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Abstract

 

Several clinical studies have suggested that excess hepatic

iron accumulation is a progressive factor in some liver dis-

eases including chronic viral hepatitis and hemochromato-

sis. However, it is not known whether iron-induced hepato-

toxicity may be directly involved in hepatitis, cirrhosis, and

liver cancer. The Long-Evans Cinnamon (LEC) rat, which

accumulates excess copper in the liver as in patients with

Wilson’s disease, is of a mutant strain displaying spontane-

ous hemolysis, hepatitis, and liver cancer. We found previ-

ously that LEC rats harbored an additional abnormality: ac-

cumulation of as much iron as copper in the liver. In the

present study, we compared the occurrence of hepatitis and

liver cancer in LEC rats fed an iron-deficient diet (ID) with

those in rats fed a regular diet (RD). The RD group showed

rapid increments of hepatic iron concentrations as the result

of hemolysis, characteristics of fulminant hepatitis showing

apoptosis, and a 53% mortality rate. However, no rats in the

ID group died of fulminant hepatitis. Hepatic iron, espe-

cially “free” iron concentration and the extent of hepatic fi-

brosis in the ID group were far less than those of the RD

group. At week 65, all rats in the RD group developed liver

cancer, whereas none did in the ID group. These results

suggest that the accumulation of iron, possibly by virtue of

synergistic radical formation with copper, plays an essential

role in the development of fulminant hepatitis, hepatic fi-

brosis, and subsequent hepatocarcinogenesis in LEC rats.
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Introduction

 

Some clinical studies have suggested that excess hepatic iron
accumulation is a progressive factor in some chronic liver dis-
eases including chronic viral hepatitis and hemochromatosis

(1–3). It has been shown that iron reduction by phlebotomy
significantly improved the liver damage in patients with hemo-
chromatosis (4) and chronic hepatitis C (5). However, it has
not been clarified whether iron-induced hepatotoxicity is di-
rectly involved in hepatitis, cirrhosis, or liver cancer.

The Long-Evans Cinnamon (LEC)

 

1

 

 rat has been estab-
lished from a closed colony of Long-Evans rats. LEC rats suf-
fer from spontaneous hepatitis with hemolytic anemia and
jaundice developing around 4 mo after birth, followed by
death in 50% of rats due to fulminant hepatitis (6, 7). The rats
which recovered from the fulminant hepatitis exhibited
chronic hepatitis and cholangiofibrosis, and a subsequent high
rate of liver cancer (8). LEC rats accumulate excess copper in
the liver, but have decreased levels of serum ceruloplasmin ac-
tivities, a clinical presentation similar to human Wilson’s dis-

 

ease (WD) (9, 10). Genetic analysis demonstrated that 

 

hts

 

 was
a responsible gene for hepatitis in LEC rats (11), and recent
cloning analyses revealed that both 

 

hts

 

 and the human 

 

WD

 

gene were homologous genes encoding rat and human novel
P-type adenosine triphosphatase (ATPase), respectively (12).
In both LEC rats and WD patients, absence or dysfunction of
the P-type ATPase results in impairment of copper incorpora-
tion into newly synthesized ceruloplasmin in hepatocytes (12, 13).

On the other hand, we demonstrated previously that LEC
rats accumulated as much iron as copper in the liver and brain
(14, 15) and had elevated serum transferrin levels, an abnor-
mality in iron metabolism. Therefore, we have postulated that
excess hepatic iron accumulation, in addition to copper accumu-
lation, contributes to the development of the liver injury in LEC
rats. Free metal ions such as copper and iron are known to be
important for the production of free radicals, among which
iron is most potent in vivo (16, 17). The generated free radicals
induce lipid peroxidation, DNA breakage, and 8-hydroxy-
deoxy guanosine formation, resulting in tissue damage and
DNA mutagenesis (18, 19).

