 
real-time PCR (Q-PCR). Because copper toxicity is often associated with oxidative 
stress, we also measured several oxidative stress related gene-products. To determine 
a possible damaging effect of the oxidative stress, we investigated proteins involved 
in apoptosis and cell-proliferation. 
 
Gene-expression measurements on copper metabolism related gene products 
 
Several proteins in the Doberman hepatitis (DH) group are reduced compared to 
healthy controls (Figure 2C). In all groups the copper chaperone ATOX1 is not affec-
ted, whereas COX17 is decreased three-fold in the DH group and remains unchanged 
in the non-copper associated subclinical hepatitis group (N-CASH, Figure 3A) and 
copper associated subclinical hepatitis group (CASH, Figure 2B). In the DH group, 
the mRNA levels of both trans-Golgi copper transporting proteins ATP7A and 
ATP7B are decreased, three- and two-fold respectively. Interestingly, mRNA levels 
of ATP7A are decreased in the CASH group as well (Figure 2B). In contrast, ATP7B 
is not affected in the CASH group but is induced two-fold in the N-CASH group. CP 
mRNA levels are normal except for the DH group where it is decreased two-fold. 
The same observation was made with measurements on MT1A mRNA, although this 
protein is decreased four-fold in the DH group. The protein MURR1 (that transports 
copper from hepatocytes into bile) is unaffected in the N-CASH group but halved in 
the CASH and DH groups. 
 
Gene expression measurements on oxidative stress markers 
 
SOD1 and CAT are reduced 7- and 4-fold (respectively) in the DH group when com-
pared to healthy controls (Figure 3C). This reduction in mRNA levels can be seen in 
the CASH group (Figure 3B), where SOD1 and CAT are halved, but are not lowered 
significantly in the N-CASH group (Figure 3A). One of the GSH synthesis enzymes 
– the glutathione synthetase (GSS) is unaffected in the N-CASH group but reduced 2 
to 4-fold in the CASH and DH group, respectively. The glutathione peroxidase 
(GPX1) responsible for converting oxidized glutathione (GSSG) into its reduced 
form (GSH) is induced slightly in mRNA expression in the N-CASH group, and is 
doubled in the CASH and DH groups. The third copper chaperone CCS, responsible 
for the transport of copper to SOD1, is inhibited 8-fold in the DH group, 2-fold in the 
CASH group, and remained unchanged in the N-CASH group. 
 



Chapter 7 
 

 136

Gene expression measurements on apoptosis and cell proliferation 
 
We measured two anti-apoptotic gene products, viz. Bcl-2, the frequently described 
anti-apoptotic protein, and a x-linked inhibitor of apoptosis (XIAP) recently asso-
ciated with MURR1 [38]. Our apoptosis measurements on Bcl-2 showed no reduc-
tion in gene expression in the N-CASH group (Figure 4A), but is inhibited 4-fold in 
the CASH and DH groups (Figures 4B and 4C, respectively). XIAP is halved in all 
groups. The most dramatic changes were found in the mRNA levels of the cell-cycle 
inhibitor p27KIP which is inhibited 24-fold in the DH group, 12-fold in the CASH 
group, and 3-fold in the N-CASH group.  
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Figure 2. Quantitative Real-Time PCR of copper metabolism related genes. mRNA levels of 
non-copper associated subclinical hepatitis (n = 6 dogs) is shown in (A). mRNA levels of 
copper associated subclinical hepatitis (n = 6 dogs) is shown in (B). mRNA levels of 
Doberman hepatitis (n = 6 dogs) is shown in (C). Data represent mean + SD. 



Chapter 7 
 

 138

0.00

0.50

1.00

1.50

2.00

2.50

3.00

CCS SOD1 CAT GSS GPX1

m
R

N
A

 le
ve

ls 
(f

ol
d 

ch
an

ge
)

Control N-CASHA

(p=0.088) (p=0.291) (p=0.122) (p=0.447)
(p=0.021)

0.00

0.50

1.00

1.50

2.00

2.50

3.00

CCS SOD1 CAT GSS GPX1

m
R

N
A

 le
ve

ls 
(f

ol
d 

ch
an

ge
)

Control CASHB

(p=0.001) (p=0.002) (p=0.018) (p=0.036)

(p<0.001)

0.00

0.50

1.00

1.50

2.00

2.50

3.00

CCS SOD1 CAT GSS GPX1

m
R

N
A

 le
ve

ls 
(f

ol
d 

ch
an

ge
)

Control DHC

(p<0.001) (p<0.001) (p<0.001) (p<0.001)

(p<0.001)

Figure 3. Quantitative Real-Time PCR of oxidative stress markers. mRNA levels of non-
copper associated subclinical hepatitis (n = 6 dogs) is shown in (A). mRNA levels of copper 
associated subclinical hepatitis (n = 6 dogs) is shown in (B). mRNA levels of Doberman 
hepatitis (n = 6 dogs) is shown in (C). Data represent mean + SD. 
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Figure 4. Quantitative Real-Time PCR of apoptosis and cell proliferation related genes. 
mRNA levels of non-copper associated subclinical hepatitis (n = 6 dogs) is shown in (A). 
mRNA levels of copper associated subclinical hepatitis (n = 6 dogs) is shown in (B). mRNA 
levels of Doberman hepatitis (n = 6 dogs) is shown in (C). Data represent mean + SD. 
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Western blots analysis on metallothionein proteins during copper toxicosis 
 
Measurements on the mRNA levels of MT1A showed a marked decrease in gene 
expression in the DH group. In order to see whether this decrease was also occurring 
at the protein level, Western blots were performed in order to confirm decreased 
mRNA levels. Therefore, the total amount of metallothionein was determined from 
Doberman pinschers with chronic hepatitis and high copper (DH-group) levels 
compared to healthy Dobermans. Metallothionein was detected in both samples, 
where it was present as a single band of 6 kDa (Figure 5). Interestingly, the immuno-
reactive band shows no difference in concentration between the two samples. 

15 kDa

1              2            3

10 kDa

 
Figure 5. Western blot analysis of the metallothionein proteins. Immunoreactive bands of 
total metallothionein of pooled fractions of the Doberman hepatitis (DH) group (n = 6 dogs) 
versus healthy controls (n = 8 dogs). Lane 1; Doberman hepatitis, Lane 2; Healthy control, 
Lane 3; protein precision marker. 
 
Total Glutathione measurements during copper toxicosis 
 
In order to determine whether the decrease in mRNA levels of GSS decreases the 
GSH levels, we measured the total amount of GSH. Interestingly, in Figure 6, the 
total amount of GSH in the high copper group is halved when compared to healthy 
controls. 
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Figure 6. Total glutathione (GSH) measurements during copper toxicosis in Doberman. Total 
GSH levels of pooled protein fractions of the Doberman hepatitis (DH) group (n = 6 dogs) 
versus healthy controls (n = 8 dogs). Data represent mean + SD. 

 
 

Discussion 
 

In the present study, the expression of a total of 15 gene products involved in copper 
metabolism of Doberman pinschers was measured. This provided insight into the 
molecular pathways of a canine copper-associated hepatic disease model ranging 
from subclinical hepatitis with elevated copper levels (CASH) to severe chronic he-
patitis with high hepatic copper levels (DH). Furthermore, these diseases were com-
pared to non-copper associated subclinical hepatitis (N-CASH). 
 
Because of the centrolobular accumulation of copper in the hepatocytes during 
copper toxicosis in the Doberman, a probable defect may be sought in the copper 
metabolism instead of a secondary effect due to, for instance, cholestasis. Recent 
findings by Mandigers et al. [17] indicated that Doberman pinschers with hepatitis 
and elevated copper concentrations suffer from impaired 64Cu bile excretion which 
is, together with other studies, conclusive that copper toxicosis exists in the Dober-
man pinscher. Furthermore, a double blind placebo-controlled study with the copper 
chelating agent, D-penicillamine, on Doberman pinschers with CASH showed a mar-
ked improvement of liver pathology [39]; currently, that agent is the only treatment 
option. 
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If copper is sequestered, in time metallothioneins will store the copper in lysosomes, 
as described by Klein et al. [40]. They found that chronic copper toxicity in Long-
Evans Cinnamon rats involved the uptake of copper-loaded metallothioneins into 
lysosomes, where it was incompletely degraded and polymerized into an insoluble 
material, which contained reactive copper. This copper initiated a lysosomal lipid 
peroxidation, which led to hepatocyte necrosis. Phagocytosis of this reactive copper 
by Kupffer cells amplified the liver damage. Histological examination of the DH 
(Figure 2) and CASH group samples revealed copper accumulation in hepatocytes 
and copper-laden Kupffer cells similar to that described by Klein et al. [40]; 
therefore, that can be denoted as benchmarks of chronic exposure to copper. 
 
In our study, the gene expression levels of several gene products involved in copper 
metabolism seem to be reduced in the DH and CASH groups when compared to 
healthy controls. Short term studies on in vitro models all show an induction of 
MT1A or CP indicative of a higher storage respectively efflux of copper from 
hepatocytes [41,42]. The reductions that are seen in our results could therefore be 
ascribed to the prolonged or chronic nature of copper accumulation as dogs in the 
high copper or DH group present clinical signs after 2 years. Therefore, our obser-
vations are not directly comparable with the short-term induced copper effects in 
vitro, but are clinically more relevant, showing the effects of long-term copper 
accumulation in Doberman hepatitis. However, Western blot experiments on metal-
lothionein, which stores the copper in lysosomes, did not show any reduction at the 
protein level. This observation could be ascribed to the antibody that binds all metal-
lothioneins, including metallothionein 2 (MT2A), which also is present in the liver. It 
remains to be proven if this effect is a compensation for the decrease of MT1A. 
 
In the earlier stages of copper accumulation, comparable to the CASH group, higher 
amounts of copper can still be excreted. Interestingly, in the N-CASH group, ATP7B 
is indeed induced compared to healthy controls, emphasizing a possible higher efflux 
of copper. Furthermore, from the two subclinical disease groups, the N-CASH group 
is the only one able to recuperate, whereas the CASH group will eventually turn into 
clinical hepatitis as seen in the DH group (data not shown). Taken together, our data 
suggest that in the Doberman pinchers copper accumulates in time and, finally, will 
have its negative effect on copper metabolism and induce oxidative stress. 
 
Oxidative stress has been ascribed to copper toxicosis as one of the most important 
negative effects [43]. We can confirm this with four different observations: (i) our 
measurements showed a decrease in mRNA levels of SOD1 and CAT, indicative of a 
reduction in the enzymatic defence against oxidative stress in all groups with copper 
accumulation; (ii) a reduction of GSS mRNA levels (glutathione synthesis), 
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indicative for a reduced glutathione level in these groups which is one of the most 
important non-enzymatic molecules against oxidative stress; (iii) the mRNA levels of 
GPX1 were significantly increased, indicating an increase in GSH oxidation; (iv) the 
decrease in GSH was confirmed by measuring total glutathione levels in the DH 
group towards healthy Doberman pinschers. A similar decrease in expression of anti-
oxidant enzymes was observed in ApoE-deficient mice in response to chronic in-
flammation [44], and inflammatory bowel disease (IBD) [45]. This indicates that 
chronic inflammation (copper toxicosis, atherosclerosis, IBD) is associated with re-
duced protection against enhanced exposure to ROS. 
 
Other effects of high copper can also be seen in the measurements on apoptosis and 
cell-cycle. Measurements on Bcl-2 and XIAP indicate a decrease of protection 
against apoptosis; however, the most affected hepatocytes will go into necrosis due 
to the formation of hydroxyl radicals by the Haber-Weiss reaction, which is 
catalyzed by copper [46]. A striking observation was made measuring p27KIP which 
was shown to be reduced up to 24-fold in the DH group. This could indicate an 
induction of cell-cycle compared to healthy controls. This could be ascribed to the re-
newal of hepatocytes, thus managing the total amount of copper in time. 
 
Whether differential gene expression is cause-or-consequence of hepatitis is un-
known. However, it is conceivable that the reduction in copper processing gene pro-
ducts might explain copper accumulation and the subsequent oxidative stress. 
Furthermore, recent Q-PCR measurements on non-copper related hepatitis and extra 
hepatic cholestasis suggest that ATP7A and CP are not down-regulated by inflam-
mation or cholestasis (data not shown). Therefore, we can conclude that the decrea-
sed expression of these gene products is a Doberman hepatitis specific effect. Other 
important copper associated gene products such as COX17, ATP7B, and MT1A are 
probably down-regulated due to inflammation. 
 
This study is the first to show the effect of prolonged exposure to different copper 
levels on oxidative stress and copper metabolism in canine livers. Our data supports 
that: (i) Doberman hepatitis is a new variant of primary copper toxicosis; (ii) there is 
a clear indication of a reduced copper excretion in the Doberman hepatitis group; (iii) 
there is a clear correlation between high copper levels and reduced protection against 
ROS; (iv) this Doberman hepatitis could be a good model to study copper toxicosis 
and its effects for several human copper storage diseases such as Indian childhood 
cirrhosis, non-Indian childhood cirrhosis, and idiopathic copper toxicosis, and pro-
vide the basis for possible future treatments in dog and even in man. 
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Abstract 
 
The recently discovered locus for copper toxicosis (CT) in Bedlington terriers (BT) 
has a 13-kb deletion enveloping the 187-bp exon-2 of the MURR1 (COMMD1) gene. 
This MURR1 gene is not only involved with biliary copper excretion but also 
associated with HIV-1 replication. The microsatellite C04107 lying in an intron of 
the MURR1 gene is highly associated with the disease but shows haplotype diversity. 
The only solid molecular test for the disease is by showing the deletion in exon-2 in 
cDNA in liver tissue; this test is not robust on RNA from peripheral leukocytes 
because of their low MURR1 expression level. Because of these drawbacks, we 
developed a new quantitative PCR (Q-PCR) protocol. Here we show that the MURR1 
exon-2/exon-3 ratio measured by Q-PCR on genomic DNA correlates perfectly with 
the microsattelite marker and with RT-PCR data from blood samples, buccal swabs, 
and liver biopsies. In view of the important role of MURR1 in cells of many tissues, 
this new test has a wide range of applications in comparative biomedical research. 
Furthermore, Q-PCR on DNA may be a new tool in general to analyze mutations that 
cannot be approached by standard methods. 
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Introduction 
 

Copper toxicosis (CT) affecting the liver was identified as an inherited disease in 
Bedlington terriers in 1975 by Hardy et al. [1]. CT is inherited as an autosomal reces-
sive disorder [2] characterized by an inefficient excretion of copper via the bile [3]. 
The result is a progressive accumulation of copper in the hepatocellular lysosomes, 
becoming histologically distinguishable from the normal situation at one year of age 
and leading to progressive hepatitis and cirrhosis [1,4,5]. The disease appeared to be 
caused by a 13-kb deletion in a then unknown gene that plays a crucial role not only 
in copper metabolism but also in other cell functions. Recent research revealed that 
(i) MURR1 (also known as COMMD1) restricts HIV-1 replication in resting CD4+ 
lymphocytes by increasing NF-κB activity [6], (ii) MURR1 is a regulator of the 
human δ epithelial sodium channel [7], and (iii) there is a novel role for XIAP, an 
anti-apoptotic protein, in copper homeostasis through regulating MURR1 [8]. Close 
linkage of the microsattelite marker C04107 to the disease was found by Yuzbasiyan-
Gurkan et al [9]. C04107 lies in an intron of the causative gene MURR1 [10]. 
Because of haplotype diversity, however, it is less reliable for diagnostic testing [11-
13]. It proved impossible to develop a practical PCR reaction to show the absence or 
presence of the 13-kb deletion because only one side of the deletion could be iden-
tified [14]. Therefore, the only PCR-based molecular test possible today is by 
showing the deletion of exon-2 by RT-PCR on RNA from liver tissue. MURR1 
expression level is very low in peripheral leukocytes, which makes a robust RT-
PCR-based test less feasible (unpublished). Because of these drawbacks, we develop-
ed a new DNA-based method based on a variation of the Q-PCR protocol recently 
reported by Faugere et al [15], by measuring the ratio of exon-2 to exon-3. A clear 
correlation between this ratio and independent genotyping was found. We show that 
two-tube Q-PCR on small amounts of DNA from peripheral blood leukocytes or 
buccal swabs provides a reliable alternative for molecular diagnostics of this muta-
tion, providing a new tool to evaluate mutations that cannot be approached with 
standard methods. 

