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ABSTRACT. The Long-Evans Cinnamon (LEC) rat, an animal model of human Wilson’s disease, spontaneously develops fulminant hepatitis 
associated with severe jaundice at about 4 months of age. In this study, we examined the changes in gene expression during progression of 
acute hepatic injury. When levels of gene expression in the liver of LEC rats at 13 weeks of age were compared to those in rats at 4 weeks 
of age using oligonucleotide arrays, 1,620 genes out of 7,700 genes analyzed showed more than 2-fold differences. Expression levels of 11 
of 29 genes related to stress-activating protein kinase (SAPK) changed by more than 2-fold in the liver of LEC rats, but none of the SAPK-
related genes showed changes in expression levels in the liver of control rats. Activity of p38 mapk in the liver of LEC rats at 13 weeks 
of age was about 8.1-fold higher than that in rats at 4 weeks of age. When LEC rats were administered SB203580, a p38 mapk-specific 
inhibitor, by s.c. injection twice a week from 10 to 13 weeks of age, activities of p38 mapk in the liver, activities of AST and ALT and 
concentrations of bilirubin in sera of rats administered SB203580 significantly decreased compared to those in rats not administered. These 
results showed that the increase in activities of p38 mapk was related to the occurrence of acute hepatic injury in LEC rats.
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An inbred strain of the Long-Evans Cinnamon (LEC) 
rat was established as a mutant strain that spontaneously 
develops fulminant hepatitis associated with severe jaundice 
at about 4 months of age [10, 23]. The LEC rat has a muta-
tion in a gene homologous to the human Wilson’s disease 
gene, ATP7B [3]. A defect in the final product (Cu-binding 
P-type ATPase) of the gene, Atp7b [19, 21, 24, 29], results 
in abnormal copper metabolism, which is characterized by 
hepatic copper accumulation in LEC rats [16, 17]. Therefore, 
LEC rats provide a useful experimental model for human 
Wilson’s disease [22, 27, 28].

It is thought that accumulation of copper in the liver causes 
acute hepatic injury in patients with Wilson’s disease and 
in LEC rats. It is well known that excessive copper induces 
the production of large amounts of reactive oxygen species 
(ROS) [11, 25]. ROS are thought to be related to various 
human diseases [6]. Furthermore, ROS induce several types 
of DNA damage such base alterations and DNA strand 
breaks [11, 26, 34]. It has been reported that the amount of 
8-hydroxydeoxyguanosine (oh8dG) in DNA, a marker of 
ROS-derived DNA damage, was increased in the livers of 
LEC rats at 15 weeks of age compared with the amounts 
in the livers of LEC rats at 5 and 10 weeks of age and was 
1.9-fold larger than the amounts in control rats [32]. DNA 
strand breaks were also produced in hepatic cells of LEC rats 

in an age-dependent manner from 4 to 13 weeks of age [7, 
8]. Furthermore, it has been reported that lipid peroxidation 
was induced in the liver of LEC rats [33].

Klein et al. [12] analyzed gene expression using an oli-
gonucleotide array covering 1,031 genes and reported that 
during the progression of hepatic injury, genes related to 
oxidative stress, DNA damage, apoptosis and inflammation 
with acute-phase reaction were up-regulated. Thus, oxida-
tive stress caused by copper accumulation leads to changes 
in gene expression in development of acute hepatic injury. 
However, underlying mechanisms leading to the develop-
ment of hepatic injury have not been fully elucidated, though 
Fong et al. [5] suggested that TNF-α plays a role in patho-
genesis of copper-induced acute hepatitis in LEC rats.

In this study, we examined the levels of gene expression 
in the liver of LEC rats at 4 and 13 weeks of age using oli-
gonucleotide arrays including about 7,700 genes and showed 
that increase in activity of p38mapk was related to the occur-
rence of acute hepatic injury in LEC rats.

MATERIALS AND METHODS

Rats and treatment with SB203580: Inbred strains of 
LEC and WKAH/Hkm (WKAH) rats were obtained from 
the Institute for Animal Reproduction Inc. and the Institute 
for Animal Experimentation, School of Medicine, Hokkaido 
University, respectively. LEC rats were bred in our breeding 
facility. All research protocols were approved by the Animal 
Research Committee of Rakuno Gakuen University. The rats 
were housed at a temperature of 25 ± 2°C and exposed to a 
daily cycle of 14-hr light and 10-hr darkness. A solid diet 
(MF-Food, Oriental Yeast Co., Ltd., Tokyo, Japan) and water 
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were provided ad libitum. Twenty four male LEC and 12 
male WKAH rats were used in the present study. Although 
Long-Evans Agouti (LEA) strain rats have been established 
as a sibling strain of LEC rats, LEA rats show some genetic 
abnormalities such occurrence of diabetes mellitus (N. Ka-
sai, Tohoku University, personal communications). In the 
present study, WKAH rats were used as control rats.