In patients with WD, liver dysfunction after hemolytic ane-
mia was sometimes observed as an initial clinical manifestation
similar to LEC rats (20, 21). As to the cause of hemolysis in
WD patients, it was suggested that increased circulation of in-
organic copper ions damaged erythrocyte membranes (22, 23).
Thus, a possible increase of hepatic iron influxed from lysed
erythrocytes may contribute to the liver damage in LEC rats.

In this study, by comparing the occurrence of hepatitis and
liver cancer in LEC rats fed an iron-deficient diet (ID) with the
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occurrence in rats fed a regular diet (RD), we investigated if
excess iron in addition to copper accumulation may contribute
to the development of hepatitis and hepatoma.

 

Methods

 

Animals.

 

Male LEC rats were provided from the Center for Experi-
mental Plants and Animals of Hokkaido University and were main-
tained at Sapporo Medical University under conventional conditions.
The rats were fed with either the RD or ID diet (Oriental Kohbo Co.,
Tokyo, Japan). In the diets, the RD and ID contain ferric ammonium
citrate of 12.3 mg/100 grams and 0.03 mg/100 grams, respectively, and

Figure 1. Survival curves of LEC rats fed with the RD or ID diet. 
Two groups of 15 rats were fed with RD or ID from 6 to 65 wk after 
birth. 8 of the 15 rats in the RD group died of fulminant hepatitis be-
tween 14 and 16 wk, whereas all the rats in the ID group survived the 
observation period.

Figure 2. Serial changes of hepatic copper and iron levels in LEC 
rats. The rats were fed with RD (filled circles) or ID (open circles), 
five rats in each group were killed at the indicated age, and hepatic 
levels of copper (A) and iron (B) were determined by using atomic 
absorption technique. Hepatic copper (open squares) and iron (open 

triangles) levels of 8 of the 33 rats which died of fulminant hepatitis 
were also measured. Each error bar represents the mean61 SD, of 
five rats. *P , 0.05 vs. RD; **P , 0.01 vs. RD.

 

Table I. Concentrations of Nonheme and Bleomycin-detectable 
Iron in the Livers of LEC Rats

 

Group

RD ID

7 wk 15 wk 7 wk 15 wk

 

Nonheme iron

(

 

m

 

mol/gram) (

 

n

 

 

 

5

 

 5) 0.7

 

6

 

0.2

 

5.4

 

6

 

1.4*

 

‡

 

0.6

 

6

 

0.2 2.0

 

6

 

0.4

 

‡

 

Bleomycin-detectable

iron (

 

m

 

mol/gram) (

 

n

 

 

 

5

 

 5) 0.2

 

6

 

0.0 1.2

 

6

 

0.3

 

§‡

 

0.2

 

6

 

0.0 0.5

 

6

 

0.2

 

Data are expressed as means

 

6

 

1 SD. *

 

P

 

 

 

,

 

 0.01 compared with group re-

 

ceiving ID at 15 wk. 

 

§

 

P

 

 

 

,

 

 0.05 compared with group receiving ID at 15

wk. 

 

‡

 

P

 

 

 

,

 

 0.01 compared with group at 7 wk.

Figure 3. Serial changes of serum copper and serum iron concentra-
tions. The rats were fed with RD (filled circles) or ID (open circles), five 
rats in each group were killed at the indicated age, and serum levels 
of copper (A) and iron (B) were determined. Each error bar represents 
the mean61 SD, of five rats. *P , 0.05 vs. RD; **P , 0.01 vs. RD.
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the other contents, including copper, carbohydrate, vitamins, amino
acids, minerals, and lipids, were equilibrated. Double-distilled water
was given to the rats via plastic bottles to prevent iron contamination.
The experiments were humanely conducted in accordance with the
recommendations of the Guide for the Care and Use of Laboratory
Animals of Sapporo Medical University School of Medicine.

 

Determination of hepatic iron and copper.