 
 

Materials and methods 
 
DNA isolations from whole blood 
 
Genomic DNA was isolated from 4 ml of blood collected in EDTA tubes by using 
the Qiagen QIAamp DNA Mini Kit (Hilden, Germany) and blood and body fluid 
spin protocol according to the manufacturer’s instructions. The DNA samples were 
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digested with Qiagen Ribonuclease A (28 U) to remove RNA. The amount of DNA 
was quantified spectrophotometrically by the absorbance at λ = 260 nm. 
 
DNA isolations from swabs 
 
Genomic DNA obtained from buccal swabs (Omni Swabs, Fitzco Inc., Spring Park, 
MN) was isolated by using the Qiagen QIAamp DNA Mini Kit and buccal swab spin 
protocol according to the manufacturer’s instructions. DNA samples were digested 
with Qiagen Ribonuclease A (28 U) to remove RNA from samples. The amount of 
DNA was quantified spectrophotometrically by absorbance at λ = 260 nm. 
 
Quantitative PCR 
 
Q-PCR involved amplification of two exons of the MURR1 gene with primers in 
combination with high-affinity, double-stranded (ds), DNA-binding dye SYBR green 
I (SYBR® green I, BMA, Rockland, ME). Reactions were performed in triplicate in a 
spectrofluorometric thermal cycler (iCycler®, BioRad Laboratories, Hercules, CA). 
Data were collected and analyzed with the provided application software. For each 
real-time PCR reaction, 1.67 µl of genomic DNA (1–100 ng/ml) were used in a 50-µl 
reaction volume containing 1× manufacturer’s buffer (Applied Biosystems, Roche, 
Brandenburg, NJ), 0.5× SYBR® green I, 200 µM dNTPs (PromegaBenelux, Leiden, 
The Netherlands), 20 pmol of both primers (Table 1) that were designed using 
PrimerSelect software (DNASTAR Inc., Madison, WI), and 1.25 units of AmpliTaq 
Gold (Roche, Brandenburg, NJ) on 96-well iCycler iQ plates (BioRad Laboratories). 
All PCR protocols included a 5-min polymerase activation step followed by 40 
cycles consisting of a 95°C denaturation for 20 sec, annealing at 60°C for 30 sec, and 
an elongation step at 72°C for 30 sec with a final extension step for 5 min at 72°C. 
Melt curves (iCycler, BioRad), agarose gel electrophoresis, and standard sequencing 
procedures were used to examine each sample for purity and specificity (ABI PRISM 
3100 Genetic Analyzer, Applied Biosystems, Foster City, CA). Standard curves con-
structed by plotting the relative starting amount versus threshold cycles were gene-
rated using serial fourfold dilutions of pooled DNA fractions containing DNA from 
healthy dogs. The amplification efficiency, E (%) = (10(1/−s) −1)*100 (s=slope), of 
each standard curve was determined and appeared to be greater than 95% and less 
than 105%, over a large dynamic range. For each experimental sample the amount of 
MURR1 exon-2 and the amount of the endogenous reference MURR1 exon-3 were 
determined from the appropriate standard curve in autonomous experiments. Results 
were normalized according to the average amount of the endogenous reference.  
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Table 1. Primer sets 
 

Gene Primer sequence (5′–3′) Annealing products 
MURR1 exon-2 Forward: GACCAAGCTGCTGTCATTTCCAA 60(°C) 122 bp 
  Reverse: TTGCCGTCAACTCTCCAACTCA     
MURR1 exon-3 Forward: GTTCATGATCCCTCCCCAGTG 60(°C) 118 bp 
  Reverse: AAAGACAAAAGAAATCTCAGCAAGTG     

 
Animals 
 
For the MURR1 exon-2 vs. exon-3 expression experiment, nine dogs from our bree-
ding colony were used. These dogs were offspring of Bedlington terriers with copper 
toxicosis (proven by liver histology) and beagles. Eight of these dogs were known 
heterozygous carriers; one was homozygous affected. One healthy dog, not Bedling-
ton terrier associated, served as a control. The RT-PCR was performed on liver tissue 
as described by van de Sluis et al. [10]. For further validation 11 dogs from our in 
house breeding colony (seven from the first experiment and 4 new born affected) 
were used next to six healthy dogs, not Bedlington terrier associated. In addition, we 
used stored DNA samples isolated from peripheral blood leukocytes from 20 
purebred Bedlington terriers of which the status was assessed with the microsattelite 
marker C04107. 
 
 

Results 
 
The results of Q-PCR of exon-2 were expressed as a fraction of the measured amount 
of exon-3 for which all animals are homozygous. For all eight dogs known to be 
heterozygous (RT-PCR) the ratio exon-2/exon-3 appeared very close to 0.5. In the 
single affected dog (RT-PCR) from our colony the ratio was close to zero (Table 2). 
Because taking buccal swabs is less invasive than blood sampling, we measured in 
four dogs (two carriers, one affected, and one healthy) the exon-2/exon-3 ratio in 
buccal swab–derived DNA. These ratios closely resembled the results from whole 
blood. To make sure that there was no confounding effect of the dogs’ age with 
regard to the exon-2/exon-3 ratio; we measured this ratio repetitively over a wide age 
range.  
 
As shown in Figure 1, the exon-2/exon-3 ratio was not influenced by age. To com-
pare this new technique with the microsatellite marker C04107, we measured blindly 
the exon-2/exon-3 ratio in blood samples from 20 purebred Bedlington terriers 
(Table 3).
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Table 2. Q-PCR on MURR1 exon-2 vs. exon-3 expression in whole blood, in nine mixed-
breed dogs and one healthy dog. Nos. 1 to 8-carrier (C) 9 and 10-affected (A) (one dog), 11-
healthy (H). Values, measured in triplicate, are expressed as mean ± SE. 
 

Dog Liver tissue MURR1 exon2/exon3ratio Whole blood 
1 C 0.36 ± 0.08 
2 C 0.37 ± 0.05 
3 C 0.43 ± 0.0 
4 C 0.42 ± 0.01 
5 C 0.49 ± 0.01 
6 C 0.52 ± 0.09 
7 C 0.46 ± 0.02 
8 C 0.48 ± 0.13 
9 A 0.00 ± 0.0 
10 A 0.00 ± 0.0 
11 H 0.93 ± 0.10 
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Figure 1. Quantitative PCR on MURR1 exon-2/exon-3 ratio in healthy, carriers, and affected 
dogs; long-term reproducibility. In affected dog, ratio was close to zero at each time point. 
Heavy bar indicates mean within groups. 
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Table 3.  MURR1 exon-2 vs. exon-3 expression in 20 pure-bed Bedlington terriers in whole 
blood, formerly diagnosed with the C04107 microsattelite marker 
 
 
 
 

 
 
 

Discussion 
 
We have found that Q-PCR on DNA isolated from blood samples and buccal swabs 
permits differentiation between affected, heterozygote, and healthy individuals. The 
accuracy is very high and it is valid, independent of age. The application of Q-PCR 
on genomic DNA is principally different from that in RT-PCR reaction. It should be 
noted that RT-PCR amplification is not a gold standard; it may be hard to read the 
difference between heterozygotes and healthy homozygotes for two reasons; first, 
organ-specific splice variants [10], second, low expression levels, as was the case in 
peripheral blood leukocytes. Quantitative evaluation of PCR products has been de-
veloped to analyze differential levels of expression of genes involved in pathways 
under study. Quantitative analysis at the level of DNA aims at measuring within a 
narrow variation; there may be zero, one, or two copies of an allele of interest. 
Therefore, it was critical to evaluate the sensitivity and reproducibility of the mea-
surements performed in this study. 
 
We have validated the method described in several ways. First, we used the non-
affected adjacent exon-3 as an internal standard. While the possible forms of exon-2 
were absent, present, or double present, the normal exon-3 could be present only 
twice. Exon-3 could therefore serve as a standardization factor for the outcome of 
amplification of exon-2, with both PCR reactions being carried out on the same 
narrow region of genomic DNA. We obtained similar results when the reference 
gene GAPDH was used as an internal standard (data not shown), emphasizing the 
validity of using exon-3 as an internal standard. Second, all reactions were done in 
triplicate to analyze the reproducibility, proving little variation in the outcomes of the 
measurements per sample (Tables 2 and 3, Figure 1). Third, final proof of validation 
was obtained by performing the quantitative genomic PCR reaction on DNA of 
animals of which the genetic status could be assessed independently. Our colony of 
cross-bred dogs was obtained by mating an affected Bedlington terrier sire to healthy 
beagle dams, producing offspring of obligatory heterozygote carriers. Samples of 
these dogs could serve as an independent gold standard. In freshly isolated whole-

Group Range Median 
Affected (n = 3) 0.002–0.083 0.016 
Carrier (n = 11) 0.39–0.60 0.44 
Healthy (n = 6) 0.92–1.15 0.99 
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blood samples, we could test the smallest possible variation 1× exon-2 compared 
with 2× exon-3 in nine of these dogs. There was 100% agreement between the out-
come of the Q-PCR reaction and the genetic status of these nine dogs (Table 2), and 
also between the outcomes of this new test and those of microsattelite marker 
C04107 genotyping in 20 Bedlington terriers (Table 3).  
 
This report emphasizes the value of successful application of quantitative genomic 
PCR for molecular diagnostics of a genetic mutation [15]. This method should there-
fore be more generally applicable, especially if large genomic deletions are involved, 
mRNA levels are very low, or there is the presence of splice variants. It should also 
be possible to develop a test for other mutations that cannot be evaluated with stan-
dard methods by variants of this quantitative genomic PCR reading. 
 
The MURR1 gene that underlies a newly discovered copper storage disease has to be 
analyzed with respect to its function in copper homeostasis. From its phenotypical 
impact in dogs with the disease, one may conclude that MURR1 has a major role in 
the cellular handling of copper. In analogy to dogs, defects in this gene will also 
appear to relate to pathologies in humans and rodent models, as emphasized by 
recent publications. For instance, Tao et al. [16] demonstrated that the Wilson 
disease protein, a copper-transporting ATPase, directly interacts with the human 
homolog of MURR1 in vitro and in vivo. Ganesh et al. [6] found that MURR1 
restricts HIV-1 replication in resting CD4+ lymphocytes. Furthermore, Burstein et al. 
[8] discovered an association between the anti-apoptotic protein XIAP and MURR1. 
Biasio et al. [7] showed that the MURR1 protein functions as a regulator of the 
human δ epithelial sodium channel. Genetic screening for MURR1 mutations is thus 
expected to become very important in comparative studies on the role of MURR1 in 
different cellular processes in man and animals. 
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Abstract 
 
A deletion in the copper metabolism MURR1 domain-containing protein 1 
(COMMD1) is associated with hepatic copper toxicosis in dogs. Although a role in 
copper metabolism of COMMD1 has been suggested, evidence of copper retention in 
COMMD1 depleted hepatic epithelial cells has not been shown. We used dog hepatic 
epithelial cells and analysed the copper metabolic function after siRNA mediated 
COMMD1 knock-down. An 80% reduction for both mRNA and protein was ob-
tained with 50 nM siRNA. Exposure to 64Cu resulted in a 1.5-fold increase in copper-
retention in COMMD1 depleted cells. COMMD1 depleted cells were almost three 
times more sensitive to high extra-cellular copper concentrations. Copper-mediated 
regulation of MT1A gene expression was additively induced in COMMD1 depleted 
cells upon extra-cellular copper treatment. Q-PCR on most other copper excretory 
and storage gene-products did not indicate any compensatory effect after COMMD1 
depletion. We conclude that COMMD1 has a major function in copper retention in 
hepatic epithelial cells. 
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Introduction 
 
The COMMD family is characterized by the presence of a conserved and unique 
motif called COMM (Copper Metabolism MURR1 containing) domain [1]. 
COMMD1, previously known as MURR1, functions as an interface for protein-pro-
tein interactions [2]. Several functions of COMMD1 have been reported such as the 
regulation of sodium transport, and copper metabolism [3,4]. Recently COMMD1 
has also been associated with other cells such as T-cells, where COMMD1 inhibits 
HIV-1 growth in unstimulated CD4+ T-cells [5]. This inhibition was mediated in part 
through its ability to inhibit basal and cytokine-stimulated nuclear factor NF-kappaB 
activity [2]. In vivo studies are hampered due to lack of COMMD1-/- mice. COMMD1 
was shown to be mutated in Bedlington terriers in association with massive accu-
mulation of hepatic copper subsequently leading to increased oxidative stress, hepa-
titis, and finally cirrhosis [6]. The deletion of exon-2 in Bedlington terriers leads to 
the complete absence of the protein [7]. The phenotype of the affected Bedlington 
terriers does not indicate a role for COMMD1 in sodium transport or immune regu-
lation.  
 
The precise role of COMMD1 in copper metabolism has not yet been fully eluci-
dated. In a human embryonic kidney epithelial cell line mRNA interference experi-
ments showed an increased retention of copper in kidney cells (HEK293) during 
silencing of the gene [8]. COMMD1, which has the highest expression in the liver, 
was also found to be expressed in heart, kidney, muscle, and placenta [7]. However, 
in the Bedlington terriers copper accumulation is restricted to the liver only. For 
further elucidation of the role of COMMD1 in hepatic copper metabolism, studies in 
liver cells, preferably derived from dogs, are therefore required. 
 
In order to clarify the role of COMMD1 in copper metabolism of dog liver epithelial 
cells we used a RNA interference (RNAi) strategy to target the COMMD1 gene 
product. Small interfering RNA’s (siRNA’s) have been shown to be of great value in 
knocking down specific gene-products in a variety of biological systems [9-12]. 
COMMD1 specific siRNA’s were transfected into bile-ductular epithelial (BDE) 
cells which display all characteristics of hepatocytes, such as production of serum 
albumin and ceruloplasmin. Furthermore we investigated the differences in 64Cu re-
tention and cell-viability in BDE cells after COMMD1 gene silencing with siRNA’s. 
Differential expression of genes involved in known pathways of copper metabolism 
was measured to evaluate effects of the loss of COMMD1 on these pathways. Our 
results (i) confirmed that COMMD1 has an essential role in copper accumulation in 
hepatic epithelial cells; (ii) gave no indications for general compensatory mecha-
nisms; (iii) showed that COMMD1 depletion sensitizes canine hepatic cells to high 
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extracellular copper levels; (iv) copper-mediated up-regulation of metallothionein by 
excessive copper levels is increased in COMMD1 depleted cells. 
 