SB203580 (4-[4-fluorophenyl]-2-[4-methylsulfinyl]-5-[4-
pyridyl]1H-imidazole), a p38 mitogen-activated protein 
kinase (p38 mapk)-specific inhibitor, was purchased from 
Wako Chemicals (Osaka, Japan) and was dissolved in di-
methyl sulfoxide (DMSO). SB203580 inhibits selectively 
an activation of p38 mapk, but not c-Jun N-terminal ki-
nase (JNK) and p48 MAPK. LEC rats were administered 
SB203580 by s.c. injection at doses of 2.5 and 5 mg/kg body 
weight twice a week from 10 to 13 weeks of age. An equal 
volume of DMSO was injected as a vehicle control.

RNA purification: Rats at 4 and 13 weeks of age were 
anesthetized with pentobarbital, and livers were flushed 
with ice-cold phosphate buffered saline (PBS). Total RNA 
was isolated from liver tissue using a Polytron homogenizer 
(Quiagen, Hilden, Germany) and TRI reagents (Sigma-Al-
drich, St. Louis, MO, U.S.A.) and purified using RNAeasy 
columns (Quiagen).

Preparation of cRNA: Total RNA (3 µg) was used as the 
starting material for cDNA preparation. cDNA synthesis 
and labeling of aRNA were performed using an amino-allyl 
RNA amplification kit ver.2 (Sigma-Aldrichi) and Cy3 and 
Cy5 Mono-reactive Dye Pack (Amersham Bioscience, Up-
psala, Sweden) according to the manufacturers’ instructions. 
Labeled aRNA was purified using Microcon-YM30 (Mil-
lipore, Billerica, MA, U.S.A.). The quality of the labeling 
products was tested with Nano Drop ND-1000 (NanoDrop 
Technology, Rockland, ME, U.S.A.) before hybridization to 
the oligonucleotide array.

Array hybridization and scanning: cRNA was fragmented 
at 95°C for 15 min in a fragmentation buffer and hybridized 
to a Panorama Rat Micro Array (Sigma-Aldrich) in a humid 
chamber (Sigma-Aldrich) at 60°C for 16 hr. The probe array 
was washed with 4 X standard saline citrate (SSC) contain-
ing 0.1% sodium dodecyl sulfate (SDS) at 50°C for 5 min, 
followed by washing with 2 X SSC containing 0.1% SDS at 
50°C for 5 min and 2 X SSC at 50°C for 5 min. The probe ar-
rays were scanned by Scanning service of Sigma-Aldrich. In 
the comparison of two arrays (LEC rats at 4 vs 13 weeks or 
WKAH rats at 4 vs 13 weeks), the original output was signal 
log ratio to log base 2, which was subsequently converted to 
linear fold changes by Lowess standardization. The expres-
sion level normalized at 4 weeks of age was 1.0.

Assay for JNK and p38 mapk: Small pieces of freshly 
resected rat liver were lysed in cell lysis buffer (Cell Signal-
ing, Danvers, MA, U.S.A.) using a sample grinding kit (GE 
Healthcare Bioscience, Uppsala, Sweden) at 4°C. Protein 
concentrations of the lysates were determined by the method 
of Lowry et al. [18]. Measurements of activities of JNK and 
p38 mapk were carried out using a JNK Assay kit (Cell Sig-
naling) and p38 map kinase kit (Cell Signaling) according to 
the manufacturer’s instructions. After SDS polyacrylamide 

gel electrophoresis and dry electrotransfer (iBlot Dry blot-
ting System, Invitrogen, Carlsbad, CA, U.S.A.) to nitrocel-
lulose paper (Invitrogen), equivalent protein loading was 
confirmed by staining with amido black. The nitrocellulose 
paper was incubated with primary antibodies to phosphory-
lated ATF-2 rabbit IgG for p38 mapk and to phosphorylrated 
c-Jun rabbit IgG for JNK. The proteins were detected with 
an antibody to HRP-anti rabbit IgG and LumiGLO. Chemi-
cal luminescence was analyzed using Lumi Vision PRO 
(Aisin, Kariya, Japan).

