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Abstract
AIM: To investigate the impact of dietary copper given at 
different time points on the onset of fulminant hepatitis. 

METHODS: The Long-Evans cinnamon (LEC) rat mod-
el of Wilson’s disease (WD) was used to study the im-
pact of high dietary copper (hCu) on the induction of 
fulminant hepatitis at early or late time points of life. 
High Cu diet was started in rat pups or in adults (month 
5) for three months. Animals that received reduced di-
etary copper (rCu) throughout their lifetime served as 
a control. Hepatitis-associated serum markers (alanine 
aminotransferase, aspartate transaminase, bilirubin) 
were analyzed in animal groups receiving hCu or rCu. 
Liver copper content and liver histology were revealed 

at sacrifice. A set of 5 marker genes previously found 
to be affected in injured liver and which are related 
to angiogenesis (Vegfa ), fat metabolism (Srebf1 ), ex-
tracellular matrix (Timp1), oxidative stress (Hmox1 ), 
and the cell cycle (Cdkn1a) were analyzed by real-time 
polymerase chain reaction. 

RESULTS: Regardless of the time point when hCu was 
started, LEC rats (35/36) developed fulminant hepati-
tis and died. Animals receiving rCu (36/36) remained 
healthy, did not develop hepatitis, and survived long 
term without symptoms of overt disease, although liver 
copper accumulated in adult animals (477 ± 75 µg/g). 
With regard to start of hCu, onset of fulminant hepatitis 
was significantly (P < 0.001) earlier in adults (35 ± 9 d) 
that showed pre-accumulation of liver copper as com-
pared to the pup group (77 ± 15 d). Hepatitis-associ-
ated serum markers, liver copper and liver histology, as 
well as gene expression, were affected in LEC rats re-
ceiving hCu. However, except for early and rapid onset 
of hepatitis, biochemical and molecular markers were 
similar at the early and late time points of disease. 

CONCLUSION: Rapid onset of fulminant hepatitis in 
asymptomatic LEC rats with elevated liver copper sug-
gests that there is a critical threshold of liver copper 
which is important to trigger the course of WD.
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INTRODUCTION
Wilson’s disease (WD) is a genetic disorder transmitted 
by a recessive gene located on chromosome 13[1,2]. Diag-
nosis of  WD is mostly established on the basis of  com-
bined biochemical and clinical parameters, and lately by 
specific genetic analysis[3-6]. Presentation of  WD includes 
hepatic insufficiency, acute and chronic active hepatitis, 
fulminant hepatitis and/or extra hepatic manifestations. 
Although it is a rare disease, fulminant hepatitis is fre-
quently observed in WD patients and is followed by high 
mortality that accounts for approximately 5% of  acute 
liver failure (ALF) observed worldwide. The disease is 
linked to an imbalance of  copper homeostasis that is 
due to mutation of  the ATP7B copper transporter gene 
expressed primarily in the liver[7,8]. More than 600 muta-
tions have been reported in human ATP7B. Effective 
drug treatment of  WD has been established which aims 
at chelation or reduction of  copper[1]. However, com-
pliance to take lifelong treatment or to reduce dietary 
copper intake is low in patients[9]. Liver transplantation 
remains the only treatment option of  WD patients en-
countering ALF. 

In healthy individuals copper is absorbed via the in-
testine and delivered to the liver, where it is either trans-
ferred by ATP7B into ceruloplasmin that is secreted into 
blood or exported via bile[2]. Malfunction of  the ATP7B 
gene in WD patients leads to large quantities of  toxic 
copper in the liver and other organs. However, manifes-
tation and onset of  the disease induced by toxic copper 
can vary to a great extent between WD patients[10-12]. 
Individual mutations of  the ATP7B gene as well as mu-
tations outside of  this locus have been implicated to be 
important for the course of  the disease as suggested, 
e.g., by rare studies of  twins having the same mutation 
of  the ATP7B gene but presenting different courses of  
WD[13,14]. Besides genetic factors, environmental factors, 
such as the amount of  dietary copper intake, may also 
have an impact on WD[15,16]. However, studies of  such 
factors are difficult in humans.