 

All glassware was acid-
washed and dried to prevent iron and copper contamination. Rats
were anesthetized, the portal vein was cannulated with a 21-gauge
Teflon catheter, and to prevent contamination of hemoglobin iron,
the liver of each rat was perfused with 50 ml of 0.9% NaCl to wash
out the blood. The liver was then resected by stainless scissors, and
the total iron and copper concentrations of the liver were determined
by using an atomic absorption spectrophotometer with an air/acety-
lene flame (type 208; Hitachi Kohki Co., Tokyo, Japan) as described
previously (14). Nonheme iron concentrations in the liver were mea-
sured by the 2,2

 

9

 

-bipyridyl method (24) and free iron in the liver was
estimated by measuring the bleomycin-detectable iron in the tissue
according to the method of Baliga et al. (25).

 

Determination of serum concentrations of bilirubin, lactate dehy-

drogenase (LDH), iron, copper, alanine aminotransferase (ALT), and

blood hemoglobin (Hb).

 

Blood was taken from the jugular vein of
each rat killed. Serum concentrations of total bilirubin, direct biliru-
bin, LDH, and ALT were determined by using automatic biochemi-
cal analyzer (model 736-30; Hitachi, Tokyo, Japan). Blood Hb con-
centration was determined using the cyanmethemoglobin method
(26). Serum iron concentration was measured by using Quick auto
Neo Fe kit (Shino Test Co., Tokyo, Japan) based on a colorimetric
method using 2-nitroso-5-(

 

N

 

-propyl-

 

N

 

-sulfopropylamino)phenol as

the chromogen (27). Serum copper concentration was determined ac-
cording to the method of Makino and Itoh (28).

 

Histological examination.

 

A portion of rat liver was removed and
fixed in 10% buffered formalin. Paraffin-embedded sections were
stained with hematoxylin and eosin, Gitter, or arusian blue and exam-
ined histologically by light microscopy.

 

Detection of apoptotic cells in the liver section.

 

To detect cell apop-
tosis, the sections were stained by using an In Situ Cell Death Detec-
tion kit, POD (Boehringer Mannheim GmbH, Mannheim, Germany)
based on in situ tailing and nick translation techniques (29), and were
observed by fluorescence microscopy (Axiovert 405M; Zeiss, Ober-
kochen, Germany).

 

Statistical analysis.

 

Data are presented as means

 

6

 

1 SD. Compar-
isons both within a group and between two groups were made using
paired Student’s 

 

t

 

 test. Values were considered to be statistically sig-
nificant when 

 

P

 

 

 

,

 

 0.05.

 

Results

 

Survival curves.

 

Each group of 15 LEC rats was fed with RD
(RD group) or ID (ID group) from week 6 and the survival
curves of both groups were monitored. As shown in Fig. 1,
53% (8/15) of the rats in the RD group died of fulminant hepa-
titis around weeks 14–16, and the remaining rats survived until
they were killed at week 65. None of the rats in the ID group
died until they were killed at week 65.

 

Hepatic copper and iron levels.

 

To determine serial changes
of hepatic copper and iron levels, 83 rats were fed with RD and

Figure 4. Serial changes of blood Hb concentration and serum LDH 
activity. The rats were fed with RD (filled circles) or ID (open cir-

cles), five rats in each group were killed at the indicated age, and 
blood Hb (A) and serum LDH activity (B) were determined. Each er-
ror bar represents the mean61 SD, of five rats. *P , 0.05 vs. RD; 
**P , 0.01 vs. RD.

Figure 5. Serial changes of total bilirubin and serum ALT activity. 
The rats were fed with RD (filled circles) or ID (open circles), five 
rats in each group were killed at the indicated age, and total bilirubin 
(A) and serum ALT activity (B) were determined. Each error bar 
represents the mean61 SD, of five rats. *P , 0.05 vs. RD; **P , 0.01 
vs. RD.
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50 rats with ID after week 6 when 5 rats were killed to obtain
pretreatment values, and thereafter 5 rats in each group were
killed at weeks 7, 12, 14, 15, 16, 18, 20, 24, 32, and 65. In the RD
group, 33 rats died of fulminant hepatitis between weeks 14
and 16, whereas all the rats in the ID group survived the obser-
vation period (week 65).