Measurements of activities of ALT and AST and concen-
trations of bilirubin in sera: Samples for measurements of 
aspartate aminotransferase (AST) and alanine aminotrasfer-
ase (ALT) activities and concentrations of bilirubin were fro-
zen with liquid nitrogen and stored at −80°C until used. The 
activities of AST and ALT and concentrations of bilirubin in 
sera were determined using an Automatic analyzer TBA-120 
FR (Toshiba, Tokyo, Japan).

Statistical analysis: All data are expressed as means ± SD. 
Differences between means were analyzed statistically by 
one-way ANOVA followed by Mann-Whitney U test. Values 
of P<0.05 and P<0.01 were considered significant.

RESULTS

Changes in gene expression analyzed by oligonucleotide 
arrays: When the levels of gene expression in the livers of 
LEC rats at 13 weeks of age were compared to those in the 
livers of rats at 4 weeks of age using oligonucleotide arrays 
covering 7,700 genes, 764 genes were up-regulated and 856 
genes were down-regulated at 13 weeks more than 2-fold 
compared to at 4 weeks (Table 1). In the case of livers of 
WKAH rats, 390 genes were up-regulated, and 449 genes 
were down-regulated. Although expression levels of many 
genes were different at 4 and 13 weeks of age in the livers of 
both LEC and WKAH rats, only 25 and 30 genes that were 
up-regulated and down-regulated were overlapped in LEC 
and WKAH rats at 13 weeks of age (Fig. 1). Gene ontology 
was followed according to classification of manufactures’s 
software (Sigma-Aldrich). Figure 2 shows the number of 
genes that were up-regulated and down-regulated more than 
2-fold in some groups of gene ontology in the livers of LEC 
and WKAH rats at 13 weeks of age compared to the levels in 
livers of rats at 4 weeks of age. Many genes related to oxida-
tive stress, DNA damage, apoptosis and inflammation with 
acute-phase reaction were up-regulated and down-regulated 
in the livers of LEC rats at 13 weeks of age (Fig. 2). These 
results are in good agreement with results obtained by Klein 
et al. [12]. Expression levels of 11 of 29 genes related to 
SAPK changed more than 2-fold in the livers of LEC rats 
at 13 weeks of age (Fig. 2). However, there were no SAPK-
related genes that showed changes in expression levels more 
than 2-fold in the livers of WKAH rats at 13 weeks of age 
compared to the levels in the livers of rats at 4 weeks of age.

SAPK activity in the liver of LEC rats: To examine the 
activities of SAPK in the liver of LEC rats at 13 weeks of 
age, the activities of p38 mapk and JNK were measured. Al-
though the activities of p38 mapk in the livers of LEC rats at 
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13 weeks of age were 8.1 ± 2.1-fold higher than those in rats 
at 4 weeks of age (Fig. 3a), there was no significant differ-
ence between the activities of JNK in the livers of LEC rats 
at 4 and 13 weeks of age (data not shown). When LEC rats 
were administered SB203580, a p38 mapk-specific inhibitor, 
by s.c. injection at doses of 2.5 and 5 mg/kg body weight 
twice a week from 10 to 13 weeks of age, p38 mapk activi-
ties in the livers of LEC rats at doses of 2.5 and 5 mg/kg were 
0.45 ± 0.12- and 0.54 ± 0.15-fold lower, respectively, than 
those in livers of rats not administered SB203580 (Fig. 3b 
and 3c).

Effects of SB203580 on acute hepatic injury in LEC 
rats: Activities of AST and ALT and concentrations of total 
bilirubin in sera of LEC rats at 13 weeks of age significantly 
increased compared to those in rats at 4 weeks of age (Table 
2). There were no significant differences in activities of 
AST and ALT and concentrations of total bilirubin in sera of 

WKAH rats at 4 and 13 weeks of age. Activities of AST and 
ALT in sera of LEC rats rapidly and significantly increased 
from 10 to 13 weeks of age (P<0.01). These results showed 
that acute hepatic injury with jaundice occurred in LEC 
rats at 13 weeks of age. When LEC rats were administered 
SB203580, activities of AST and ALT and concentrations of 
bilirubin in sera significantly decreased compared to those in 
rats not administered SB203580 (Table 2).