 

Materials and methods 
 
Hepatic epithelial cells 
 
Canine bile-duct epithelial (BDE) cells were acquired from the Amsterdam Medical 
Center, Experimental Liver cell bank (Amsterdam, The Netherlands) [13]. BDE cells 
are characterized by ceruloplasmin and serum albumin expression (data not shown), 
exemplifying its hepatic stem cell origin. BDE cells were grown in DMEM (Life 
Technologies, Inc., Invitrogen, Breda, The Netherlands) supplemented with 580 mg/l 
glutamine, 10 µg/ml gentamicin, and 10% (v/v) heat-inactivated fetal calf serum 

(FCS; Harlan Sera-Lab, Loughborough, United Kingdom) at 37°C in a humidified 
atmosphere of 5% CO2 in air. Cells were split once every week, all measurements 
were performed within 15 passages. Mycoplasma testing was performed once every 
two months, all measurements were deemed negative (data not shown).  
 
Establishment of COMMD1 knock-down in canine BDE cells 
 
For silencing experiments, Stealth™ dsRNA molecules were obtained from 
Invitrogen. A specific sequence for canine COMMD1 silencing (5’-CCCUGUUGC-
CAUAAUGGAGCUGGAA-3’) was selected after general recommendations (In-
vitrogen) and was designed from the canine COMMD1 gene sequence (Genbank 
accession number NM_001003055). A nonsense sequence was used as a negative 
control (5’-GCAGGUGCUAGUACAAGUCCGACAA-3’). Transfection was perfor-
med with the Magnet Assisted Transfection (MATra) technique (IBA BioTAGno-
logy/Westburg b.v., Leusden, The Netherlands), in combination with Lipofect-
amine2000™ (Invitrogen), according to the manufacturer’s instructions. In short, 50 
nM siRNA molecules were transfected into the cell-lines in the presence of an opti-
mized concentration Lipofectamin2000™ (1.2 µl/ml), for 20 minutes on the plate 
magnet under cell-culture conditions. After transfection, cells were washed twice 
with HBBS and growth media including antibiotics replaced the transfection media. 
Control samples were mock transfected with Lipofectamine2000™ and magnetic 
beads from the MATra technique, a nonsense siRNA transfection was also used. 
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Copper treatment 
 
BDE cells were plated into 96-well plates in a final concentration of 0.4*105 cells/ml 
in supplemented DMEM media. Cells were transfected with media (control), 
COMMD1 siRNA’s, or nonsense siRNA’s 24 hours after seeding. For copper treat-
ment, a copper wire was dissolved in 50 µl concentrated HNO3 (10.3 M) and neutra-
lized with 1.3 ml 0.5 M NaOH. DMEM media with additives was added to a final 
concentration of 4.7 mM copper. A serial dilution of 600 to 0 µM copper was used in 
DMEM media with additives. Treatment started 24 hours after transfection. 48 Hours 
after treatment, proliferation and viability was measured with a MTT assay (5 
mg/ml). Statistical significance of differences in viability of the COMMD1 siRNA 
treated cell-lines at different copper concentrations compared to control cells was 
determined by a one-way ANOVA using the Dunnett multiple comparisons test. P< 
0.05 was considered to indicate statistical significance. Analysis was performed 
using SPSS software (SPSS Benelux, Gorinchem, the Netherlands). 
 
RNA isolation and Reverse-transcription polymerase chain reaction 
 
For total cellular RNA isolation we used the Qiagen RNeasy Mini Kit (Qiagen, 
Leusden, The Netherlands) according to the manufacturer’s instructions. In short, 
RNA was isolated from each sample by adding 350 µl lysis buffer (RLT containing 1 
% (v/v) β-mercaptoethanol) directly after decanting the media. The RNA samples 
were treated with DNase-I (Qiagen RNase-free DNase kit). In total 3 µg of RNA 
were incubated with poly(dT) primers at 42°C for 45 min, in a 60 µl reaction volume, 
using the Reverse Transcription System from Promega (Promega Benelux, Leiden, 
The Netherlands). 
 
Quantitative measurements of the mRNA levels 
 
Quantitative real-time PCR (Q-PCR) was performed on a total of 9 gene products; 
GAPDH, HPRT, COMMD1, ATOX1, COX17, ATP7B, metallothionein (MT1A), 
ceruloplasmin (CP), and X-linked inhibitor of apoptosis (XIAP). The abundance of 
mRNA was measured by real-time quantitative PCR using appropriate primers 
(Table 1) as previously described [14]. In short, Q-PCR was based on the high affi-
nity double-stranded DNA-binding dye SYBR® green I. For each experimental 
sample, the amount of the gene of interest and of the two independent endogenous 
references (glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hypoxanthine 
phosphoribosyl transferase (HPRT)) was determined from the appropriate standard 
curve in independent experiments. If relative amounts of GAPDH and HPRT were 
constant for a sample, data were considered valid and the average amount was in-
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cluded in the study (data not shown). Results were normalized according to the 
average amount of the endogenous references. The normalized values were divided 
by the normalized values of the calibrator (healthy group) to generate relative ex-
pression levels [15]. Statistical significance of differences between treated and con-
trol samples were determined by using the Mann-Whitney U-test. A p-value < 0.05 
was considered statistically significant. Analysis was performed using SPSS software 
(SPSS Benelux, Gorinchem, The Netherlands). 
 
Western blot analysis  
 
Samples were homogenized in 350 µl RIPA buffer containing 1 % Igepal, 0.6 mM 
PhenylMethylSulfonyl Fluoride (PMSF), 17 µg/ml aprotinine, and 1 mM sodium 
orthovanadate (Sigma chemical Co., Zwijndrecht, The Netherlands) for 30 minutes 
on ice. Protein concentrations were obtained using a Lowry-based assay (DC Protein 
Assay, BioRad, Veenendaal, The Netherlands). Fifteen µg of protein of the super-
natant was denatured for 3 min at 95oC, electrophoresis was performed on 15 % Tris-
HCl polyacrylamide gels (BioRad). Proteins were transferred onto Hybond-C Extra 
Nitrocellulose membranes (Amersham Biosciences Europe, Roosendaal, The 
Netherlands) using a Mini Trans-Blot® Cell blot-apparatus (BioRad). The procedure 
for immunodetection was based on an ECL Western blot analysis system, performed 
according to the manufacturer’s instructions (Amersham Biosciences Europe). The 
membranes were incubated with 4 % ECL blocking solution and 0.1 % Tween 20 
(Boom B.V., Meppel, The Netherlands) in TBS for 1 hour under gentle shaking. 
Primary antibodies were incubated at 4oC overnight. For COMMD1 a mouse anti-
dog COMMD1 antibody (obtained from the department of metabolic diseases, 
Wilhelmina Children’s Hospital, The Netherlands) was used in a dilution of 1:1,000 
in TBST with 4% BSA. As a loading control a mouse anti-dog Beta-Actin antibody 
was used in a 1:2,000 dilution in TBST with 4% BSA. After washing, the 
membranes were incubated with a goat anti-mouse antibody (R&D Systems-
/Westburg b.v.) in TBST with 4% BSA for 1 hour at room temperature. Exposures 
were made with Kodak BioMax Light-1 films (Sigma chemical Co.). Densitometric 
analysis of immunoreactive bands was performed with a Gel Doc 2000 system cou-
pled to the Quantity One 4.3.0 software (BioRad). 
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Table 1. Nucleotide Sequences of Dog-Specific Primers for Quantitative Real-Time PCR 
 
Gene F/R Sequence (5’-3’) Tm 

(oC) 
Product 
size (bp) 

Accession 
number 

GAPDH F TGT CCC CAC CCC CAA TGT ATC 58 100 AB038240 
 R CTC CGA TGC CTG CTT CAC TAC CTT    
HPRT F AGC TTG CTG GTG AAA AGG AC 56 100 L77488 /  
 R TTA TAG TCA AGG GCA TAT CC   L77489 
COMMD1 F GAC CAA GCT GCT GTC ATT TCC AA 58 122 AY047597 
 R TTG CCG TCA ACT CTC CAA CTC A    
ATP7B F GGT GGC CAT CGA CGG TGT GC 56 136 AY603039 
 R CGT CTT GCG GTT GTC TCC TGT GAT    
MT1A F AGC TGC TGT GCC TGA TGT G 64 130 D84397 
 R TAT ACA AAC GGG AAT GTA GAA AAC    
COX17 F ATC ATT GAG AAA GGA GAG GAG CAC 60 127 AY603041 
 R TTC ATT CTT CAA GGA TTA TTC ATT TAC A    
ATOX1 F ACG CGG TCA GTC GGG TGC TC 67 137 AF179715 
 R AAC GGC CTT TCC TGT TTT CTC CAG    
CP F AAT TCT CCC TTC TGT TTT TGG TT 62 97 AY572227 
 R TTG TTT ACT TTC TCA GGG TGG TTA    
XIAP F ACT ATG TAT CAC TTG AGG CTC TGG TTT C 54 80 AY603038 
 R AGT CTG GCT TGA TTC ATC TTG TGT ATG    
 
F: Forward primer; R: reversed primer 
 
Radioactive Copper Analysis 
 
BDE cells were plated into 6-well plates in a final concentration of 0.4*105 cells/ml 
in supplemented DMEM media. Cells were transfected with media (control), 
COMMD1 siRNA’s, or nonsense siRNA’s 24 hours before treatment as described 
above. Cells were treated with three different copper concentrations in independent 
experiments; 100, 50, and 25 µM copper. An MTT assay (5 mg/ml) was ran in paral-
lel to measure the viability to correct for cell-death due to copper treatment. The 64Cu 
isotope was made using metallic copper wire (1.5 mg) that was irradiated over-night 
in a reactor at a thermal neutron flux rate of 5*1016 m-2s-1, providing an induced acti-
vity of approximately 35 MBq.mg-1. Upon arrival, approximately four hours after 
irradiation and 30 minutes prior to the start of the study, the copper wire was 
dissolved in 50 µl concentrated HNO3 (10.3 M) and neutralized with 1.3 ml 0.5 M 
NaOH. DMEM media was added to a final concentration of 4.7 mM copper. Cells 
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were incubated in 100, 50, and 25 µM copper for 48 hours. After treatment media 
was removed and cells were washed three times with Hanks. After washing 2 ml of 
0.2% (w/v) SDS in ETN buffer (10 nmol EDTA, 10 mmol Tris-HCl, and 100 mmol 
NaCl pH 7.0) was added to lyse the cells and cell-lysates were pipetted into counting 
tubes. Emission was measured in individual tubes containing media, washing steps, 
or lysate in a Packard B5003 gamma-counter (Packard BioScience Benelux, Gro-
ningen, The Netherlands) between 450 and 800 keV for 2 minutes. Statistical signify-
cance of differences in gamma-counts of the COMMD1 depleted cell-lines compared 
to control and mock treated cells were determined by a one-way ANOVA using the 
Dunnett multiple comparisons test. P< 0.05 was considered to indicate statistical 
significance. Analysis was performed using SPSS software (SPSS Benelux, Gorin-
chem, the Netherlands). 
 

Results 
 
COMMD1 Gene-silencing 
 
Using the Lipofectamine reagent, we transfected canine hepatic epithelial cells with 
siRNA based on the canine COMMD1 gene sequence. The transfection-efficiency 
was optimized and proved to be greater than 95% of the total amount of cells 
(assayed with FITC-labeled siRNA). Staining was observed in the cytoplasm and 
partially surrounding the nucleus (data not shown). When treated with the optimal 
amount of siRNA (50 nM) for 72 hours, the COMMD1 expression was markedly 
reduced (Figure 1A). Cells treated with nonsense siRNA exhibited a similar 
expression pattern as the untreated control cells (Figure 1A). Western blotting 
(Figure 1B) yielded a 25 kDa band immunoreactive to COMMD1 in the untreated 
control and nonsense siRNA transfected samples. At 48 h after transfection a marked 
decrease was observed in signal intensity for COMMD1 compared to controls. 
Densitometric analysis indicated an 80% reduction of COMMD1 protein levels in the 
siRNA treated samples. Gene-expression measurements and protein analysis did not 
indicate any effect on COMMD1 levels treated with different concentrations of 
extracellular copper over a two-day period. 
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Figure 1. Relative mRNA levels of BDE cells for COMDD1 is shown in (A). Western blot 
analysis for the 25 kDa COMDD1 and loading control beta-actin (43 kDa) is shown in (B), 
data expressed as mean + SD. Statistical significance of differences between treated and 
control samples were determined by using the Mann-Whitney U-test. A p-value < 0.05 was 
considered statistically significant. 
 
Gene-expression measurements on copper-metabolism proteins 
 
Gene-expression of several products involved in copper metabolism were measured 
to gain insight into the effect of COMMD1 knockdown in BDE cells; e.g. ATOX1, 
COX17, ATP7B, MT1A, CP, and XIAP. In Figure 2, results showed no significant 
changes in gene-expression of the nonsense siRNA treated samples. In contrast, the 
COMMD1 siRNA treated samples did show a two-fold decrease in gene-expression 
of the copper chelating proteins COX17 and ATOX1. Ceruloplasmin (CP), an impor-
tant excretory protein also showed a two-fold decrease in gene-expression in the 
COMMD1 depleted cells. ATP7B, an ATPase from the trans-Golgi network involved 
in copper metabolism showed a similar result in a two-fold decrease in gene-
expression.  The mRNA levels of XIAP, recently linked with COMMD1, was also 
reduced two-fold. In contrast metallothionein (MT1A), an important copper storage 
protein did not show any changes after treatment with siRNA’s. 
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Figure 2. Gene-expression analysis of copper metabolism related proteins. Gene-expression 
of copper associated proteins, e.g. ATOX1, COX17, ATP7B, MT1A, CP, and XIAP, was 
measured three days after transfection. Data depicts mean + SD. Statistical significance of 
differences between treated and control samples were determined by using the Mann-Whitney 
U-test. A p-value < 0.05 was considered statistically significant. 
 
Copper treatment on BDE cells 
The sensitivity towards extracellular copper of COMDD1 depleted cells was 
determined by the frequently used MTT cell viability assay. Mock transfected cells 
and nonsense siRNAs were used as a control. Results in Figure 3 showed that the 
ED50 of the COMMD1 depleted cells was reduced almost three-fold from approxi-
mately 70 to 27 µg/ml.  
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Figure 3. Cell viability after two day copper treatment with a serial dilution of copper. 
Viability of mock transfected (control), COMMD1 siRNA treated, and nonsense treated BDE 
cells after a two-day treatment of a serial dilution of copper. Viability was assessed with an 
MTT assay and corrected to percentage viability. MTT measurements did not indicate a 
decrease in viability in the non-copper treated samples (data not shown) between control, 
COMMD1 treated, and nonsense treated. Statistical significance of differences in viability of 
the COMMD1 siRNA treated cell-lines at different copper concentrations compared to 
control cells was determined by a one-way ANOVA using the Dunnett multiple comparisons 
test. * = p < 0.05 was considered to indicate statistical significance. 
 