Much has been learned from animal models of  WD. 
The Long-Evans cinnamon (LEC) rat has a large dele-
tion of  the ATP7B gene[17] and has many characteristics 
that are also observed in patients, e.g., low ceruloplas-
min, high liver copper levels, and sensitivity to anti-
copper therapy. The LEC rat strain can be housed on a 
commercial diet containing standard copper concentra-
tions (about 7-15 mg/kg). Using this standard chow, 
40%-60% of  LEC rats spontaneously encounter fulmi-
nant hepatitis at the age of  80-120 d[18]. The LEC rat is 
therefore a highly attractive model to analyze pathogen-
esis of  the liver, and is also used to study the effect of  

novel therapeutic approaches for liver disease, e.g., hepa-
tocyte transplantation or gene transfer[19,20].

In the present study, the role of  low and high dietary 
copper given at different time points was investigated 
in male and female LEC rats. We hypothesized that pre-
loading of  copper may affect the course and onset of  
disease. A high copper (hCu) diet was given to juvenile 
and adult rats that could pre-accumulate liver copper. 
The impact on hepatitis, liver copper, histology, gene ex-
pression, and survival was examined.

MATERIALS AND METHODS
Animals
LEC rats that lack functional ATP7B[17] and Long-Evans 
agouti (LEA) rats expressing wild-type ATP7B were a 
kind gift of  S. Gupta (Albert Einstein College of  Medi-
cine, New York, United States). Rats were genotyped for 
ATP7B by polymerase chain reaction (PCR) analysis using 
primers essentially as described previously[21]. For the hCu 
regimen, animals received a solid diet that contains a stan-
dard concentration (13 mg/kg) of  copper (1324, Altromin, 
Germany). Animals of  the hCu groups additionally re-
ceived tap water containing 20 mg copper/L [copper (Ⅱ) 
chloride, Sigma-Aldrich]. For the reduced copper (rCu) 
regimen, rats received a specialized solid diet (C1041, Al-
tromin) with a copper content of  0.3 mg/kg and distilled 
tap water. Female rats (n = 12) which were reported to 
have higher sensitivity to copper[18,22] and male rats (n = 
6) were analyzed for each group. LEA rats, heterozygotes 
and LEC rats housed on standard diet were used as con-
trols. The incidence of  severe jaundice with strong distur-
bance of  common as well as spontaneous behaviour, and 
weight loss (> 20%) which was accompanied by coma, 
led to sacrifice of  the animals. The protocol for animal 
use was approved by local authorities.

Analysis of serum samples
Blood was taken under retrobulbar anesthesia with isoflu-
rane (1-chloro-2,2,2-trifluoroethyl difluoromethyl ether, 
Abbott). Activities of  aspartate aminotransferase (AST) 
and alanine aminotransferase (ALT) and total concentra-
tion of  bilirubin in serum were analyzed photometrically 
using a Cobas Modular System (Roche Diagnostics, Ger-
many). Ceruloplasmin oxidase activity was determined 
using the modified protocol of  Schosinsky et al[23] adapted 
to a 96-well plate.

Liver histology
For histological evaluation, liver specimens were fixed by 
immersion for at least 24 h in 4% formaldehyde solution, 
and were subsequently dehydrated and embedded in par-
affin wax in order to cut serial sections at a thickness of  
5 µm. Morphologic parameters were determined after 
hematoxylin and eosin staining using standard protocols, 
and scored by a blinded observer, e.g., for polyploidy, 
steatosis, apoptosis, and proliferation.
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Copper determination 
For determination of  copper content, liver samples were 
dried for 72 h at 70 ℃. Dry weight was determined using 
the analytical balance ME235S (Sartorius, Germany). Liver 
was redissolved in 65% nitric acid (Merck, Germany) and 
copper concentration was determined by flame atomic 
absorption spectroscopy (Shimadzu AA6300, Japan). 