DISCUSSION

Since hepatic copper contents and frequencies in DNA 
strand breaks in hepatic cells in LEC rats were maximized 
at 13 weeks of age under our experimental conditions [7, 8], 
the levels of gene expression in the livers of LEC rats at 13 
weeks of age were compared to those in the livers of rats at 
4 weeks of age. Although expression levels of many genes 

Table 1. Numbers of up-regulated and down-regulated genes in the livers of LEC and 
WKAH rats at 13 weeks of age compared to those at 4 weeks of age

Rats
No. of up-regulated genes No. of down-regulated genes

>2-fold >3-fold >4-fold >2-fold >3-fold >4-fold
LEC 764 272 129 856 294 130
WKAH 390 79 33 449 90 23

Numbers of genes that showed differences in expression levels by more than 2, 3 and 4 
fold in the livers of LEC and WKAH rats at 13 weeks of age from those at 4 weeks of age.

Fig. 1. Number of genes for which ex-
pression levels changed by more than 
2-fold in livers of LEC and WKAH 
rats at 13 weeks of age compared to the 
levels in livers of rats at 4 weeks of age. 
Up and Down represent up-regulated 
and down-regulated genes in expression 
levels showing more than 2-fold differ-
ences in the livers of LEC and WKAH 
rats at 13 weeks of age compared to the 
levels in livers of rats at 4 weeks of age. Fig. 2. Number of genes for which expression levels in some groups of gene ontology 

changed by more than 2-fold in the livers of LEC and WKAH rats at 13 weeks of age 
compared to the levels in the livers of the rats at 4 weeks of age. Number in parenthesis is 
the number of genes analyzed in each group of ontology.
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differed by more than 2-fold in LEC and WKAH rats at 4 
and 13 weeks of age, only 25 and 30 genes that were up-
regulated and down-regulated were overlapped in the livers 
of LEC and WKAH rats. These results suggested that copper 
accumulation in the liver of LEC rats induced expression of 
different genes from those in WKAH rats.

In this study, we showed that the activities of p38 mapk in 
the livers of LEC rats at 13 weeks of age were 8.1 ± 2.1-fold 
higher than those in rats at 4 weeks of age. To determine 
whether the increase in activity of p38 mapk is related to 
the occurrence of acute hepatic injury in LEC rats, LEC rats 
were administered SB203580, a p38 mapk-specific inhibi-
tor. Activities of AST and ALT and concentrations of total 
bilirubin in sera of LEC rats administered SB203580 signifi-
cantly decreased compared to those in rats not administered 
SB203580. The p38 mapk activities in the livers of LEC rats 
administered SB203580 were also significantly lower than 
those in rats not administered SB203580. Activities of AST 
and ALT in sera of LEC rats rapidly increased from 10 to 
13 weeks of age (Table 2). Therefore, inhibition of activa-
tion of p38 mapk by SB203580 resulted in attenuation of the 
progression of acute hepatic injury in LEC rats.

It is well known that SAPK is activated by a variety of 
stressors such ROS, ultraviolet and ionizing radiation [1, 
13, 14]. Excessive copper induces the production of large 
amounts of ROS [11, 26]. Therefore, it is thought that ROS 
produced by accumulated copper activated p38 mapk in the 
liver of LEC rats. Activation of p38 mapk regulates a variety 
of cellular processes such inflammation, cell cycle arrest and 
apoptosis in a cell type-specific manner [4, 29, 31]. Indeed, 
expression levels of many genes that regulate apoptosis and 
inflammatory response changed in the livers of LEC rats at 
13 weeks of age compared to those at 4 weeks of age. Since 
it has been reported that activation of p38 mapk induces 
apoptosis [20, 31], SB203580 might inhibit the induction of 
apoptosis of hepatic cells in LEC rats. The study concern-
ing a role of apoptosis in occurrence of acute hepatic injury 
in LEC rats is now in progress. Furthermore, activation of 
p38 mapk increases expression of inflammatory cytokines 
including TNF-α [30]. Since Fong et al. [4] suggested that 

Fig. 3. Relative activities of p38 mapk in the liver of LEC rats ana-
lyzed by Western blotting. (a) Relative activities of p38 mapk in 
the livers of LEC rats not administered SB203580 at 4 (lane 1) and 
13 weeks (lane 2) of age. Relative activity of p38 mapk normalized 
to the band intensity of rats at 4 weeks of age is 1.0. The relative 
activities represent an average of 3 to 4 separate experiments with 
standard deviations. The activities at 13 weeks of age were signifi-
cantly higher than those at 4 weeks of age (P<0.01). (b) Activities 
of p38 mapk in the livers of LEC rats not administered (lane 1) 
and administered SB203580 at 2.5 (lane 2) and 5 (lane 3) mg/kg 
body weight at 13 weeks of age. (c) Relative activity of p38 mapk 
normalized to the band intensity of non-administered rats is 1.0. 
The activities represent an average of 3 to 4 separate experiments 
with standard deviations. * represents statistically significant dif-
ference from non-administered control (P<0.05).