Measurements on radioactive labeled copper in COMMD1 depleted cells 
 
BDE cells were treated with different copper concentrations (0, 25, 50, 100 µM) for 
two days, control remained untreated. A MTT assay was run in parallel to correct for 
cellular-death. Results (Figure 4) showed the average amount of gamma-counts 
corrected for the percentage viable cells. After 2 days in the presence of 25 µM 
copper retention was not statistically different between COMMD1 depleted and 
mock- and nonsense-treated control cells. With increasing extracellular copper con-
centrations a significant difference between COMMD1 depleted and control cells 
occurred. Copper retention was increased 1.5-fold in the 100 µM copper treated 
COMMD1 siRNA treated group. 
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Figure 4. Copper isotope measurements in COMMD1 depleted cells. Copper isotope (64Cu) 
measurements in mock transfected (control), COMMD1 siRNA treated, and nonsense treated 
BDE cells after a two-day treatment of a 25 µM, 50 µM, and 100 µM 64Cu. Gamma-counts 
were corrected for cellular death by means of an MTT assay which ran in parallel. Statistical 
significance of differences in gamma-counts of the COMMD1 depleted cell-lines compared to 
control and mock treated cells were determined by a one-way ANOVA using the Dunnett 
multiple comparisons test. A p-value < 0.05 was considered statistically significant. 
 
Copper effects on Metallothionein gene-expression in COMMD1 depleted cells  
 
Metallothionein (MT1A) is known to be regulated by intracellular copper levels [17]. 
In order to show copper effects on MT1A gene-expression, cells were exposed to the 
same copper concentration range as in the survival and copper accumulation expe-
riment. As depicted in Figure 5, MT1A mRNA expression is upregulated two-fold 
after 50 µM copper, and seven-fold after 100 µM copper treatments in COMMD1 
expressing cells. Interestingly COMMD1 depleted cells showed a 15-fold increase in 
MT1A expression after 100 µM copper treatment. Statistical analysis showed a 
significant change in the 100 µM treated group between non-depleted and COMMD1 
depleted cells. 
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Figure 5. Gene-expression analysis of metallothionein after copper treatment. Gene-
expression of copper metallothionein (MT1A) two days after copper treatment. Data depicts 
mean + SD. Statistical significance of differences between treated and control samples were 
determined by using the Mann-Whitney U-test. A p-value < 0.05 was considered statistically 
significant. 
 
 

Discussion 
 
COMMD1 was discovered after positional cloning and is responsible for an auto-
somal recessive form of hepatic copper toxicosis that affects Bedlington terriers [6]. 
Although an interaction with ATP7B was already described [18], the mechanism by 
which COMMD1 affects copper metabolism remains elusive. Here we report the 
characterization of COMMD1 depleted hepatic epithelial cells in order to describe 
the functions of the COMMD1 protein. 
 
Recently some exceptions of mutated COMMD1 were found in different breeds not 
resulting in increased hepatic copper [19]. It could be hypothesed in these cases yet 
another copper chaperone was responsible for the excretion (or storage) of excess 
copper. First choice of such compensatory proteins is ceruloplasmin or metallo-
thionein. In our studies we examined possible compensatory effects of these proteins. 
Although ceruloplasmin seemed to be reduced in COMMD1 depleted cells, metallo-
thionein did show an increase after copper treatment (Figure 2). The underlying 
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mechanisms leading to the changed mRNA levels of copper related gene products, 
other then COMMD1, needs further exploration. The observation that 25 µM copper 
treatment only slightly reduced cell-viability (Figure 3) indicated the cells ability to 
overcome the toxic effects when copper is presented in moderate amounts.  
 
The reduction in XIAP mRNA levels as seen in the COMMD1 depleted cells (Figure 
2) could decrease the cell-viability because XIAP is a major apoptosis inhibitory 
protein [20, 21]. The MTT measurements between mock transfected, nonsense 
siRNA-treated, and COMMD1 depleted cells were equal in standard media indica-
ting a similar cellular homeostasis. In the presence of high extra-cellular copper con-
centrations, COMMD1 depleted cells are indeed much more vulnerable for excessive 
extra-cellular copper than the nonsense and mock-controls. Studies in dogs showed 
that D-penicillamin improved liver pathology Dobermann dogs with subclinical 
hepatitis [22]. This is indicative for a primary role of copper in toxicity rather than a 
secondary effect or an epiphenomenon. 
 
At present no human copper storage diseases are associated with COMMD1 
mutations and no COMMD1-/- mice are available. In view of the relevance of the 
BDE cell line and the species used in this study, these in vitro data can be 
extrapolated to the only known clinical cases associated with COMMD1 mutations; 
hepatic copper accumulation in Bedlington terriers [23]. To facilitate future research, 
we have an in-house dog breed (mixed Bedlington with Beagle) that is homozygous 
for the exon-2 deletion in COMMD1. This allows us to study longitudinally and in 
great detail how copper toxicosis develops in vivo. More general, these dogs are 
potential animal models for chronic liver diseases, since at the genetic, clinical, and 
physical parameters, dogs resemble the human clinical situation much closer than 
mice [24].  
 
COMMD1 is localized within the cytoplasma within perinuclear compartments that 
do not represent mitochondria or lysozomes [7]. This observation together with the 
observed copper accumulation in COMMD1 depleted cells indicates the excretory 
function of COMMD1. Copper accumulation has previously been detected in 
COMMD1 depleted Human Embryonic Kidney (HEK) 293 Cells [8]. As copper is 
transferred to blood in the intestine, the liver is the first organ involved in the 
detoxification of high amounts of copper. In our measurements we show copper 
metabolism in a mammalian hepatic epithelial cell line with several biochemical 
techniques.  
 
We have shown that siRNA directed against canine COMMD1 strongly down 
regulate both COMMD1 mRNA and protein levels. This effect cannot be reverted by 
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high concentrations of extra-cellular copper (Figure 1). A reduction of COMMD1 
levels resulted in a higher sensitivity of these cells for extra-cellular copper concen-
trations (Figure 3). Clearly copper accumulation is higher in COMMD1 depleted 
cells than in the mock and nonsense siRNA treated cells (Figure 4). Finally, MT1A, 
which is strongly inducible by copper, is twice as much increased in COMMD1 
depleted cells. Taken together, in this study we showed the importance of COMMD1 
in copper metabolism with its excretory function in hepatic epithelial cells. 
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Abstract 

Apoptosis resistance occurs in various tumors. The anti-apoptotic XIAP protein is 
responsible for inhibiting apoptosis by reducing caspase-3 activation. Our aim is to 
evaluate whether RNA inhibition against XIAP increases the sensitivity of canine 
cell-lines for chemotherapeutics such as TRAIL and doxorubicin. We used small 
inhibiting RNA’s (siRNA) directed against XIAP in three cell-lines derived from 
bile-duct epithelia (BDE), mammary carcinoma (P114), and osteosarcoma (D17). 
These cell-lines represent frequently occurring canine cancers and are highly com-
parable to their human counterparts. XIAP knock-down was measured by means of 
quantitative PCR (Q-PCR) and Western blotting. The XIAP depleted cells were trea-
ted with a serial dilution of TRAIL or doxorubicin and compared to mock- and 
nonsense-treated controls. Viability was measured with a MTT assay. All XIAP 
siRNA treated cell-lines showed a mRNA knock-down over 80 percent. Western blot 
analysis confirmed mRNA measurements. No compensatory effect of IAP family 
members was seen in XIAP depleted cells. The sensitivity of XIAP depleted cells for 
TRAIL was highest in BDE cells with an increase in the ED50 of 14-fold, compared 
to mock- and nonsense-treated controls. The sensitivity of P114 and D17 cell-lines 
increased six- and five-fold, respectively. Doxorubicin treatment in XIAP depleted 
cells increased sensitivity in BDE cells more than eight-fold, whereas P114 and D17 
cell-lines showed an increase in sensitivity of three- and five-fold, respectively. 
XIAP directed siRNA’s have a strong sensitizing effect on TRAIL-induced apoptosis 
and a smaller but significant effect with the DNA damaging drug doxorubicin. The 
increase in efficacy of chemotherapeutics with XIAP depletion provides the rationale 
for the use of XIAP siRNA’s in insensitive canine tumors. In view of the comparable 
chemotherapeutic approach to canine and human mammary tumors as well as osteo-
sarcoma, in vivo studies are mutually beneficial for both man and dog. 
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Introduction 
 
The inhibitor of apoptosis proteins (IAPs) are a family of structurally related proteins 
with anti-apoptotic functions. To date, eight family members have been identified all 
carrying a functional baculovirus IAP repeat (BIR) domain. Members of the IAP 
family include Survivin, c-IAP1, c-IAP2, and X-linked inhibitor of apoptosis (XIAP) 
which directly bind and inhibit caspases 3, 7, and 9 [1]. XIAP (hILP/MIHA/BIRC4) 
is the most potent caspase inhibitor of all family members [2,3]. XAF1 and Smac-
/DIABLO regulate XIAP activity, which indicates an important function of this 
protein in maintaining proper apoptotic functions within the cell. 
 
Apoptosis can be initiated via the intrinsic and/or the extrinsic pathway [4]. The in-
trinsic pathway is activated by intracellular stress such as growth factor withdrawal, 
hypoxia, and DNA damage. In this pathway the caspase cascade is triggered by cyto-
chrome c release from the mitochondria. On the other hand the extrinsic apoptotic 
pathway is triggered by death receptors such as Fas/CD95, TNF receptor, and the 
TRAIL receptor. Activation of these death receptors usually involves caspase 8 acti-
vation which in turn activates effector caspases-3 and -7 [5,6]. Overall, activation of 
these two pathways is not distinctly separated as activation of one usually involves 
the other. Resistance to apoptosis is a hallmark of various (canine) cancers [6]. In-
deed in various (chemoresitant) tumors the XIAP protein has been shown to be 
induced when compared to normal tissue [7-9]. XIAP knockout mice have shown 
that the absence of XIAP does not have a negative effect on the development of 
normal tissues [10]. On the other hand, knockdown of XIAP with antisense tech-
niques provides antitumor activity in non-small-cell lung cancer (NSCLC) xenografts 
[11]. Furthermore studies with stable expression of short-hairpin RNAs (shRNA) 
against XIAP dramatically increased sensitivity of cell-lines to chemotherapies [12]. 
Thus, XIAP may represent a novel and tumor-selective therapeutic target for anti-
cancer drug design [13]. 
 
In this study we describe the use of siRNA’s directed against XIAP for sensitizing 
canine cell-lines to TRAIL and doxorubicin induced apoptosis. Whereas TRAIL 
treatment will provide proof of principle, sensitizing tumor cells to doxorubicin will 
greatly benefit the use of this chemotherapeutical in canine tumors. We chose three 
cell-lines derived from bile duct-, mammary-, and bone tumor-tissue which could 
provide the basis for the therapeutic use of siRNA’s. Taken together, in order to 
develop anti-neoplastic therapeutic protocols in dog tumors, which represent good 
clinical models [14], we investigated the effect of XIAP siRNA on different apop-
totic agents in canine tumor cell-lines. 
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Materials and Methods 
 
Cell-lines 
 
Canine bile duct epithelial (BDE) cells were acquired from the Amsterdam Medical 
Center, Experimental Liver cell bank (Amsterdam, The Netherlands) [15]. BDE cells 
were grown in DMEM (Life Technologies, Inc., Invitrogen, Breda, The Netherlands) 
supplemented with 580 mg/l glutamine, 10 µg/ml gentamicin, and 10% heat-inacti-
vated fetal bovine serum (FBS; Harlan Sera-Lab, Loughborough, United Kingdom) 
at 37°C in a humidified atmosphere of 5% CO2 in air. P114 canine mammary tumor 
cells were grown in DMEM:F12 medium (Invitrogen, Breda, The Netherlands) con-
taining 580 mg/l glutamine, 10 µg/ml gentamicin, and 10% FBS at 37°C in a 
humidified atmosphere of 5% CO2 in air [16]. The canine osteosarcoma cells (D17) 
were acquired from the American Type Culture Collection (ATCC, Cat.no. CRL-
6248) and were maintained in DMEM medium (Invitrogen) supplemented with 580 
mg/l glutamine, 10 µg/ml gentamicin, and 10% FBS at 37°C in a humidified atmos-
phere of 5% CO2 in air. For all experiments cells were seeded in a concentration of 4 
X 103 cells per well in a 96-well plate 24 hours before transfection. 
 
Establishment of XIAP knock-down in canine tumor cell-lines 
 
For silencing experiments, Stealth™ dsRNA molecules were obtained from Invi-
trogen. A specific sequence for canine XIAP silencing (5’-CCAUGUGCUAUACA-
GUCAUUACUUU-3’) was selected after general recommendations (Invitrogen) and 
was designed from the canine XIAP gene sequence (Genbank accession no. AY603-
038). A nonsense sequence was used as a negative control (5’-GCAGGUGCUAGU-
ACAAGUCCGACAA-3’). Transfection was performed with the Magnet Assisted 
Transfection (MATra) technique (IBA BioTAGnology/Westburg b.v., Leusden, The 
Netherlands), in combination with Lipofectamine2000™ (Invitrogen), according to 
the manufacturer’s instructions. In short, 50 nM siRNA molecules were transfected 
into the cell-lines in the presence of an optimized concentration Lipofectamin2000™ 
(1.2 µl/ml), for 20 minutes on the plate magnet under cell-culture conditions. After 
transfection, growth media including antibiotics replaced the transfection media. 
Control samples were mock transfected with Lipofectamine2000™ and magnetic 
beads from the MATra technique. 
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Treatments 
 
For TRAIL treatment, a serial dilution of 400 to 0 ng/ml recombinant TRAIL (R&D 
Systems Europe Ltd., Abingdon, United Kingdom) was used in DMEM media 
(Invitrogen) including 10 % FCS, glutamine (580 mg/l), and gentamycin (10 µg/ml). 
Treatment started 48 hours after transfection. After a 24 hour treatment proliferation 
and viability was measured with a MTT assay (5 mg/ml). For doxorubicin treatment, 
a serial dilution of 100 to 0 µg/ml doxorubicin hydrochloride (Pharmachemie b.v., 
Haarlem, The Netherlands) was used diluted in growth medium. Treatment started 48 
hours after transfection. After 24 hour treatment proliferation and viability was 
measured with a MTT assay (5 mg/ml). Statistical significance of differences in via-
bility of the XIAP siRNA treated cell-lines at different drug concentrations compared 
to control cells were determined by an one-way ANOVA using the Dunnett multiple 
comparisons test. P< 0.05 was considered to indicate statistical significance. Analysis 
was performed using SPSS software (SPSS Benelux, Gorinchem, the Netherlands). 
 
RNA isolation and Reverse-transcription polymerase chain reaction 
 
For total cellular RNA isolation we used the Qiagen RNeasy Mini Kit (Qiagen, 
Leusden, The Netherlands) according to the manufacturer’s instructions. In short, 
RNA was isolated from each sample by adding 100 µl lysis buffer (RLT containing 1 
% (v/v) β-mercaptoethanol) directly after decanting the media. The RNA samples 
were treated with DNase-I (Qiagen RNase-free DNase kit). In total 3 µg of RNA 
were incubated with poly(dT) primers at 42°C for 45 min, in a 60 µl reaction volume, 
using the Reverse Transcription System from Promega (Promega Benelux, Leiden, 
The Netherlands). 
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Table 1. Nucleotide Sequences of Canine Specific Primers for Real-Time Quantitative PCR. 
 