Real-time PCR analysis
Randomly chosen liver samples were immediately frozen 
after resection. Total RNA was extracted after disruption 
of  tissue using a homogenizer and RNeasy kit (Qiagen, 
Hilden, Germany). Reverse transcription-PCR was carried 
out as described[24]. Briefly, RNA was reverse transcribed 
using SuperScript Ⅱ according to the instructions of  the 
manufacturer (Invitrogen). Primers for PCR (Table 1) were 
synthesized by MWG Biotech (Germany). For quantita-
tive real-time PCR, a SYBR® Green kit (Eurogentec, 
Belgium) was used. PCR was performed on the ABI 
PRISMTM 7900HT sequence detector (PE Applied Bio-
systems, United States). Each sample was tested in three 
independent experiments. The ct value was normalized 
to the expression of  the house-keeping gene HPRT (∆ct 
method). Relative expression level of  gene normalized to 
house-keeping gene was determined by the equation 2∆ct 
and fold-change was calculated thereafter.

Statistical analysis
Statistical analysis was performed using SPSS 17.0 soft-
ware. Data are given as mean ± SE and median. Data 
were analyzed by the Student’s two tailed t test using 

Bonferroni correction for post-hoc pairwise compari-
sons or Kruskal-Wallis test. Kaplan-Meier survival test 
and logrank test were performed for time to event data. 

RESULTS
Onset of fulminant hepatitis
The role of  low and high dietary copper in the induction 
of  severe liver disease was studied with respect to the start 
of  a copper diet in LEC rats of  different age (Figure 1). A 
hCu was started early in pups or late in adults at month 
5. The latter animals received a rCu up to month 5. The 
time point of  hCu in adults was chosen to encompass 
the phase of  fulminant hepatitis that occurs in LEC rats 
at the age of  80-120 d when using commercial chow[18]. 
LEC rats subjected to hCu displayed significantly elevat-
ed hepatitis-associated markers (Figure 2A), and devel-
oped severe jaundice (bilirubin > 2.0 mg/dL). With re-
gard to start of  hCu, levels of  serum markers increased 
significantly earlier (P < 0.001) after the late regimen as 
compared with the early regimen (Figure 2B). Both gen-
ders displayed similar onset of  significantly elevated se-
rum markers (Table 2). LEC rats receiving a rCu diet or 
animals of  the control groups did not develop hepatitis.

LEC rats (36/36) receiving rCu survived the obser-
vation period (8 mo), and no signs of  overt morbidity 
were recorded in individual rats (18/18) as compared to 
controls, even when monitored beyond the observation 
period (up to month 20). In contrast, survival was sig-
nificantly impaired (P < 0.001) in LEC rats (35/36) that 
received hCu (Figure 2C). LEC rats subjected to an early 
hCu regimen showed a mean survival of  77 ± 15 d that 
was only moderately shorter when compared to control 
LEC rats that were housed on a commonly used stan-
dard diet (84 ± 5 d). In contrast, LEC rats that received 
a late hCu regimen had a significantly reduced survival (35 
± 9 d) with regard to start of  hCu. Survival of  male and 
female LEC rats did not differ (Table 2).

Impact of dietary copper on liver histology
Nuclei of  hepatocytes were found to be highly enlarged in 
LEC rats receiving early and late hCu regimens (Figure 3). 
Pronounced fatty acid changes, inflammation and, to a 
lesser extent, necrosis were observed in LEC rats receiv-
ing hCu. No marked changes in liver histology, including 
enlargements, fatty metamorphosis and inflammation, 
or cholangiofibrosis, that are routinely found in adults[18] 
were observed in LEC rats that received a rCu diet. The 
liver histology in the control groups was found to be 
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  Gene symbol Synonym Accession number Primer (forward/reverse)

  Vegfa Vascular endothelial growth factor A NM031836 CAGTTCGAGGAAAGGGAAAGGCAAATGCTTTCTCCGCTCTG
  Hmox1 Heme oxygenase (decycling) 1 NM012580 AGAGGCTAAGACCGCCTTCC AGGCCTCTGGCGAAGAAAC
  Cdkn1a Cyclin-dependent kinase inhibitor 1A U24174 CTTGCACTCTGGTGTCTCACG ATCGGCGCTTGGAGTGATAG
  Timp1 TIMP metallopeptidase inhibitor 1 BC099821 CCTGGTTCCCTGGCATAATC TTGCAAGGGATGGCTGAAC
  Srebf1 Sterol regulatory element binding protein-1 AF286470 AGAAGGCCAGTGGGTACCTG TGCGGGCCACAAGAAGTAG