Hepatic copper levels of the rats killed in both groups
showed similar accumulation curves: a gradual twofold incre-
ment reaching a plateau at week 24. Mean hepatic copper level

 

in rats which died of fulminant hepatitis (3.2

 

6

 

0.6 

 

m

 

mol/gram
liver) was almost the same as in the rats killed at week 15
(3.2

 

6

 

0.7 

 

m

 

mol/gram liver) (Fig. 2 

 

A

 

).
Hepatic iron levels of the rats killed in the RD group rap-

idly increased from week 12, and thereafter were remarkably
elevated, forming two peaks at week 15 (sixfold of the level at
week 6) and at week 20 (fivefold of the level at week 6). Mean
hepatic iron level in rats which died of fulminant hepatitis was
8.6

 

6

 

1.6 

 

m

 

mol/gram liver, which was apparently even higher,
though not statistically significant, due to the limited number
of cases examined, than that of rats killed at week 15 (7.2

 

6

 

2.9

 

m

 

mol/gram liver) (Fig. 2 

 

B

 

). As shown in Fig. 4 

 

A

 

, depressions
of Hb concentrations reciprocal to the two peaks of hepatic
iron increments were observed in the RD group, indicating
that iron derived from erythrocyte rapidly influxed to the liver
after hemolysis. Moreover, the hepatic iron decreased corre-
sponding to the recovery of Hb, possibly due to mobilization
of the iron into bone marrow.

Hepatic iron levels of the rats killed in the ID group
showed markedly low levels throughout the observation pe-
riod, suggesting that hepatic iron was effectively depleted.

We then measured nonheme and bleomycin-detectable iron
concentrations in the livers. The hepatic nonheme iron levels of
the rats killed in the RD group were significantly higher than
those in the ID group at week 15 (Table I). We found a significant
increase in the bleomycin-detectable iron level in the liver of RD
group at week 15 (Table I). Therefore, it is suggested that the
increased hepatic iron, especially nonheme iron including free
iron, contributed more to the liver damage in the RD group.

 

Serial changes of serum iron, copper, LDH, bilirubin, ALT,

and blood Hb.

 

Because we could not obtain blood samples
from the 33 dead rats in the RD group, serum iron, copper,
LDH, bilirubin, ALT, and blood Hb concentrations were de-
termined in the rats that were killed. As shown in Fig. 3 

 

A

 

, se-
rum copper in both groups from weeks 6–12 were markedly
low compared with that of Wistar rats (100

 

6

 

20 

 

m

 

g/dl). How-
ever, the serum copper levels drastically increased during the
period of weeks 12–20, and then decreased after week 24 in
both groups. The maximum level at week 15 in the RD group
was significantly higher than that in the ID group (

 

P

 

 

 

,

 

 0.01),
suggesting that more copper was released as the result of ful-
minant hepatitis. The serum copper levels in both groups
showed gradual decreases after week 20, compatible with the
previous finding that the synthesis of metallothionein was suf-
ficiently induced to chelate copper after this period (30).

Figure 6. Histological findings of livers obtained from rats fed with RD (A and B) or ID (C and D) at 15 wk after birth. The liver sections were 
stained with hematoxylin and eosin (A and C) and arusian blue (B and D). 3100.
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Serum iron concentrations in the RD group rapidly ele-
vated immediately after birth to form a peak at week 15, and
then a transient depletion again followed a peak at week 20
which gradually became a plateau maintaining relatively high
levels, suggesting that iron absorption is increased in LEC rats
(Fig. 3 B). These two peaks of increased serum iron levels
were considered to be the result of hemolysis, because serum
iron consists of transferrin-bound iron and Hb-bound iron. In
contrast, serum iron in the ID group showed markedly low lev-
els throughout the observation period.