 
F: Forward primer; R: reversed primer 
 
Quantitative measurements of the mRNA levels 
 
Quantitative real-time PCR was performed on a total of 10 gene products; GAPDH, 
HPRT, XIAP, c-IAP1, c-IAP2, Smac/Diablo, p53, caspase-3, p27kip, and CCND1. 
The abundance of mRNA was measured by real-time quantitative PCR using appro-
priate primers (Table 1) as previously described [17]. In short, Q-PCR was based on 
the high affinity double-stranded DNA-binding dye SYBR® green I. For each experi-
mental sample, the amount of the gene of interest and of the two independent endo-
genous references (glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hypo-
xanthine phosphoribosyl transferase (HPRT)) was determined from the appropriate 
standard curve in autonomous experiments. If relative amounts of GAPDH and 

Gene F/
R 

Sequence (5’-3’) Tm 
(oC) 

Size 
(bp) 

Accession 
number 

GAPDH F TGT CCC CAC CCC CAA TGT ATC 58 100 AB038240 
 R CTC CGA TGC CTG CTT CAC TAC CTT    
HPRT F AGC TTG CTG GTG AAA AGG AC 56 100 L77488 /  
 R TTA TAG TCA AGG GCA TAT CC   L77489 
XIAP F ACT ATG TAT CAC TTG AGG CTC TGG TTT C 54 80 AY603038 
 R AGT CTG GCT TGA TTC ATC TTG TGT ATG    
c-IAP1 F AGG CGT CCC CGT GTC CGA GAG 68 96 XM_858260 
 R TAG CAT CAG GCC GCA GCA GAA GC    
c-IAP2 F AGG CCA ATG TAA TTA ATA AAC AGG A 62 94 DQ223014 
 R AAC TAA GAC AGT ATC AAT CAG TTC TCT C    
Smac F AGC AGA AGC TGC ATA TCA AAC TGG AG 62 90 XM_534661 
 R ACT TCC TGC ACC TGC GAC TTC AC    
p53 F GCC CCT CCT CAG CAT CTC ATC 67 100 NM_001003210 

 R GGC TCA TAA GGC ACC ACC ACA C    
Caspase 3 F ATC ACT GAA GAT GGA TGG GTT GGT 58 140 AB085580 
 R GAA AGG AGC ATG TTC TGA AGT AGC ACT    
p27KIP F CGG AGG GAC GCC AAA CAG G 60 90 AY455798 
 R GTC CCG GGT CAA CTC TTC GTG    
CCND1 F ACT ACC TGA ACC GCT 56 151 AY620434 
 R CGG ATG GAG TTG TCA    
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HPRT were constant for a sample, data were considered valid and the average 
amount was included in the study (data not shown). Results were normalized accor-
ding to the average amount of the endogenous references. The normalized values 
were divided by the normalized values of the calibrator (healthy group) to generate 
relative expression levels [18]. A Kolmogorov-Smirnov test was performed to esta-
blish a normal distribution and a Levene’s test for the homogeneity of variances. If 
samples were normally distributed, the statistical significance of differences between 
diseased and control animals was determined by using the Student's t-test. A p-value 
< 0.05 was considered statistically significant. Analysis was performed using SPSS 
software (SPSS Benelux, Gorinchem, the Netherlands). 
 
Western blot analysis 
 
Samples were homogenized in 350 µl RIPA buffer containing 1 % Igepal, 0.6 mM 
Phenylmethylsulfonyl fluoride, 17 µg/ml aprotinine and 1 mM sodium orthovanadate 
(Sigma chemical Co., Zwijndrecht, The Netherlands) for 30 minutes on ice. Protein 
concentrations were obtained using a Lowry-based assay (DC Protein Assay, Bio-
Rad, Veenendaal, The Netherlands). Fifteen µg of protein of the supernatant were 
denatured for 3 min at 95oC and electroferesed on 15 % Tris-HCl polyacrylamide 
gels (BioRad) and the proteins were transferred onto Hybond-C Extra Nitrocellulose 
membranes (Amersham Biosciences Europe, Roosendaal, The Netherlands) using a 
Mini Trans-Blot® Cell blot-apparatus (BioRad). The procedure for immunodetection 
was based on an ECL Western blot analysis system, performed according to the 
manufacturer’s instructions (Amersham Biosciences Europe). The membranes were 
incubated with 4 % ECL blocking solution and 0.1 % Tween 20 (Boom B.V., Mep-
pel, The Netherlands) in TBS for 1 hour under gentle shaking. Primary antibodies 
were incubated at 4oC overnight. For XIAP a mouse anti-dog XIAP (BD Bio-
sciences, Alphen aan den Rijn, The Netherlands) was used in a dilution of 1:1,000 in 
TBST with 4% BSA. As a loading control a mouse anti-dog Beta-Actin antibody was 
used in a 1:2,000 dilution in TBST with 4% BSA. After washing, the membranes 
were incubated with a goat anti-mouse (R&D Systems/Westburg b.v.) in TBST with 
4% BSA for 1 hour at room temperature. Exposures were made with Kodak BioMax 
Light-1 films (Sigma chemical Co.). 
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Results 
 
Establishing a XIAP knock-down 

 
Using the Lipofectamine reagent in combination with magnetic assisted transfection 
(MATra), we transfected the cell-lines with siRNA designed from the canine XIAP 
gene sequence. The cellular uptake of oligoribonucleotides was initially determined 
using fluorescent labeled dsRNA (Invitrogen). The transfection-efficiency was opti-
mized and proved to be greater than 95% of the cells as displayed by green 
fluorescence FITC labeled siRNA (data not shown). When treated with the optimal 
amount of siRNA (50 nM), the XIAP expression was markedly reduced in all cell-
lines with the highest decrease at 72 hours (Figure 1). At this time point the mRNA-
levels were decreased to fifteen percent in BDE cells, ten percent in D17 cell-lines, 
and thirteen percent in P114 cell-lines lines, compared to the different controls used. 
At 72 hours Western blotting (Figure 1B) yielded a 57 kDa immunoreactive band of 
XIAP in the control and scrambled siRNA transfected samples. Specificity was 
proven in controls without first antibody, which was deemed negative (not shown). 
Densitometric analysis indicated a strong reduction of XIAP protein in the XIAP 
siRNA treated samples. Cells treated with nonsense siRNA exhibited a similar ex-
pression pattern as the control cells (Figure 1). 
 
Treatments 

 
We have measured the effect of XIAP depletion by siRNA-mediated gene silencing 
on TRAIL and doxorubicin induced cell death. As shown in Figure 2, siRNA 
transfection increased the sensitivity for TRAIL of all three cell-lines used. This 
effect was highest in BDE cells, whereas P114 cells and D17 were less sensitized by 
siRNA treatment. XIAP-depleted BDE cells (Figure 2A) showed the strongest 
increase in TRAIL-sensitivity; a 14-fold reduction of the ED50. The P114 and D17 
cell-lines showed an increase in sensitivity of six and five-fold, respectively (Figures 
2B and C). For doxorubicin treatment (Figure 3), again the largest increase in sensi-
tivity was seen in the BDE cells showing a more than eight-fold reduction in the 
ED50. The P114 and D17 cell-lines showed an increase in sensitivity of three and 
five-fold, respectively (Figures 3B, C).  
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Figure 1. Knock-Down XIAP levels compared to control. Relative mRNA levels from different 
time points just after transfection up to 5 days set towards control is shown in (A). Data 
represent mean + SD of six independent samples (n = 6). Western blot analysis of 
immunoreactive bands of 57 kDa large XIAP protein levels after 72 hours is shown in (B). 
Statistically significant differences in knock-down of XIAP mRNA at different time-points 
towards control were determined by a student t-test (*P<0.05). 
 
Gene expression of IAP family members and cellular homeostasis 
 
In Figure 4, the effect of XIAP siRNA on XIAP and family members such as cIAP-1 
and cIAP-2 mRNA levels is depicted. Results showed that none of these IAP-family 
members were affected. Nonsense siRNA did induce c-IAP1 levels (165 percent) and 
Smac/Diablo levels (142 percent) in D17 cells. Measurement of parameters for cellu-
lar homeostasis revealed an increase in p53 levels in BDE cells and D17 cells in the 
nonsense siRNA treated cells. The introduction of siRNA’s in P114 cells seemed to 
induce cell-cycle and increase viability through inductions in CCND1, decreases in 
p27kip, and decreases in caspase-3 mRNA levels in XIAP and nonsense siRNA 
treated cells. 
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Figure 2. Effect of XIAP loss on TRAIL sensitivity in canine cell-lines. The effect on viability 
is shown for BDE cells in (A), for P114 cells in (B), and for D17 cells in (C). Control (▲); 50 
nM XIAP siRNA (■); 50 nM Nonsense siRNA (◊). Points represent average of four 
independent samples (n = 4). Statistical significance of differences in viability of the XIAP 
siRNA treated cell-lines at different drug concentrations compared to control and nonsense 
were determined by an one-way ANOVA using the Dunnett multiple comparisons test 
(*P<0.05). 
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Figure 3. Effect of XIAP loss on doxorubicin sensitivity in canine cell-lines. The effect on 
viability is shown for BDE cells in (A), for P114 cells in (B), and for D17 cells in (C). Control 
(▲); 50 nM XIAP siRNA (■); 50 nM Nonsense siRNA (◊). Points represent average of four 
independent samples (n = 4). Statistical significance of differences in viability of the XIAP 
siRNA treated cell-lines at different drug concentrations compared to control and nonsense 
were determined by an one-way ANOVA using the Dunnett multiple comparisons test 
(*P<0.05). 
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Figure 4. Gene-expression profiles canine cell-lines. Quantitative mRNA measurement of 
IAP family members and gene-products involved in cellular homeostasis. Gene-expression 
profile of BDE-cells is shown in (A), P114-cells is shown in (B), and D17-cells is shown in 
(C). Data represent mean + SD of six independent samples (n = 6). Statistically significant 
differences in gene-expression of different treatments towards control were determined by a 
student t-test (*P<0.05). 
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Discussion 
 
In the present study we observed a strong enhancement of TRAIL- and doxorubicin-
induced apoptosis with XIAP siRNA in canine cell-lines. We have used three differ-
rent tumor cell-lines in order to be able to conclude about the general applicability of 
the outcomes of this study. The first cell-line studied, a canine liver epithelial cell-
line of biliary origin (BDE) can be considered as an in vitro counterpart of cholangio-
carcinoma. The P114 cell-line was derived from a mammary tumor [16], and the 
third cell-line was derived from a canine osteosarcoma (D17). In order to show the 
proof of principle that XIAP depletion in canine cell-lines increases the sensitivity to 
apoptosis inducing anti-neoplastic drugs, a treatment with TRAIL was used. As 
TRAIL solely induces apoptosis through the extrinsic pathway, an increase in sensi-
tivity will show a decreased capacity of inhibiting caspase-3 and -7. Second doxo-
rubicin, a DNA damaging drug which type is frequently being used for treatment of 
canine tumors, was used. 
 
Although we did not measure an induction of apoptosis in our cell-lines when XIAP 
was knocked-down (data not shown), as described by several papers [19,20], we 
could demonstrate an increase in the sensitivity for different chemotherapeutic treat-
ments. The fact that the introduction of XIAP siRNA’s alone does not seem to induce 
apoptosis indicates a need for triggering the cells by chemotherapy. XIAP has been 
proposed as a possible treatment of various cancers [21]. Our results showed a strong 
increase in sensitivity of all three tumor cell-lines to TRAIL treatment up to fourteen 
fold in XIAP siRNA treated BDE cells. This indicates that the measured results 
represent a general effect. The fact that all canine cell-lines were increasingly sensi-
tized through XIAP depletion holds promises that therapeutic low concentrations 
TRAIL may be effectively used without effecting somatic cells. 
 
Doxorubicin hydrochloride, a cytotoxic anthracycline antibiotic, is commonly used 
in veterinary clinical treatments for various cancers [22]. However, many dog tumors 
appear to be resistant to doxorubicin. In the in vitro experiments of Macy et al. [23], 
five out of twenty-one carcinomas were deemed sensitive (24 %), whereas three out 
of thirteen (23 %) sarcomas showed sensitivity to a 14 day treatment with 1 µg/ml 
doxorubicin. Because of this insensitivity to high amounts of doxorubicin, a pretreat-
ment with XIAP siRNA could be beneficial for many canine tumors, lowering the 
concentrations needed for a beneficial effect in sensitive tumors and could even make 
insensitive tumors treatable. Although this added effect remains to be proven in vivo, 
the application of siRNA’s against XIAP in combination with a chemotherapeutic 
agent such as doxorubicin seems a realistic option based on the present results. In 
vivo experiments with siRNA’s already have been used in various models [24-27]. In 
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these experiments results show that injected siRNA’s are stable and can be found in 
the blood for long periods, even knocking-down long half-life proteins over several 
days [28]. However, the use of targeted drug-delivery systems should still be consi-
dered for siRNA delivery [29] or chemotherapy [30], which further enhances specifi-
city and potentially reduces drug-associated side-effects.  
 
Measurements on gene expression of IAP family members and cellular homeostasis 
genes did not reveal major differences in cell-cycle progression. In the P114 cell-line, 
however, the introduction of siRNA’s in general seemed to induce the cell-cycle and 
cellular viability. Although this may imply an adverse effect in vivo the MTT mea-
surements did not reveal differences in viability of the groups (data not shown). The 
IAP family members under study (besides XIAP) did not show many significant dif-
ferences in gene-expression. In P114 cells however, a significant increase in c-IAP1 
and Smac/Diablo was seen in the nonsense-treated cells. The effect of these diffe-
rences remains elusive, but the antagonistic properties of these proteins could explain 
why little if any effect was observed in cell viability. Taken together, no large 
differences were seen in cellular homeostasis or IAP family members indicating an 
absence of non-specific target knock-down effects. However, unpublished results on 
TRAIL-treated cells did show differences in gene-expression in c-IAP1. When 
treated for 5 hours with 50 ng/ml TRAIL, c-IAP1 induced two to three-fold in the 
D17 cell-line and six to seven-fold in the P114 cell-line, whereas no effect was seen 
in the BDE cells. This indicates that the reduction in XIAP mRNA when treated with 
TRAIL, could be counteracted with an increase in c-IAP1. Furthermore, the cell-line 
with the highest induction in c-IAP1 (seven-fold increase in P114) has the least 
sensitivity for TRAIL treatment. This result corroborates the hypothesis as described 
by Harlin et al. where XIAP knock-out mice did not show any negative side effects 
during development [10]. In this paper compensation due to increased gene-
expression of other family members such as c-IAP1 was seen which could counteract 
the negative side effects in the absence of XIAP. 
 
The use of spontaneously occurring tumors in companion animals as models for 
human cancer has already been described previously [14]. In this study several tumor 
types have been suggested as models that offer the best comparative interest, inclu-
ding canine osteosarcoma and mammary tumors. Important factors contributing to 
the advantages of companion animals referred to our veterinary clinic as human 
models are high incidence of tumors in both species, a similar biological behavior, 
genetic diversity, variations in age, comparable body weight, and similar drinking- 
and feeding behavior. All together this suggests a comparable etiology and molecular 
basis of tumors in both man and dog. 
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In conclusion, the use of XIAP siRNA to increase the sensitivity of canine tumors for 
chemotherapy holds great potential. In this study we showed an increase in sensi-
tivity in canine cell-lines derived from osteosarcoma, mammary carcinoma, and cho-
langiocarcinoma for TRAIL and doxorubicin induced apoptosis. These in vitro 
results provide a rational for the use of XIAP siRNA in in vivo therapeutical use. 
Furthermore dogs, which represent good clinical models to man, could be considered 
as a large mammalian model for the use of siRNA therapy.  
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The research described in this thesis was largely accommodated in the research 
program Tissue Repair. Tissue Repair has a mission statement committed to the in-
vestigation of the pathophysiology of tissue dysfunction and potential mechanisms of 
repair. The strategic goal of the program is to develop new methods for stimulating 
regeneration by delivery of essential cells and/or signals and to develop preventive 
strategies against cellular degeneration, cell death, and scar formation / fibrosis. This 
thesis describes the biochemical analysis of pathophysiological mechanisms in dogs 
with liver tissue dysfunction and provides the basis for several therapeutic approa-
ches with a high relevance to human clinical medicine. 
 