Table 1  Genes analyzed by real-time polymerase chain reaction in liver

Early

Late

Early/late

0                            3              5                             8     (mo)

hCu

   rCu                                       hCu

rCu

Figure 1  Schematic representation of study design. For the early copper 
regimen, Long-Evans cinnamon (LEC) rat pups received a high copper (hCu) 
diet up to month 3. For the late copper regimen, LEC pups were first housed on 
a reduced copper (rCu) diet until adult (month 5). Thereafter, rats received hCu 
for 3 mo up to the end of observation time (month 8). LEC rats received rCu 
diet throughout the observation period (early/late). ATP7B heterozygotes as 
well as Long-Evans agouti rats were also studied using an early hCu regimen. 
Arrow indicates start of hCu regimen.
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normal regardless of  the copper regimen used. 

Accumulation of liver copper 
High concentrations of  copper were determined in the 
livers of  LEC rats (Figure 4) following hCu, resembling 
WD[25]. LEC rats receiving rCu exhibited significant liver 

copper after the early (422 ± 62 µg/g) and late regimen 
(477 ± 75 µg/g) as compared to heterozygotes or wild 
type rats. Male and female LEC rats did not significantly 
differ with respect to liver copper (Table 2). Ceruloplas-
min activity, which is absent in the LEC rat strain[20], was 
not affected by a copper diet (Figure 5).
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Figure 2  High copper regimen induces fulminant hepatitis. A: Bilirubin, aspartate transaminase (AST) and alanine aminotransferase (ALT) were determined in 
Long-Evans cinnamon (LEC) rats (-/-), heterozygotes (+/-) or Long-Evans agouti (LEA) rats (wt). Animals received a high copper (hCu) or reduced copper (rCu) diet as 
an early or late regimen. Median ± SE of maximal values obtained from animals are shown; B: Time course of serum markers in LEC rats that received early (top) or 
late (bottom) hCu. X-axis represents day after start of hCu. Animals of other groups showed normal levels. Of note, the onset of increased values following late hCu was 
at day 189 ± 42 after birth. Each line represents one animal. Logrank test using threshold (mean ± SE of LEA rats ×2) was used; C: Kaplan-Meier survival curve of LEC 
rats receiving an early and late hCu regimen are shown. Survival is represented as day after start of hCu. Of note, age of animals at death in late group was 190 ± 9 d.
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Gene expression in liver
In order to investigate whether the different copper diet 
regimens also have an impact on major biochemical 
pathways, gene expression in the liver was determined 
in animals at sacrifice. A small set of  five marker genes 
was analyzed that relate to different areas of  metabolism 
previously found to be affected in injured liver, including 
angiogenesis (Vegfa), fat metabolism (Srebf1), extracellu-
lar matrix (Timp1), oxidative stress (Hmox1), and the cell 
cycle (Cdkn1a). A highly different (fold-change > 8.5) ex-
pression of  marker genes was observed when LEC rats 
receiving an early hCu regimen were compared to LEC 
rats receiving rCu (Figure 6). mRNA levels of  Vegfa (8.5) 
and Srebf1 (13.9) were downregulated at the time points 
of  fulminant hepatitis in LEC rats receiving hCu, where-

as Timp1 (9.8), Cdkn1 (10.1) and Hmox1 (10.6) were up-
regulated at this time point. Marker gene expression was 
not affected in LEC rats receiving rCu, in LEA rats or in 
ATP7B heterozygotes (data not shown). Of  note, none 
of  the five genes displayed a significantly different (fold-
change > 2) level of  expression when LEC rats receiving 
early and late hCu regimen were compared.  