Table 2. Activities of AST and ALT, and concentrations of total bilirubin in sera of rats

Rats Weeks of age Concentrations of 
203580 (mg/kg)

Activities Concentrations of total 
bilirubin (mg/dl)AST (U/l) ALT (U/l)

LEC 4 0 53 ± 12 121 ± 15 0.27 ± 0.07
10 0 149 ± 20* 155 ± 32 –
13 0 573 ± 129*, ! 548 ± 154*, ! 6.4 ± 3.7*
13 2.5 286 ± 144# 295 ± 155# 0.29 ± 0.17##

13 5.0 219 ± 92# 363 ± 114# 3.26 ± 1.91#

WKAH 4 0 44 ± 10 72 ± 11 0.20 ± 0.08
13 0 54 ± 15 66 ± 15 0.15 ± 0.09

The activities of AST and ALT, and concentrations of total bilirubin represent an average of 3 to 4 separate experi-
ments with standard deviations. * and ! represent statistically significant differences from 4 and 10 weeks of age, 
respectively (P<0.01).  # and ## represent statistically significant differences from the control not administered at 13 
weeks of age (P<0.05 and P<0.01, respectively).
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TNF-α plays a role in pathogenesis of copper-induced acute 
hepatitis in LEC rats, inhibition of p38 mapk activation might 
cause decrease in expression of inflammatory cytokines.

Although administration of LEC rats with SB203580 low-
ered activation of p38 mapk, the activities of p38 mapk at 13 
weeks of age were about 4-fold higher than those at 4 weeks 
of age. Therefore, occurrence of hepatic injury might not 
be completely inhibited under the conditions in this study. 
There was no significant difference in activities of ALT 
and AST in the sera of LEC rats administered SB203580 
between 2.5 and 5 mg/kg. The reason why dose-dependency 
was not shown remains unclear. Administration of rats with 
high concentration of SB203580 might inhibit other protein 
kinase such phosphatidylinositol 3-kinase/protein kinase 
B [15]. It has been reported that SB203580 also directly 
inhibits thromboxane synthase, cyclooxygenase-1 and cy-
clooxygenase-2 [2]. Furthermore, it has been reported that 
SB203580 activates extracellular-regulated protein kinase 
and JNK in primary human hepatocyte [9]. Our preliminary 
results showed that the protective effects by SB203580 at 10 
mg/kg body weight on acute hepatic injury reduced in LEC 
rats compared to rats administered at 2.5 mg/kg body weight 
(data not shown). Therefore, activation or inhibition of other 
protein kinases might affect the occurrence of hepatic injury 
in LEC rats administered SB203580 at high concentrations.

In the present study, it was shown that the increase in 
activities of p38 mapk was related to the occurrence of acute 
hepatic injury in LEC rats. An inhibitor of p38 mapk may be 
a therapeutic agent for attenuation of acute hepatic injury in 
patients with Wilson’s disease.

REFERENCES

 1. Ashwell, J. D. 2006. The many paths to p38 mitogen-activated 
protein kinase activation in the immune system. Nat. Rev. Im-
munol. 6: 532–540. [Medline]  [CrossRef]

 2. Borsch-Haubold, A. G., Pasquet, S. and Watson, S. P. 1998. Di-
rect inhibition of cyclooxygenase-1 and -2 by the kinase inhibi-
tors SB203580 and PD 98059. J. Biol. Chem. 273: 28766–28772. 
[Medline]  [CrossRef]

 3. Bull, P. C., Thomas, G. R., Rommens, J. M., Forbes, J. R. and 
Cox, D. W. 1993. The Wilson disease gene is a putative copper 
transporting P-type ATPase similar to the Menkes gene. Nat. 
Genet. 5: 327–337. [Medline]  [CrossRef]

 4. Dent, P., Yacoub, A., Contessa, J., Caron, R., Amorino, G., Val-
erie, K., Hagan, M. P., Grant, S. and Schmidt-Ullrich, R. 2003. 
Stress and radiation-induced activation of multiple intracellular 
signaling pathways. Radiat. Res. 159: 283–300. [Medline]  
[CrossRef]