 

Translational studies 
 
In chapters 2 to 4 we have evaluated the role of growth factors, especially of hepato-
cyte growth factor and transforming growth factor-β1 and their signal transduction 
pathways, in dogs with different liver diseases. These diseases were characterized by 
inadequate growth due to inherited vascular disorders, or by chronic hepatitis, fibro-
sis, and cirrhosis. With respect to etiology, the best characterized disease was copper 
toxicosis due to a deletion in the COMMD1 gene. We propose the use of the dogs 
presented at our clinics as possible models for hepatic (and other) diseases in man. 
The increased interest in the dog as a model would speed up the laborious process of 
designing new therapies which will ultimately benefit both man and dog. Although 
ethical restrictions still apply, the restrictions would be considered lower in the dog 
models compared to human clinical practice. Several publications already propose 
the use of the canine spontaneous diseases as large mammalian models for man [1-4]. 
Therefore we attempted to enforce these assumptions by indicating the high simi-
larity of canine diseases at a biochemical level with respect to their human counter-
parts. Already many therapies for hepatic diseases have been evaluated in toxin-
induced or surgical rodent models [5-9]. Although in many cases successful, the 
translation to human clinical practice proved very difficult. Several rodent models 
such as the toxin induced rodent model only depict a small part of the very complex 
pathophysiology in human hepatic diseases. Also the mode of application and pos-
sible toxicity of drugs cannot be translated to human clinical practice without en-
countering various problems. In this thesis the biochemical study of canine hepatic 
diseases indicated a high similarity with their human counterparts. In some cases this 
was deduced from the already available literature; in other cases we had the oppor-
tunity to directly apply our methods on human clinical samples indicating the high 
homology between species (chapter 3 and 4). In addition to the description of canine 
hepatic diseases we have analyzed several tumors as translational models and provi-
ded the basis for novel therapeutic strategies against these tumors. Spontaneous oc-
curring cancers have already been proposed as possible models for humans [1,10]. 
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Spontaneous tumors in dogs offer a unique opportunity as models due to the relati-
vely high incidence of some cancers and similar biological behavior. Moreover, their 
large body size, comparable responses to cytotoxic agents, and shorter overall life-
span all contribute to the advantages of the companion animal model. Overall the 
companion animal model could provide useful populations to test the efficiency and 
toxicity of new therapeutic strategies. Taken together, as canine (hepatic) diseases 
are highly comparable to their human counterparts, dogs could function to bridge the 
gap between fundamental rodent research and human clinical practice. 
 
 

Biochemical molecular analysis and technical approach 
 
- Quantitative real-time PCR.  
 
In this study we have set up quantitative real-time PCR (Q-PCR) using a separate re-
verse polymerase step followed by the SYBR Green I Real-Time PCR (two-step 
Real-Time PCR). This greatly enhances the specificity of the Q-PCR and reduces the 
artifacts, such as primer-dimers and a-specific products, normally associated with a 
one-step PCR [11]. Because of the sensitivity of Q-PCR, canine specific sequences 
must be obtained for accurate analysis. Therefore, in the pre-canine genome era, we 
have successfully cloned and sequenced 25 canine cDNAs on which canine specific 
primers were designed. Overall we have setup a panel of 68 target genes in various 
fields of interest such as regeneration/growth, fibrosis, copper-metabolism, and oxi-
dative stress. The sensitivity of gene-expression measurements by means of Q-PCR 
is prone to several variables that affect the general outcome; therefore internal con-
trols are needed [12]. These internal controls are known as reference genes (RG) or 
housekeeping genes. With these RG’s target gene expression can be normalized as 
the expression of the reference genes should be equal in all cells or tissues, healthy or 
diseased. However, the use of one reference gene should be avoided as controls are 
needed to indicate if the chosen RG is indeed equally expressed between different 
groups of interest. Although many journals still accept this normalization with one 
single RG the data in these manuscripts could potentially be false. In this thesis we 
have used two widely used reference genes namely glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and hypoxanthine phosphoribosyl transferase (HPRT). 
These endogenous references showed no variation in any of the here described 
studies and showed to be good internal controls. More recently we have setup a new 
panel of nine canine specific RG’s which can be used in various forms of veterinary 
research (Brinkhof et al, submitted). It also describes the proper use of internal con-
trols and variables which have to be controlled in gene expression analysis, such as 
the amount of starting material, enzymatic efficiencies, and differences between tis-
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sues or cells in overall transcriptional activity. The outcome of the study not only in-
dicated the need of two or more RG’s, but also showed a new panel of reference 
genes which were stable in a wide variety of cell-lines and healthy and diseased 
tissues. In most of the chapters of this thesis GAPDH and HPRT were used as RG’s. 
Results in the survey of nine RG’s showed that GAPDH and HPRT were fairly stable 
internal controls with the latter always in the top four of the highest ranking RG’s. 
Target gene products depicted in this thesis have been scrutinized under various 
controls such as product size, GC-levels, specificity, and efficiency over a wide 
dynamic concentration range. The efficiency was controlled in all plates with a 
standard line containing known concentrations of cDNA. Also each run was ended 
with a melt-curve analysis indicating the production of single products eliminating 
the probability of primer-dimers or a-specific products. 
 
- Western blot analysis for (active) proteins.  
 
The Western blot analysis was used to confirm measured mRNA levels at the protein 
level. In addition Western blot analysis was used to show activated forms of proteins 
caused by proteolytic cleavage or phosphorylation. The direct comparison of our 
Western blot data in canine hepatic diseases with human clinical samples greatly 
enhanced our translational description of these canine diseases. In chapter 3 and 4 
human clinical samples obtained form human explant samples of alcoholic cirrhosis 
and cirrhosis due to hepatitis c virus (HCV) infection were used. Of course it is 
difficult to obtain healthy human samples as comparison to the diseases but homolo-
gy within groups and between (in)activated proteins can still be shown. Moreover, 
the absence of healthy human samples showed the importance of the canine model 
where healthy samples (control biopsies) are routinely obtained. 
 
- Gene silencing with small inhibitory RNA (siRNA) molecules. 
 
RNAi indicated to be a fast and reliable method for knocking down target genes of 
interest elucidating their fundamental functions and were used as possible therapeutic 
applications. In the past the use of siRNA’s showed to induce interferon pathways 
leading to apoptosis [13-15]. To overcome this, siRNA’s can be chemically modified 
to minimize these effects [16]. In the chapters 3, 9, and 10 we used chemically modi-
fied siRNA’s called stealth siRNA from Invitrogen (www.invitrogen.com). Although 
in some cases negative side effects were found, the majority did indeed not induce 
cellular apoptosis. When presented to a cell, siRNA’s will be automatically be taken 
up by into the cytoplasm. For in vitro analysis we increased this amount by adding a 
cationic lipid formulation called Lipofectamine2000™. In our studies we found that 
the combination with a Magnetic Assisted Transfection (MATra™) enhanced our 



Summarizing Discussion 
 

 193

knock-down with an average of 15 percent-points. This technique uses magnetic 
beads which bind to the oligo-Lipofectamin complex which in a magnetic field can 
easily get transfected into the cells without any added negative side-effects. In fact, 
because of the decreased transfection time (6 hours to 20 minutes) overall cell via-
bility was better than with Lipofectamine alone. In vivo experiments with siRNA’s 
already have been used in various rodent models showing that injected siRNA’s are 
stable and can be found in the blood over prolonged periods. Overall the use of 
siRNA’s in fundamental research and applied therapeutics holds great potential. 
 
 

General pathways studied 
 
- Regeneration.  
 
The regenerative capacity of the liver has been described in several canine hepatic di-
seases. In chapter 2 we describe regenerative pathways in two relative simple disea-
ses without cholestasis or inflammation; e.g. congenital portosystemic shunt (CPSS) 
and primary portal vein hypoplasia (PPVH) which are both characterized by insuf-
ficient hepatic growth (hypoplasia). The results showed that regenerative pathways 
could still be activated by growth factor therapy. This was deduced from the 
observation that phosphorylated c-MET, PKB, STAT3, and ERK1/2 in both diseases 
were still present. This indicated that these regenerative pathways could be used as 
possible therapeutic targets. Comparing these diseases without inflammation or 
cholestasis to more complex hepatic diseases such as chronic hepatitis (CH), lobular 
dissecting hepatitis (LDH), and cirrhosis (CIRR) showed a high similarity in regene-
rative pathways. In contrast the absence of phosphorylated c-MET and downstream 
PKB in acute hepatitis (AH) indicated that in this disease regeneration was affected 
(chapter 3). The effect of HGF as possible therapy in this disease could be questioned 
and requires further research. As indicated by our RNAi experiments against c-MET 
(chapter 3), low c-MET levels can be phosphorylated after treatment with HGF 
increasing the proliferative response of canine hepatic cells in vitro. Besides c-MET 
in AH, the phosphorylated (thus activated) form of the receptor was equally expres-
sed in controls compared to CPSS and PPVH, and even induced in some cases. This 
could be contributed to regenerative pockets which is a hallmark of several hepatic 
diseases. Measurements on activated ERK1/2, p38MAPK, and STAT3 (Ser) confir-
med these results. In contrast to CPSS and PPVH, HGF mRNA and protein levels 
were shown to be induced in CH, LDH, and CIRR. In these cases the source of HGF 
is by all probability due to an increase in activated stellate cells called myofibro-
blasts, which are the only cells expressing HGF in the liver. In CPSS and PPVH 
described in chapter 2, the HGF levels were shown to be equally present towards 
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healthy tissue which was in contrast to the mRNA levels. In this chapter we descri-
bed the possible source of HGF which can be sought in the intestinal tract or 
pancreas. The question remains if this systemic HGF is also being formed during 
hepatic diseases as an increase of HGF protein was found. Interestingly preliminary 
results on measurements of p38MAPK in PPVH indicated a complete lack of the 
phosphorylated form of the protein whereas total p38MAPK is still present. This 
could indicate a possible defect of this disease which remains to be proven. Overall, 
no indications (other than a lack of p38MAPK in PPVH and non-phosphorylated c-
MET in AH) of affected regenerative pathways were found in our hepatic diseases. 
As hepatic diseases could be seen as disturbed balance between growth/regeneration 
on one side and apoptosis/fibrosis on the other, the stimulation of the regenerative 
pathways would be considered a good option for therapy. Moreover as the etiology in 
the majority of chronic hepatic diseases is largely unknown, the use of growth factors 
would benefit all hepatic diseases as regeneration is the common faulty denominator. 
 
- Fibrosis.  
 
As described in chapter 4 the pathogenesis of human hepatic fibrosis has been in-
vestigated extensively and many publications describe the process of excessive extra-
cellular matrix (ECM) formation [17,18]. In dogs however the biochemical pathways 
of fibrosis had not been studied. Due to the high similarity between these two species 
a similar process would be anticipated. As we propose the dog as a possible model 
for man, these pathological processes have to be confirmed in canine samples. Again 
in our relative simplistic hypoplastic diseases (CPSS and PPVH) the presence of an 
activated fibrotic pathway through TGF-β1 was found in PPVH, often associated 
with fibrosis (chapter 2). In CPSS, liver hypoplasia without apparent fibrosis, the 
TGF-β1 signaling cascade was not increased. The more complex liver diseases (CH, 
LDH, and CIRR) indicate a similar activation of the TGF-β1 pathway with mRNA 
and protein levels of TGF-β1 induced and downstream transcription factors 
(Smad2/3) activated (chapter 4). The comparison of TGF-β1 and Smad2/3 activation 
with human samples from human explant samples (alcoholic cirrhosis and cirrhosis 
due to HCV infection) not only showed the high homology between these diseases, 
the inter-species differences were also minimal. Taken together, the current paradigm 
of the pathophysiology of human hepatic fibrosis is highly comparable to the canine 
counterparts. As excess fibrosis is not restricted to the liver alone, studies will be 
conducted on other diseases were fibrosis is a part of the pathophysiological process, 
such as kidney diseases [19]. With regard to fibrous tissue formation, fundamental 
research in privately owned dogs can be mutually beneficial for canine and human 
biomedical research. 
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- Copper metabolism.  
 
Copper metabolism was analyzed in various breeds predisposed with hepatic copper 
accumulation. In dogs several breeds have been shown to have congenital defects 
resulting in copper accumulation in the liver, a few examples are Bedlington terriers, 
Doberman pinschers, Sky terriers, West-Highland white terriers, Dalmatians, Anato-
lian shepherds, and Labrador retrievers. In chapter 4 we have analyzed the copper 
metabolism in Bedlington terriers with copper toxicosis (CT) towards healthy ani-
mals and dogs with chronic extra-hepatic cholestasis. As the main excretory route of 
copper is through bile these results would show if cholestasis would induce copper 
accumulation [20,21]. Another control, idiopathic chronic hepatitis, would show if 
inflammation or differences in liver function would increase copper. Results clearly 
showed that cholestasis and inflammation cause no or only limited copper accumu-
lation. This implies that high increases of copper in the liver (histochemical staining 
of copper above 3+) and/or changes in the expression of copper metabolic genes, 
other than ATP7B, indicate the presence of a primary disease of copper metabolism. 
These findings may help to determine the (inherited) nature of potential primary 
copper storage diseases in different dog breeds. Two other predisposed breeds were 
analyzed for copper metabolism; Doberman pinchers and Labradors of which the 
Doberman is described in this thesis (chapter 7). Results in the Doberman indicated 
significant decreases in gene-expression of copper efflux proteins (ATP7A and 
ceruloplasmin), this observation in the Doberman is very specific as non-copper 
associated hepatitis will not reduce ATP7A, as proven in the N-CASH group and CH 
group, and could indicate a possible defect in this breed. Overall, the results in 
Doberman pinchers (chapter 7) describe a new variant of primary copper toxicosis. 
In the Bedlington terriers with copper toxicosis due to a mutation in COMMD1, a 
specific gene-expression profile was found. Probably due to the lack of functional 
COMMD1 an increase in ATP7A (responsible for exocytose of copper) was seen, 
probably to compensate the reduced excretion (chapter 6). Unpublished results from 
the Labrador gene-expression also showed an increase in ATP7A which could 
indicate a reduced excretion to bile or storage proteins (G. Hoffmann). The human 
Wilson’s disease protein ATP7B was seen to be reduced in all canine inflammatory 
liver diseases, whereas subclinical hepatitis cases did not have reduced expression of 
ATP7B. Overall the gene-expression profiles of these three copper toxicosis disease 
groups are different suggesting separate possible defects. 
The only proven hereditary form of copper toxicosis can be found in the Bedlington 
terriers due to a mutation in COMMD1 [22]. However the complete function of 
COMMD1 has not been fully elucidated. Although a role in copper metabolism of 
COMMD1 has been suggested, evidence of copper retention in COMMD1 depleted 
hepatic epithelial cells has not been shown. We used dog hepatic epithelial cells and 



Chapter 11 
 

 196

analysed the copper metabolic function after siRNA mediated COMMD1 knock-
down. Results (chapter 9) confirmed that COMMD1 has an essential role in copper 
metabolism in hepatic epithelial cells and showed that COMMD1 depletion sensi-
tizes canine hepatic cells to high extracellular copper levels. Furthermore the knock-
down of COMMD1 gave no indications for general compensatory mechanisms. 
 