DISCUSSION
The early hCu regimen used here for juvenile LEC rats 
closely resembles previous protocols. Onset of  fulmi-
nant hepatitis was observed by us at about day 80, which 
is of  a similar range as compared to others[18,25,26]. The 
high dietary copper regimen was achieved by copper 
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Early hCu Late hCu rCu Long-Evans agouti

Male Female Male Female Male Female Female
  Bilirubin       > 0.4 mg/dL1 (d)   55 (67 ± 5)     63 (60 ± 1)      28 (30 ± 1)      28 (32 ± 1)      0.32 (0.3 ± 0)    0.22 (0.2 ± 0)          0.22 (0.2 ± 0)
  AST > 240 U/L1 (d)   74 (75 ± 3)     68 (68 ± 1)       28 (34 ± 3)      30 (33 ± 1)   1152 (117 ± 4)   1032 (103 ± 3)         1142 (114 ± 5)
  ALT > 110 U/L1 (d)   44 (50 ± 2)     54 (54 ± 1)      28 (30 ± 2)      28 (31 ± 1)     692 (69 ± 6)     752 (75 ± 6)           542 (54 ± 1)
  Liver Cu (μg/g) 868 (880 ± 93) 1036 (1058 ± 59)  1494 (1452 ± 161)  1235 (1178 ± 59)    503 (495 ± 75)    309 (326 ± 29)            46 (44 ± 9)
  Survival (day after hCu)   85 (81 ± 4)     81 (75 ± 9)      37 (37 ± 6)      35 (35 ± 2) NA NA NA

Table 2  Male and female Long-Evans cinnamon rats after copper diet

NA: Not available; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; hCu: High copper; rCu: Reduced copper. 1Sera up to sacrifice were 
analyzed by logrank test using thresholds calculated from Long-Evans agouti rat (mean ± SE) × 2; 2Max values up to sacrifice are given. Data of male and 
females did not differ (logrank, t test, Kruskal-Wallis, Kaplan-Meier).

A B

C D

Figure 3  Liver of Long-Evans cinnamon rats is significantly affected by high copper regimen. Hematoxylin and eosin staining of liver. Livers were obtained 
from Long-Evans cinnamon rats that received high copper at an early or late time point (A, B) or after a reduced copper diet (C: late regimen). As a control, liver of 
Long-Evans agouti rat is depicted (D). Note highly irregular architecture of liver parenchyma, polyploidy, enlarged nuclei and inflammation (A, B) as compared to C 
and D. Liver histology of other groups was normal. One representative staining (40× magnification) of female rats is shown.
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enriched tap water (20 mg copper/L) and a standard 
solid diet (13 mg copper/kg). As compared to previ-
ous studies that employed a standard solid diet, only the 
overall dietary copper burden given to the LEC rats was 
moderately increased[18,25,26]. Much higher dietary cop-
per concentrations have been reported in LEC rats[26-28], 
and intraperitoneal injection of  3 mg/kg copper for 3 d 
was shown to result in jaundice and fulminant hepatitis 
within 2 d after the last injection, suggesting that besides 
the absolute amount of  copper the route of  adminis-
tration is also important[29]. As one result of  our high 
dietary copper regimen, all LEC rats (with the exception 
of  one animal used for the early regimen) encountered 

fulminant hepatitis and death. This is in contrast to 
previous studies using a standard solid diet only, where 
40%-60% of  LEC rats survived[18,25,26]. Since the high 
dietary copper regimen can induce fulminant hepatitis 
in nearly all LEC rats, such protocols may now allow a 
more quantitative analysis of  therapy, e.g., by cell-based 
approaches[30].  

Prevention of  hepatitis and almost disease-free long 
term survival were observed in LEC rats that received 
a low copper diet throughout their lifetime. Hepatitis in 
LEC rats is closely associated with copper intake[18,31], and 
it was therefore noted early that a copper deficient diet 
can reduce serum levels of  AST and ALT in addition to 
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diminution of  copper concentration in the liver[27]. In the 
latter study of  male LEC rats, animals at the age of  30 
d were monitored for 35 d or 15 wk[18,32]. A rCu diet that 
was enriched for L-proline could also improve survival (up 
to month 5) in male LEC rats[26]. We could confirm previ-
ous results regarding the impact of  reduced dietary cop-
per intake in a long-term study (up to 20 mo). Since male 
LEC rats seem to be more resistant to copper[33,34], we 
also investigated female LEC rats; however, a significant 
difference between genders was not observed for onset 
of  hepatitis, liver copper, and survival. 