 5. Fong, R. N., Gonzalez, B. P. E., Fuentealba, I. C. and Cherian, 
M. G. 2004. Role of tumor necrosis factor-α in the development 
of spontaneous hepatic toxicity in Long-Evans Cinnamon rats. 
Toxicol. Appl. Pharmacol. 200: 121–130. [Medline]  [CrossRef]

 6. Halliwell, B. and Cross, C. E. 1994. Oxygen-derived species: 
their relation to human disease and environment stress. Environ. 
Health Perspect. 102: 5–12. [Medline]

 7. Hayashi, M., Kuge, T., Endoh, D., Nakayama, K., Arikawa, J., 
Takazawa, A. and Okui, T. 2000. Hepatic copper accumulation 
induces DNA srand breaks in the liver cells of Long-Evans 
Cinnamon strain rats. Biochem. Biophys. Res. Commun. 276: 

174–178. [Medline]  [CrossRef]
 8. Hayashi, M., Miyane, K., Hirooka, T., Endoh, D., Higuchi, H. 

Nagahata, H., Nakayama, K., Kon, Y. and Okui, T. 2004. Inhibi-
tory effects of trientine, a copper-chelating agent, on induction 
of DNA strand breaks in hepatic cells of Long-Evans Cinnamon 
rats. Biochim. Biophys. Acta. 1674: 312–318.

 9. Henklova, P., Vizal, R., Papouskova, B., Bednar, P., Jncova, P., 
Anzenbacherova, E., Ulrichova, J., Maurel, P., Pavek, P. and 
Dvorak, Z. 2008. SB203580, a pharmacological inhibitor of 
p38 MAP kinase transduction pathway activates ERK and JNK 
MAP kinases in primary cultures of human hepatocytes. Eur. J. 
Pharmacol. 593: 16–23. [Medline]  [CrossRef]

 10. Kasai, N., Osanai, T., Miyoshi, I., Kamimura, E., Yoshida, M. 
C. and Dempo, K. 1990. Clinico-pathological studies of LEC 
rats with hereditary hepatitis and hepatoma in the acute phase of 
hepatitis. Lab. Anim. Sci. 40: 502–505. [Medline]

 11. Kawanishi, S., Inoue, S. and Yamamoto, K. 1989. Hydroxyl 
radical and singlet oxygen production and DNA damage induced 
by carcinogenic metal compounds and hydrogen peroxide. Biol. 
Trace Elem. Res. 21: 367–372. [Medline]  [CrossRef]

 12. Klein, D., Lichtmannegger, J., Finckh, M. and Summer, K. H. 
2003. Gene expression in the liver of Long-Evans cinnamon rats 
during the development of hepatitis. Arch. Toxicol. 77: 568–575. 
[Medline]  [CrossRef]

 13. Kurata, S. 2000. Selective activation of p38 mapk cascade and 
mitotic arrest caused by low level oxidative stress. J. Biol. Chem. 
275: 23413–23416. [Medline]  [CrossRef]

 14. Kyriakis, J. M. and Avruch, J. 2001. Mammalian mitogen-acti-
vated protein kinase signal transduction pathways activated by 
stress and inflammation. Physiol. Rev. 81: 807–869. [Medline]

 15. Lali, F. V., Hunt, A. E., Turner, S. J. and Foxwell, B. M. 2000. 
The pyridinyl imidazol inhibitor SB203580 blocks phos-
phoinositidine-dependent protein kinase activity, protein kinase 
B phosphorylation, and retinoblastoma hyperphosphorylation in 
interleukin-2-stimulated T cells independently of p38 mitogen-
acitivated protein kinase. J. Biol. Chem. 275: 7395–7402. [Med-
line]  [CrossRef]

 16. Li, Y., Togashi, Y., Sato, S., Emoto, T., Kang, J. H., Takeichi, N., 
Kobayashi, H., Kojima, Y., Une, Y. and Uchino, J. 1991. Spon-
taneous copper accumulation in LEC rats with hereditary hepati-
tis: a model of Wilson’s disease. J. Clin. Invest. 87: 1858–1861. 
[Medline]  [CrossRef]

 17. Li, Y., Togashi, Y., Sato, S., Emoto, T., Kang, J. H., Takeichi, N., 
Kobayashi, H., Kojima, Y., Une, Y. and Uchino, J. 1991. Abnor-
mal copper accumulation in noncancerous and cancerous liver 
tissues of LEC rat developing hereditary hepatitis and sponta-
neous hepatoma. Jpn. J. Cancer Res. 82: 490–492. [Medline]  
[CrossRef]