It is well known that free copper in the cell can induce the Haber-Weiss reaction re-
sulting in increased reactive oxygen species (ROS) [23]. All copper related diseases 
were also investigated for increases in ROS. In all copper toxicosis diseases we saw a 
decrease in defenses against oxidative stress (SOD and CAT), accompanied by a 
decrease in total glutathione. As the reductions of these protective enzymes are also 
reduced by inflammation, it is not a specific copper effect. This said, the decreases as 
seen in the copper toxicosis cases are far greater than in non-copper associated hepa-
titis.  
 
Copper toxicosis is a chronic process which is subclinical over a prolonged period of 
time [24]. During this period histochemical staining of copper already showed a 
massive increase in hepatic copper without any clinical effects. It has not been 
established which process and/or signal converts these basically healthy dogs to-
wards clinical cases. In our department studies are being performed with a mixed 
breed of Bedlington terriers and Beagles who carry the COMMD1 deletion and are 
being followed in time; hopefully these dogs will show the effect what leads them to 
get hepatitis. A few ideas can be deduced from our observations. It could be that 
metallothionein, which is upregulated at a transcriptional level in acute copper loa-
ding is down-regulated in chronic copper loading leading to an insufficient storage 
and sequestration of intracellular copper. Furthermore, proliferation of hepatocytes 
has been suggested by us (chapter 7), potentially leading to an overall reduced pre-
sence of copper due to regeneration. Because the proliferation of hepatocytes is 
limited due to (for instance) telomere length, it could be concluded that after several 
years of chronic damage the liver looses its ability to regenerate. 



Summarizing Discussion 
 

 197

- Apoptosis.  
 
Apoptosis is a tightly regulated process leading to the removal of affected cells [25]. 
To dissect the molecular regulation of apoptosis in different forms of hepatitis, we 
have analyzed the expression of pro- and anti-apoptotic gene products in dogs with 
liver diseases referred to the university clinic. To correlate expression profiles with 
pathophysiology we compared four different forms of hepatitis; Acute Hepatitis 
(AH), Chronic Hepatitis (CH), Cirrhosis (CIRR), and a specialized form of cirrhosis, 
Lobular Dissecting Hepatitis (LDH). Quantitative real-time polymerase chain rea-
ction (Q-PCR) was used to analyze the canine specific mRNA expression of anti-
apoptotic Bcl-2 and the recently discovered Pim-2 [26-28] as well as the pro-apop-
totic gene products caspase-3 and FasL (Fas ligand, also known as CD95L, TNFSF6, 
APT1LG1, CD178). Furthermore, we have analyzed the proteolytic activation of 
caspase-3 with Western blotting. Preliminary results indicated an increase in gene-
expression of anti-apoptotic Bcl-2 and a decrease of pro-apoptotic FasL and caspase-
3. However Western blotting on the activation of caspase-3 showed a strong increase 
in apoptosis in all four diseases. Immuno-histochemistry confirmed Western blot 
results indicating an increase in apoptosis in AH, CH, and CIRR. The striking obser-
vation of a reduced Pim-2 (28- and 47-fold reduction in AH and CIRR respectively) 
would strongly affect (induce) apoptosis and requires further research. 
 
 

HGF therapy versus anti-TGF-β1 strategies 
 
The counteracting activities of HGF and TGF-β1 have already been shown in dogs 
treated with TGF-β administered through a disconnected central portal vein branch 
after creation of an Eck fistula (porto-caval shunt) [29]. Our first emphasis was on 
the systemic application of recombinant growth factors such as HGF during liver 
pathologies. The first positive results were seen with a possible major treatment 
group, the hypoplastic diseases. These diseases, congenital portosystemic shunt 
(CPSS) and primary portal vein hypoplasia (PPVH), occur frequently in dogs 
[30,31]. Results showed that regenerative pathways were unaffected in CPSS and 
PPVH providing the rationale for HGF treatment (chapter 2). Similar results were 
found in chronic hepatitis (CH), lobular dissecting hepatitis (LDH), and cirrhosis 
(CIRR), although PKB/Akt showed no phosphorylation in acute hepatitis (chapter 3). 
However there were no other indications that the protein could not be activated after 
HGF treatment. An important step in devising therapeutics is the production, purifi-
cation, and application of the product. Therefore, in parallel to analyzing biochemical 
pathways, HGF was produced and tested for its biological activity (chapter 5). As 
mentioned previously, the found increase of HGF (mRNA and protein) in chronic 
liver diseases do not indicate an application of recombinant HGF as HGF is still 
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present systemically. This said it has not been shown if the systemic HGF was indeed 
a mature, thus active, protein. In addition the effect of HGF has already been esta-
blished in various models of hepatic damage including acetaminophen intoxications, 
CCL4, thioacetamide, and partial hepatectomy (PHx) [5-8,32,33]. Moreover, the use 
of this growth factor in hypoplastic diseases such as CPSS and PPVH could be of 
great interest as surgery of the diseases is expensive and especially for intrahepatic 
portosystemic shunts and primary portal vein hypoplasia often fatal. Current research 
is investigating prognostic factors for effective surgery (A. Kummeling). Chapter 5 
describes the successful production and isolation of canine HGF with a high proli-
ferative capacity in vitro. 
 
In chapter 2 and 4, we showed that fibrotic diseases (PPVH, CH, CIRR, LDH) all 
had induced TGF-β1 pathways resulting in increased ECM deposition. Although 
HGF treatment will effect TGF-β1 pathways by inducing anti-fibrotic (anti-TGF-β1) 
gene-products (e.g. TGIF and Ski/Sno), direct treatments against the TGF-β1 
pathway have been proven very effective [34,35]. TGF-β1 intervention can be im-
plied in several ways. Some of these techniques act on cell-type specific intervention 
inhibiting stellate cell transition to myofibroblasts [36-38] whereas others halt TGF-
β1 signaling through the use of antibodies or RNAi directed against TGF-β1, its 
receptors, or Smads [39]. TGF-β1 intervention is still an effective way for treating 
liver diseases. However these techniques, in contrast to HGF treatment, have only 
been applied successfully in small animal models [34-39]. 
 
Besides HGF therapy and anti-TGF-β1 strategies measurements on other biochemi-
cal pathways indicated possible other forms of therapy. As described in chapter 6 and 
7, the increased presence of reactive oxygen species (ROS) during copper toxicosis 
indicated a possible therapeutic approach. In these diseases gene-expression profiles 
of major enzymatic defenses against ROS and GSH/GSSG ratios (indicative of 
oxidative damage) all indicated a high increase in ROS. Therefore many therapies 
with anti-oxidants or GSH esters may be effective in treating these liver pathologies. 
In chapter 6 we propose the use of the GSH precursor S-adenosylmethionine (SAM-e 
or AdoMet), which already was shown to reduce oxidative stress levels in cultured 
primary hepatocytes [40]. Another therapy we suggested for treating canine tumors 
was the use of RNA interference (RNAi) [41-44]. In chapter 10 we induced apoptosis 
in various canine cell-lines (derived from tumors) by depleting the cells of XIAP 
with RNAi. Although this was previously described the use of small inhibitory 
RNA’s (siRNA) in the veterinary field had not been done before. The therapies sug-
gested in chapter 10 combined siRNA’s with conventional chemotherapies. To show 
proof of principle, TRAIL, a protein known for its direct activation of caspases-3 and 
-7, was used. Doxorubicin was the DNA damaging drug of choice because of the 
already described use in the veterinary field and the relative insensitivity of different 
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tumors for this drug [45]. Taken together, although the clinical use of recombinant 
HGF holds great promise, other therapies should be considered against the cause of a 
disease and/or negative effects associated with the disease, and could enhance the use 
of HGF if used in parallel. 
 
 

Remaining questions 
 
Measurements on regenerative and fibrotic pathways in various forms and stages of 
canine hepatitis raised several questions. Measurements on biochemical pathways 
were performed in biopsies or necropsy material. However these measurements will 
only indicate a general trend in that particular part of tissue. Ultrasonic sonography 
of canine liver diseases showed that our investigated diseases can be defined as 
homogenous, diffuse diseases. Furthermore the use of different biopsies per indivi-
dual should indicate non-homogenous distribution of the disease by showing a high 
degree of variation in gene-expression; our duplicates, however, all had small 
standard deviations. This said, the presented analysis of liver diseases does not depict 
the difference between the various cell-types that are present in the liver as well as 
any infiltrate seen during inflammation. Therefore we propose the use of (immuno)-
histochemistry and laser micro-dissection as tools for analyzing the regenerative and 
fibrotic pathways of different cells. Currently we have initiated close collaborations 
to isolate the different canine liver cell types either by FACS (Prof A. Geerts, VU-
Brussel) or by micro-dissection (Prof T. Roskams, KU-Leuven). Immunohisto-
chemistry will provide vital information on protein content and location whereas 
laser micro-dissection will enable us to quantify mRNA levels of specific isolated 
cells. It is already known that mesenchymal cells such as the stellate cells have 
important functions during fibrosis [18]. During pathophysiological processes these 
cells are stimulated to become myofibroblasts [46,47]. The analysis of these proces-
ses of transition and involved signals could greatly enhance our current knowledge of 
fibrosis. Taken together the analysis of specific cells/compartments during liver di-
sease would greatly enhance the current knowledge on liver regeneration in both man 
and dog, providing new rationales for therapeutic approaches suggested in this thesis 
and others. 
 
Another remaining question is the role of yet another cell-type which can be found in 
the liver; the hepatic progenitor cells (HPC), also known as oval cells [48-55]. 
Although the role of bone-marrow derived stem cells in liver regeneration was dee-
med unlikely [56], HPCs could function as committed cells to differentiate into 
hepatic epithelial cells during regeneration. Dormant HPCs have been detected in 
healthy tissue in both man and dog (J. IJzer, unpublished results). In this thesis the 
possible role of these cells has only been examined in moderate amounts. Recent 
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results did show a decrease in BMI-1 during (all) hepatic diseases, a transcription 
factor involved in stem cell renewal of neuronal and (leukemic) bone marrow stem 
cells. To investigate the role of HPCs in liver regeneration specific immunohisto-
chemical analysis such as cytokeratin 7 (CK7) could provide insight into the impor-
tance of HPCs in liver regeneration. As recent reports already showed the activation 
and differentiation of HPCs in rat models and virtually all human liver diseases, we 
would like to investigate the involvement of the HPC-compartment (also known as 
the stem cell ‘niche’) which depends largely on the severity and stage of the disease. 
In this part the dog could play a major role as materials from different diseases (and 
stages of diseases) are more easily obtained. 
 
Our in vitro results showed active HGF and molecular studies on biopsies indicated a 
possibility to apply HGF in a clinical situation. However negative side effects must 
be investigated.  Evaluation of the safety of HGF should be performed in a risk-
assessment study before any clinical trials will start. In this risk-assessment study the 
doses should be given in higher amounts than estimated to get a biological response 
and over a prolonged period. This said, many publications have indicated that HGF is 
only present in the blood for a short period of time and the binding to its receptor is 
transient [57,58]. Also many hepatocellular carcinomas are insensitive for HGF due 
to mutations in the proto-oncogene c-MET indicating the relative unimportance of 
HGF in oncogenesis [59]. Moreover, HGF does not induce growth in dormant tissues 
such as hepatocytes, in which an injury has to occur before cells become sensitive for 
the tumorigenic action of growth factors [60].  
 
Another question raised by HGF treatment concerns the timing of application. For 
instance, fulminate or severe acute hepatitis is a lethal acute disease. In such cases, 
the immediate availability of the HGF protein for a relatively short period (a few 
days) may be life-saving, as previously shown in rodents [5,61]. Chronic diseases 
like chronic hepatitis and especially cirrhosis a long-term administration should be 
foreseen to reach sufficient effect (several weeks). Congenital portosystemic shunts 
form a group in between. As re-growth of the liver after successful surgery occurs 
within three weeks, HGF administration possibly requires a similar time-frame. From 
the many above described animal model studies it has recently become clear that 
HGF administration is potentially very promising. This is well summarized in a re-
cent article in Nature Medicine [62] and in several editorials [63-66]. The next step is 
to study the effects in clinical cases. For veterinary medicine it is feasible to start stu-
dies into the clinical effects of administration of HGF in dogs with relevant liver 
diseases in the near future. There is no doubt that such therapies will take over many 
of the classical therapies or make medication possible in cases where patients will die 
at present. HGF is a very attractive candidate, because it has potential use not only in 
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hepatic diseases, but it has been shown to be a promoter of regeneration and a pro-
tector against epithelial cell damage for many other organs, such as the kidney [67-
70] and the heart [71]. However, by far most of the experimental work has been done 
on the effects in the main target, the liver, and it is logical to start with liver diseases, 
as described in chapter 2. 

 
 

Conclusions 
 
In the field of canine hepatic diseases we have made great advances in understanding 
the biological mechanisms underlying different diseases such as hepatitis, copper-
toxicosis of the liver, hepatic hypoplasia, and tumor formation. Furthermore, we pro-
vided the basis for new forms of therapy such as HGF treatment in hepatic diseases 
and the use of innovative techniques in canine oncology. Overall, we have achieved 
our aims in this thesis which was to prevent/cure canine liver diseases through a ra-
tional approach of molecular analysis of specific pathways. More specifically, we 
have maid great progress in understanding these diseases and have provided a basis 
for various novel therapies.  
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Achtergrond 
 
Leverziekten komen bij de hond frequent voor; van alle zieke honden die naar de 
faculteit diergeneeskunde doorverwezen worden heeft 1-2% een leverziekte. Zoals 
bij mensen zijn leverziekten in de meeste gevallen chronisch en worden ze veroor-
zaakt door een aanhoudende ontsteking vanwege celschade door verschillende ziek-
teverwekkers en/of gifstoffen. In alle gevallen leidt de doorlopende levercelschade 
tot een verlaging in het aantal functionele levercellen, vaak gecombineerd met een 
verhoogde aanmaak van bindweefsel (fibrose). Deze twee observaties: verlies van 
(lever)regeneratie en toegenomen fibrose, zijn de belangrijkste factoren die bijdragen 
aan een slechte leverfunctie wat uiteindelijk kan leiden tot de dood.  
 
De lever is een orgaan dat een grote rol speelt bij het opruimen van schadelijke stof-
fen in het bloed. De lever zelf is in grote mate dan ook goed bestand tegen bepaalde 
(gif)stoffen. Bij celschade zal de lever snel het verlies van functionele cellen herstel-
len door nieuwe cellen te laten groeien. Deze hoge mate van regeneratie of groei na 
celschade is al langere tijd bekend, maar het verlies van deze regeneratiecapaciteit 
tijdens chronische leverziekten blijft een bron van onderzoek. 
 