Onset of  hepatitis as determined by serum markers 
ALT, AST, and bilirubin was significant earlier (about 2 wk) 
in LEC rats that received a late hCu regimen. The find-
ing of  a significantly earlier onset of  hepatitis and death 
in animals having elevated liver copper at start of  hCu 
suggests that copper preloading of  the liver above a 
critical threshold may accelerate the onset of  disease. 
In contrast, LEC rats remained apparently asymptom-
atic showing liver copper levels that were about 10-fold 
higher as compared to LEA rats, suggesting that a high 
liver copper level can be tolerated for an extended time 
but induces a rapid onset of  disease when dietary copper 
intake is increased. It should be stated that the effect of  
copper preloading could not be demonstrated by inspec-
tion of  liver tissue since the stains obtained at early and 
late time points after hCu treatment did not significantly 
differ. Inflammation and necrosis were almost absent in 
stains of  liver tissue at early and late time points when a 
rCu diet was used, suggesting that preloading with signif-
icant but subcritical levels of  copper does not result in 
gross histological alterations of  liver tissue and adverse 
immune responses. 

The liver of  LEC rats was characterized by determi-
nation of  mRNA levels after a hCu regimen to assess the 
impact of  dietary copper on gene expression. Notably, 
an almost identical gene expression was observed in 
juvenile and adult LEC rats after the hCu regimen, indi-
cating that pre-accumulated copper levels do not affect 
gene expression at least at the time point of  fulminant 
hepatitis. Marked differences were however observed 
between LEC rats at fulminant hepatitis and age-matched 
asymptomatic LEC rats that received a rCu diet. Inhibi-
tory molecule Cdkn1a (p21) was found to be markedly 
upregulated suggesting that the cell cycle is blocked at G0 
in the phase of  fulminant hepatitis, confirming previous 
results obtained in LEC rats as well as in rats after hepa-
tectomy[35,36]. It is conceivable that arrest of  the cell cycle 
within the liver is a common molecular determinant of  
fulminant hepatitis. Timp1, an important mediator of  ex-
tracellular matrix remodeling during toxic liver injury[37], 
was highly upregulated in LEC rats after hCu corroborat-
ing our observations of  significant changes in liver archi-
tecture. The role (if  any) of  Timp-1 mRNA regulation 
by a copper diet with regard to the activity of  metallo-
proteinase (MMP), e.g., MMP-9, which was shown to be 
highly induced in fulminant hepatic failure[38], remains to 
be studied. Expression of  Srebf1 was down-regulated in 

LEC rats after the hCu regimen, suggesting that copper 
overload may be followed by reduction of  lipid biosyn-
thesis. Of  note, Srebf1 activity was found to be increased 
in copper-deficient rats[39]. Hmox1, which is related to 
oxidative stress induced by iron deposition that is also 
commonly observed in LEC rats, was found to be highly 
upregulated after the hCu regimen, as reported before[36]. 
In contrast, Vegfa, a strong mediator of  angiogenesis that 
was recently observed to be induced in hepatoma cells by 
hCu via a ceruloplasmin promotor, was down-regulated 
after hCu regimen. LEC rats which have a low cerulo-
plasmin expression may differ in this respect from wild 
type[40]. Although our analysis of  gene expression in the 
liver of  LEC rats after hCu regimen showed a significant 
modulation of  important markers of  copper metabolism, 
the study is limited since only one time point was exam-
ined. Clearly, further studies are needed that are beyond 
the scope of  this article to explore the molecular events 
following toxic copper exposure of  the liver. 