 18. Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. 
J. 1951. Protein measurement with the folin phenol reagent. J. 
Biol. Chem. 193: 265–275. [Medline]

 19. Muramatsu, Y., Yamada, T., Miura, M., Sakai, T., Suzuki, Y., 
Serikawa, T., Tanzi, R. E. and Matsumoto, K. 1994. Wilson’s 
disease gene is homologous to hts. Gastroenterology 107: 
1189–1192. [Medline]

 20. Noguchi, T., Ishii, K., Fukutomi, H., Naguro, I., Matsuzawa, A., 
Takeda, K. and Ichijyo, H. 2008. Requirement of reactive oxy-
gen species-dependent activation of ASK-1 p38 mapk pathway 
for extracellular ATP-induced apoptosis in macrophage. J. Biol. 
Chem. 283: 7657–7665. [Medline]  [CrossRef]

 21. Ono, T., Takada, S. and Yoshida, M. C. 1994. The WD gene for 
Wilson’s disease links to hepatitis of LEC rats. Jpn. J. Cancer 
Res. 85: 771–774. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/16799472?dopt=Abstract
http://dx.doi.org/10.1038/nri1865
http://www.ncbi.nlm.nih.gov/pubmed/9786874?dopt=Abstract
http://dx.doi.org/10.1074/jbc.273.44.28766
http://www.ncbi.nlm.nih.gov/pubmed/8298639?dopt=Abstract
http://dx.doi.org/10.1038/ng1293-327
http://www.ncbi.nlm.nih.gov/pubmed/12600231?dopt=Abstract
http://dx.doi.org/10.1667/0033-7587(2003)159[0283:SARIAO]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/15476865?dopt=Abstract
http://dx.doi.org/10.1016/j.taap.2004.03.023
http://www.ncbi.nlm.nih.gov/pubmed/7705305?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11006102?dopt=Abstract
http://dx.doi.org/10.1006/bbrc.2000.3454
http://www.ncbi.nlm.nih.gov/pubmed/18655782?dopt=Abstract
http://dx.doi.org/10.1016/j.ejphar.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/2170750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2484615?dopt=Abstract
http://dx.doi.org/10.1007/BF02917277
http://www.ncbi.nlm.nih.gov/pubmed/14574444?dopt=Abstract
http://dx.doi.org/10.1007/s00204-003-0493-4
http://www.ncbi.nlm.nih.gov/pubmed/10856288?dopt=Abstract
http://dx.doi.org/10.1074/jbc.C000308200
http://www.ncbi.nlm.nih.gov/pubmed/11274345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10702313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10702313?dopt=Abstract
http://dx.doi.org/10.1074/jbc.275.10.7395
http://www.ncbi.nlm.nih.gov/pubmed/2022751?dopt=Abstract
http://dx.doi.org/10.1172/JCI115208
http://www.ncbi.nlm.nih.gov/pubmed/1905694?dopt=Abstract
http://dx.doi.org/10.1111/j.1349-7006.1991.tb01876.x
http://www.ncbi.nlm.nih.gov/pubmed/14907713?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7926469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18211888?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M708402200
http://www.ncbi.nlm.nih.gov/pubmed/7928621?dopt=Abstract
http://dx.doi.org/10.1111/j.1349-7006.1994.tb02946.x


S. KADOWAKI ET AL.1556

 22. Roberts, E. A. and Cox, D. W. 1998. Wilson disease. Baillieres 
Clin. Gastroenterol. 12: 237–256. [Medline]  [CrossRef]

 23. Sasaki, M., Yoshida, M. C., Kagami, K., Takeichi, N., Kobayas-
hi, H., Dempo, K. and Mori, M. 1985. Spontaneous hepatitis in 
an inbred strain of Long-Evans rats. Rat News Lett. 14: 4–6.