Er is groeiend bewijs dat twee elkaar tegenwerkende factoren: Hepatocyte Growth 
Factor (HGF) en Transforming Growth Factor-β1 (TGF-β1), de uitkomst van lever-
ziekten bepalen. Waar HGF een groeifactor is die levergroei stimuleert en fibrose 
onderdrukt, verhoogt TGF-β1 de aanmaak van bindweefsel en het ontstaan van cel-
dood. Deze observaties hebben geleid tot het experimentele gebruik van HGF als be-
handeling bij diermodellen waarbij leverschade is veroorzaakt door gifstoffen. De 
toevoeging van HGF bij deze modellen leidde tot een volledige regeneratie van de 
lever, terwijl onbehandelde dieren stierven. Het omzetten van een dergelijke therapie 
naar een functionele toepassing bij de mens is nog niet gelukt. Het gebruik van 
nieuwe therapieën bij honden met natuurlijke voorkomende leverziekten zou een veel 
relevanter diermodel zijn voor het vertalen van een therapie naar een humane 
klinische toepassing. HGF therapie zou dan ook een enorme impact kunnen hebben 
in het behandelen van leverziekten bij mens en hond. 
 
Samengenomen behandelt dit proefschrift verschillende doelen. Het eerste doel is om 
de regulerende werking van HGF en TGF-β1 en hun processen tijdens leverziekten in 
de hond te beschrijven. Het tweede doel is het ontwerpen van therapieën op de 
hierboven beschreven inzichten welke gebruikt kunnen worden bij het verlies van 
levercellen of fibrose, door de biochemische werking van HGF en TGF-β1 te beïn-
vloeden. Uiteindelijk zou dat leiden tot een evaluatie van zulke therapieën bij de 
hond. 
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Indeling 
 
De indeling van dit proefschrift is gebaseerd op de verschillende vragen die van te 
voren gesteld zijn of tijdens het onderzoek naar boven kwamen. Opeenvolgend 
beschrijven we hier de specifieke vragen en resultaten van dit proefschrift.  
 
Leverziekten zoals hepatitis zijn biochemisch gezien complex, vele factoren en pro-
cessen bepalen de uiteindelijke uitkomst van hepatitis. Om de verschillende proces-
sen zoals regeneratie te bekijken en beschrijven, is eerst gekozen voor relatief 
simpele ziekten waarbij maar enkele processen veranderd zijn. In hoofdstuk 2 be-
schrijven wij de biochemische analyse van regeneratie in aangeboren afwijkingen 
waarbij de levermassa niet volledig uitgroeit. De eerste, aangeboren portosyste-
mische shunt, is een veelvoorkomende erfelijke ziekte waarbij de toevoer van bloed 
aan de lever wordt omgeleid en niet, of in veel mindere mate, naar de lever gaat. 
Hierdoor blijft groei uit maar is er geen sprake van ontsteking of fibrose (bind-
weefselvorming). Bij de tweede ziekte, primaire vena porta hypoplasie, zijn de 
laatste kleine vaten in de lever niet aangelegd waardoor de lever ook hier geen goede 
bloedtoevoer heeft. Bij deze ziekte blijft de groei ook uit, maar er is vaak wel fibrose. 
De resultaten laten zien dat de biochemische celreacties voor regeneratie in deze 
ziekten nog steeds functioneel waren en dus gebruikt kunnen worden voor groei-
factor therapie zoals HGF behandeling. Analyse van fibrose laat zien dat de eiwitten 
verantwoordelijk voor de aanmaak van (te veel) bindweefsel (o.a. TGF-β1) erg sterk 
geactiveerd zijn. 
 
De volgende stap is het beschrijven van dezelfde biochemische processen in com-
plexere ziekten zoals hepatitis. In hoofdstuk 3 is gekozen voor verschillende vormen 
van hepatitis zoals acute hepatitis en chronische hepatitis. Bij deze analyse zijn ook 
cirrose en lobular dissecting hepatitis (LDH) meegenomen. Cirrose beschrijft het 
eindstadium van chronische hepatitis waarbij de leverarchitectuur volledig is omge-
bouwd door bindweefsel. LDH beschrijft een speciale vorm van cirrose die een 
snelle (ziekte) verloop heeft, en waarbij een excessieve mate van fibrosering en ver-
storing van de normale lobulaire architectuur optreedt. Vergelijkbaar met aangeboren 
portosystemische shunts en vena porta hypoplasie, is ook bij deze complexere lever-
ziekten geen defecte regeneratie gevonden. De belangrijkste biochemische paden die 
bij regeneratie actief zijn, worden zelfs geactiveerd tijdens hepatitis. Humane 
monsters van leverziekten laten bovendien zien dat bij de mens een zeer vergelijk-
baar beeld bestaat, wat het potentiële belang van natuurlijk voorkomende leverziek-
ten bij de hond als model voor de mens alleen maar groter maakt. Concluderend, een 
over-stimulatie van deze regeneratie biochemische paden, bijvoorbeeld door HGF, 
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zou een goede manier kunnen zijn om de balans door te laten slaan van afbraak 
(fibrosering) naar regeneratie. 
 
In dezelfde ziekten als beschreven in hoofdstuk 3 hebben wij ook gekeken naar de 
(mate van) fibrosering. Fibrosering wordt omschreven als de aanmaak van te veel 
bindweefsel dat de werking van de lever remt. In chronische hepatitis is dit nog 
gering maar het zal geleidelijk voortschrijden tot het eindstadium waarbij niet alleen 
abnormaal veel bindweefsel is gevormd, maar ook cirrose waarbij een totaal ver-
stoorde weefselopbouw ontstaat. In hoofdstuk 4 laten wij zien dat de bekende ver-
oorzaker van fibrose bij de mens, TGF-β1, in alle leverziekten van de hond waar te 
veel fibrose gevonden wordt, is verhoogd. Ook hierin vertoonden humane monsters 
van leverziekten een reactiepatroon dat volkomen overeenkomt met de bevindingen 
bij de hond. Concluderend kunnen we stellen dat het biochemische proces van fibro-
se bij honden identiek is aan dat bij de mens. Vanwege het belang van een goed 
model voor fibrose in (grote) zoogdieren, is dit van grote waarde. 
 
Samenvattend over de eerste hoofdstukken kunnen we concluderen dat HGF therapie 
een mogelijke toepassing is om leverziekten bij de hond te behandelen, zowel wat 
betreft de regeneratie als de fibrosering. Hierop anticiperend is een synthetisch (re-
combinant) honden HGF eiwit gemaakt en getest op zijn regenererend vermogen 
(hoofdstuk 5). Resultaten laten zien dat honden-HGF levercellen in kweek sterk laat 
vermenigvuldigen. Bovendien activeert het honden-HGF alle benodigde eiwitten 
voor regeneratie en de afbraak van fibrose.  
 
Koperstapeling komt vaak voor bij verschillende hondenrassen en leidt in de meeste 
gevallen tot chronische hepatitis. Koper zelf is een essentieel metaal en is nodig in 
veel belangrijke processen in het lichaam. Echter een teveel aan koper kan leiden tot 
oxidatieve schade en celdood. Een overmaat wordt daarom via de gal uitgescheiden. 
Om te bepalen of de koperstapeling bij de hondenrassen met een predispositie voor 
koperstapeling wordt veroorzaakt door een celdefect of als gevolg van een lever-
ziekte met verminderde galafvoer is het kopermetabolisme van de lever onderzocht 
(hoofdstuk 6). Resultaten laten zien dat in honden met chronische hepatitis door 
onbekende oorzaak en met extra-hepatische totale cholestase (galstuwing) geen ko-
perstapeling plaatsvindt. Concluderend kunnen we stellen dat, als er opeenstapeling 
plaatsvindt, er gesproken kan worden van een primaire genetische aandoening en niet 
een secundaire verandering door o.a. galstuwing of ontsteking. Onderzoek naar de ef-
fecten van koperstapeling laat in de koper gerelateerde hepatitis zien dat de afweer 
tegen oxidatieve stress sterk afneemt bij een stapeling van koper. 
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Vanwege de grote onbekendheid van de rol van koper bij hepatitis hebben we ook 
naar een specifiek hondenras gekeken met een predispositie voor koperstapeling in 
de lever, de Doberman (hoofdstuk 7). Omdat koperstapeling over een langere tijd op 
kan treden zonder dat er negatieve effecten zijn hebben we hier ook gekeken naar 
monsters met subklinische hepatitis. In deze groep is er al wel koperstapeling maar is 
de hond nog steeds ‘gezond’. Hoewel het gendefect van de Doberman niet is gevon-
den, waren specifieke koper uitscheidingseiwitten verlaagd bij de koperstapelings-
ziekte. Bij de subklinische groep is één eiwit verlaagd, te weten ATP7A, een eiwit 
dat in de humane ziekte van Menkes defect is. Behalve bij klinische hepatitis, was in 
de Doberman ook bij subklinische hepatitis al een verlaging in de afweer tegen oxi-
datieve stress te zien. 
 
Analyse van koper toxcicose van de lever bij Bedlington terriërs heeft er toe geleid 
dat er een nieuw eiwit is ontdekt met een belangrijke rol bij het transporteren van 
koper door de levercellen naar de gal. Het defect bij deze honden bleek een mutatie 
te zijn in het COMMD1 gen (ook bekend als MURR1). De genetische analyse van 
deze mutatie, en specifiek de detectie van dragers, is erg omslachtig. Hiervoor 
hebben wij in hoofdstuk 8 een eenvoudige test ontwikkeld om dragers, lijders en ge-
zonde Bedlington terriërs te onderscheiden. Met het gebruik van een kwantitatieve 
PCR methode hebben wij laten zien dat DNA analyse van monsters (bloed of wang-
slijmvlies) met een hoge nauwkeurigheid dragers van gezond en lijders kan onder-
scheiden.  
 
Vanwege de relatieve onbekendheid hebben we in hoofdstuk 9 gekeken naar de 
specifieke werking van het COMMD1 eiwit bij kopermetabolisme. In dit hoofdstuk 
hebben we gebruik gemaakt van een nieuwe techniek, genaamd RNAi of RNA 
interferentie, om heel specifiek één eiwit uit te schakelen. Hierbij wordt gebruik ge-
maakt van zeer kleine moleculen die specifiek op het RNA van een eiwit binden en 
dit afbreken voordat een eiwit wordt gemaakt. Als we deze moleculen gebruiken om 
COMMD1 uit te schakelen kan het effect op het kopermetabolisme bekeken worden 
en krijgen we inzicht in de werking van dit eiwit. De kweekresultaten laten zien dat 
als het COMMD1 eiwit uitgeschakeld is, koper zich opstapelt in de levercellen. 
Bovendien worden ze hierdoor veel gevoeliger voor koper en gaan ze sneller dood. 
Hiermee is vastgesteld dat COMMD1 een belangrijke rol speelt in de uitscheiding 
van koper uit levercellen en is de oorzakelijke rol van dit eiwit in de ontwikkeling 
van deze vorm van hepatitis, onomstotelijk vastgesteld.  
 
Het gebruik van de siRNA techniek in het vorige hoofdstuk, leidde tot het idee om 
siRNA moleculen te gebruiken als therapie om tumoren gevoeliger te maken voor 
bestaande chemotherapieën. Onze aandacht ging uit naar x-linked inhibitor of apop-
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tosis (XIAP), een eiwit dat we al eerder hadden bestudeerd bij kopergerelateerde 
toxcicose van de lever. Een verlies van dit eiwit leidt tot een verhoging in geregu-
leerde celdood, ook wel apoptose genoemd. In hoofdstuk 10 laten we zien dat een 
specifieke remming in de productie van XIAP leidt tot een verhoogde gevoeligheid 
van tumoren (prostaat, galgang en melkklier) voor experimentele (TRAIL) en 
bestaande chemotherapieën (doxorubicine).  

 
 

Conclusies 
 
In het onderzoeksveld van leverziekten bij de hond hebben we grote vooruitgang 
geboekt in het begrijpen van biologische mechanismen in leverziekten zoals hepa-
titis, koper toxcicose van de lever, lever hypoplasie en tumor vorming. In dit proef-
schrift leggen we de basis voor nieuwe therapieën zoals HGF behandeling. Mogelijk 
dat een analyse aan individuele cellen kan leiden tot gedetailleerdere beschrijving 
van hepatitis bij honden en daarmee ook bij mensen. Samenwerking met humane 
hepatologie (Prof. Roskams, Leuven, België) is de afgelopen jaren sterk geïnten-
siveerd en zal hopelijk nog vele wetenschappelijke vruchten afwerpen. 
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Appendix 
 
Chapter 2, Figure 1, page 38.  
 

A B

 
 
Appendix 1. Histological grading of fibrosis.  
(A) CPSS, Portal area without recognizable portal vein and arteriolar proliferation. 
Van Gieson stain. (B) PPVH, Markedly enlarged portal area with fibrosis and 
extensive arteriolar and ductular proliferation. Van Gieson stain.  
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Chapter 4, Figure 5, page 85. 
 

 
Appendix 2. Immunohistochemistry on collagen-I and -III in liver samples.  
Collagen-I and-III in healthy liver tissue is shown in (A). Collagen-I and -III in 
Chronic Hepatitis is shown in (B). Collagen-I and -III in cirrhotic liver tissue is hown 
in (C). Collagen-I and -III in Lobular Dissecting Hepatitis is shown in (D). Size bar 
indicated in figures.  
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Chapter 6, Figure 1, page 114. 
 

 
 
Appendix 3. Examples of Rubeanic acid staining on Copper Toxicosis with 5+ 
copper shown in (A), Extrahepatic cholestasis with 1-2+ centrolobular staining (B), 
Extrahepatic cholestasis with staining in periportal hepatocytes in (C), and Chronic 
hepatitis with 1-2+ copper shown in (D).  
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Chapter 7, Figure 1, page 131. 
 

 
 
Appendix 4. Histological evaluation of Doberman hepatitis.  
Hepatitis characterized by accumulation of pigmented granules (probably Cu) in 
hepatocytes (A), and inflammation with lymphocytes and pigmented (probably Cu) 
macrophages. HE staining. (B) Centrolobular accumulation of copper in hepatocytes 
and band of fibrous tissue with inflammatory cells and Cu-laden macrophages. Ru-
beanic acid staining. P = Portal area, CV = Central Vein area. 
 
 
 
 
 
 



Abbreviation list 
 

 224

List of abbreviations 
 

- AH, acute hepatitis  
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- CH, idiopathic chronic hepatitis  
- CIRR, cirrhosis  
- COMMD1, copper metabolism MURR1 
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transcription factors 
- GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase 
- GPX1, gluthathione peroxidase 1 
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- hALC, human liver samples from 
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- HGF, hepatocyte growth factor  
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- HIF-1α, hypoxia induced factor-1α 
- HPRT, hypoxanthine phosphoribosyl 

transferase 
- LDH, lobular dissecting hepatitis 
- MAP kinase, mitogen-activated protein 

kinase 
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diphenyl tetrazolium bromide 
- N-CASH, non-copper associated 
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- PI3K, phosphoinositide 3-kinase  
- Phx, partial hepatectomy 
- PKB, protein kinase B (Akt) 
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- Q-PCR, quantitative real-time polymerase 

chain reaction 
- RNAi, RNA interference 
- ROS, reactive oxygen species 
- siRNA, small inhibitory RNA molecules  
- SOCS3, suppressor of cytokine signaling 
- SOD1, Cu/Zn superoxide dismutase  
- STAT, signal transducer and activator of 

transcription 
- TGF-β1, transforming growth factor β1 
- TNB, 2-nitro-5-thiobenzoic acid  
- TGFα, transforming growth factor α 
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