Accumulation of  dietary copper in the liver over a 
lifetime may play a role in the course of  WD even when 
the genetic constitution of  patients is similar[13-16]. While 
WD is frequently observed in the 2nd and 3rd decade 
of  life, presentation of  typical WD symptoms at the 
preschool age is relative rare and onset of  disease above 
the age of  40 has been noted[12]. The finding that LEC 
rats have moderate liver copper but no overt disease may 
possibly resemble the observation of  rare asymptomatic 
WD patients[41,42]. Conversion from a state of  low to high 
dietary copper is followed by rapid development of  se-
vere disease in LEC rats, a situation that may also apply 
to WD patients after discontinuation of  therapy[9,43]. Our 
findings indicate the importance of  a stringent mainte-
nance of  anti-copper therapy for management of  WD 
patients in order to balance liver copper level below a 
critical threshold, and reinforce the lifetime risk of  WD 
patients of  developing liver failure when dietary copper 
intake is increased or anti-copper therapy has failed.

Taken together our results demonstrate that asymp-
tomatic LEC rats having significantly elevated liver copper 
either rapidly develop fulminant hepatitis when dietary 
copper is increased or survive long term on a rCu diet, 
suggesting that there may exist a critical threshold of  liver 
copper important to trigger onset of  WD. A stringent diet 
of  low copper throughout the lifetime is followed in LEC 
rats by escape from hepatitis, moderately low liver cop-
per, and long term survival without overt disease. The 
data underline the importance of  environmental factors, 
such as dietary copper, with respect to the phenotype 
and course of  WD, and suggest that similar molecular 
and physiologic mechanisms are initiated when tolerable 
copper thresholds are exceeded during the lifetime. 
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Background
Fulminant hepatitis is a life-threatening disorder that is also observed in Wilson’s dis-
ease (WD), an inherited disease that is caused by mutation of the ATP7B gene 
encoding a crucial copper transport protein in the liver. The dietary intake of 
copper during a lifetime can affect the course of WD. Analysis of dietary copper 
intake was assessed in a rat model of WD. The study is related to the under-
standing of copper toxicity and the molecular events of pathogenesis.
Research frontiers
High copper is toxic to cells. In humans, the liver has the role of excreting ex-
cessive copper and preventing toxicity. The molecular events following copper 
toxicity are not understood. The relationship between liver copper levels and 
onset of disease is important to understand for improving current therapy ap-
proaches.
Innovations and breakthroughs
Accumulation of liver copper in individuals carrying two allelic mutations of AT-
P7B is ultimately followed by development of WD; however, rate, onset, course 
of disease, including acute liver failure (ALF), varies greatly between patients. 
Studies of monozygotic twins having identical mutations of ATP7B are most 
informative to decipher the role of genetic and environmental factors for the 
course of WD. However, these studies are casual and rare. The Long-Evans 
cinnamon rat carrying a natural mutation of ATP7B has been established as 
a model to study the pathophysiology of WD. This study illustrates for the first 
time that a stringent copper-restricted diet can completely prevent development 
of fulminant hepatitis in the long-term (up to 20 mo). Reduced dietary copper 
intake is associated with no overt disease symptoms, although elevated levels 
of liver copper were observed. This state of disease rapidly shifts to severe 
disease, liver failure, and death if dietary copper intake is increased. The mo-
lecular events following induction of ALF seem to be identical in WD regardless 
of the time point of disease onset. 
Applications
The observation of different degrees of disease progression with regard to liver 
copper levels underlines the importance of a stringent maintenance of drugs 
during anti-copper therapy of WD and provides a novel basis for efforts to 
achieve compliance. Counselling and monitoring of dietary aspects in WD could 
be reinforced for effective management of patients.
Terminology
Fulminant hepatitis is the appearance of severe, life-threatening complications 
that occur rapidly after the first signs of liver disease (such as jaundice). The 
damage to the liver is broad, leading to the death of most (80%-90%) of the 
liver cells.
Peer review
This article is about the correlation between dietary copper level and the onset 
of fulminant hepatitis in the rat model of WD, especially at different time points. 
The article presents an interesting topic of WD to simulate the liver injury and 
onset of fulminant hepatitis. Although the model has been previously described 
the current study provides additional new value to the field. 
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