 24. Sasaki, N., Hayashizaki, Y., Muramatsu, M., Matsuda, Y., Ando, 
Y., Kuramoto, T., Serikawa, T., Azuma, T., Naito, A., Agui, T., 
Yamashita, T., Miyoshi, I., Takeichi, N. and Kasai, N. 1994. The 
gene responsible for LEC hepatitis, located on rat chromosome 
16, is the homolog to the human Wilson disease gene. Biochem. 
Biophys. Res. Commun. 202: 512–518. [Medline]  [CrossRef]

 25. Stohs, S. J. and Bagchi, D. 1995. Oxidative mechanisms in the 
toxicity of metal ions. Free Radic. Biol. Med. 18: 321–336. 
[Medline]  [CrossRef]

 26. Ueda, J., Takai, M., Shimazu, Y. and Ozawa, T. 1998. Reactive 
oxygen species generated from the reaction of copper(II) com-
plexes with biological reductants cause DNA strand scission. 
Arch. Biochem. Biophys. 357: 231–239. [Medline]  [CrossRef]

 27. Walshe, J. M. 1988. Diagnosis and treatment of presymptomatic 
Wilson’s disease. Lancet 2: 435–437. [Medline]  [CrossRef]

 28. Wilson, S. A. K. 1912. Progressive lenticular degeneration: 
familiar nervous disease associated with cirrhosis of the liver. 
Brain 34: 295–507.  [CrossRef]

 29. Wu, J., Forbes, J. R., Chen, H. S. and Cox, D. W. 1994. The 

LEC rat has a deletion in the copper transporting ATPase gene 
homologous to the Wilson disease gene. Nat. Genet. 7: 541–545. 
[Medline]  [CrossRef]

 30. Wysk, M., Yang, D. D., Lu, H.T., Flavell, R. A. and Davis, R. J. 
1999. Requirement of mitogen-activated protein kinase kinase 3 
(MKK3) for tumor necrosis factor-induced cytokine expression. 
Proc. Natl. Acad. Sci. U.S.A. 96: 3763–3768. [Medline]  [Cross-
Ref]

 31. Xia, Z., Dickens, M., Raingeaud, J., Davis, R. J. and Greenberg, 
M. E. 1995. Opposing effects of ERK and JNK-p38 MAP kinas-
es on apoptosis. Science 270: 1326–1331. [Medline]  [CrossRef]

 32. Yamamoto, F., Kasai, H., Togashi, Y., Takeichi, N., Hori, T. and 
Nishimura, S. 1993. Elevated level of 8-hydroxydeoxyguanosine 
in DNA of liver, kidneys, and brain of Long-Evans Cinnamon 
rats. Jpn. J. Cancer Res. 84: 508–511. [Medline]  [CrossRef]

 33. Yamamoto, H., Hirose, K., Hayasaki, Y., Masuda, M., Kazusaka, 
A. and Fujita, S. 1999. Mechanism of enhanced lipid peroxi-
dation in the liver of Long-Evans cinnamon (LEC) rats. Arch. 
Toxicol. 73: 457–464. [Medline]  [CrossRef]

 34. Yamamoto, K. and Kawanishi, S. 1989. Hydroxyl free radical is 
not the main active species in site specific DNA damage induced 
by copper(II) ion and hydrogen peroxide. J. Biol. Chem. 264: 
15435–15440. [Medline]

http://www.ncbi.nlm.nih.gov/pubmed/9890071?dopt=Abstract
http://dx.doi.org/10.1016/S0950-3528(98)90133-6
http://www.ncbi.nlm.nih.gov/pubmed/8037756?dopt=Abstract
http://dx.doi.org/10.1006/bbrc.1994.1958
http://www.ncbi.nlm.nih.gov/pubmed/7744317?dopt=Abstract
http://dx.doi.org/10.1016/0891-5849(94)00159-H
http://www.ncbi.nlm.nih.gov/pubmed/9735163?dopt=Abstract
http://dx.doi.org/10.1006/abbi.1998.0811
http://www.ncbi.nlm.nih.gov/pubmed/2900362?dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(88)90423-0
http://dx.doi.org/10.1093/brain/34.4.295
http://www.ncbi.nlm.nih.gov/pubmed/7951327?dopt=Abstract
http://dx.doi.org/10.1038/ng0894-541
http://www.ncbi.nlm.nih.gov/pubmed/10097111?dopt=Abstract
http://dx.doi.org/10.1073/pnas.96.7.3763
http://dx.doi.org/10.1073/pnas.96.7.3763
http://www.ncbi.nlm.nih.gov/pubmed/7481820?dopt=Abstract
http://dx.doi.org/10.1126/science.270.5240.1326
http://www.ncbi.nlm.nih.gov/pubmed/8320167?dopt=Abstract
http://dx.doi.org/10.1111/j.1349-7006.1993.tb00168.x
http://www.ncbi.nlm.nih.gov/pubmed/10650917?dopt=Abstract
http://dx.doi.org/10.1007/s002040050635
http://www.ncbi.nlm.nih.gov/pubmed/2549063?dopt=Abstract