Hb concentration in both RD and ID groups showed two
transient depletions at weeks 15 and 20, although the degree of
depletion was much greater in the RD group. In the ID group,
Hb levels were significantly lower than those of the RD group
after week 18, reflecting the iron-deficient state. The serum
LDH activities showed a reciprocal pattern of Hb concentra-
tion at weeks 15 and 20, but between weeks 32 and 65 they ex-
hibited an increase of LDH without hemolysis, probably due
to the development of liver cancer (31) (Fig. 4).

Serial changes of serum bilirubin levels in both groups
demonstrated almost the same pattern as serum LDH, except
that there was no reincrement after week 32 (Fig. 5 A). Serum
ALT levels showed a similar pattern to serum bilirubin, al-
though the decrease after week 20 was slightly retarded (Fig. 5 B).

Histological changes. All RD rats which had died between
weeks 14 and 16 (n 5 33) and three of the five RD rats killed
at week 15 showed frequently spotty necrosis and enlarged
hepatocytes with giant nuclei, suggesting fulminant hepatitis

and gross iron accumulation in both nonparenchymal and pa-
renchymal cells; the typical examples are shown in Fig. 6, A
and B. The two remaining rats killed at week 15 showed mod-
erate necrosis and iron accumulation (data not shown). In all
livers obtained from the ID group, on the contrary, very little if
any histological changes or iron accumulation were observed

Figure 7. Fibrosis in the livers obtained from rats fed with RD (A) or 
ID (B) at 32 wk after birth. The liver sections were stained with Git-
ter. 3200.

Figure 8. Histological findings of livers obtained from rats fed with 
RD and ID at 65 wk after birth. The liver sections were stained with 
hematoxylin and eosin. Liver sections obtained from all rats in RD 
group exhibited well-differentiated adenocarcinoma (A). 3100. Cholan-
giofibrosis was observed in both RD (B) and ID (C) groups. 3200.
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at week 15 (Fig. 6, C and D). Furthermore, the degree of fibro-
sis in the liver of the ID group was far less than that of RD
group in the chronic hepatitis phase at week 32 (Fig. 7). Livers
obtained from the RD group at week 65 had multiple macro-
nodules, while that of the ID group had none of these lesions,
and the mean liver weights of RD and ID group were 17.263.3
(n 5 5) and 4.360.3 grams (n 5 5), respectively. Histological
observation at week 65 disclosed that the livers in all rats of the
RD group showed well-differentiated adenocarcinoma which
was not found at all in the ID group. However, cholangiofibro-
sis was observed in the livers of both groups, suggesting that it
was possibly due to copper toxicity. These typical examples are
shown in Fig. 8.

Apoptotic change of hepatocytes. Using in situ dUTP nick
end-labeling method, many apoptotic hepatocytes were de-
tected in the liver section of the five rats in the RD group
tested at week 15 (Fig. 9 A). In contrast, however, the apoptosis
was markedly inhibited in the ID group (Fig. 9 B), indicating
that accumulated hepatic iron possibly induced apoptosis via
radical formation.

Discussion

In this report, we have shown that accumulated excess hepatic
iron played an important role in the development of fulminant
hepatitis and liver cancer in LEC rats.

Copper and iron ions are potentially toxic because they
stimulate the generation of radicals through the Fenton reac-
tion (16, 17), but they are usually present in tissue bound to
metallothionein and ferritin, respectively, and therefore are
not toxic (32, 33). In LEC rats, both copper and iron may be
responsible for the liver injury when they exceed the detoxify-
ing capacity of metallothionein and ferritin.

As for the fulminant hepatitis in LEC rats fed RD, how-
ever, iron is more directly involved in its pathogenesis since no
increment of hepatic copper was observed in coincidence with
a hepatitis episode, while hepatic iron, especially free iron
which is more potent to generate oxygen radicals, was clearly
elevated during this period. The role of copper in fulminant
hepatitis is more likely explained by its indirect action. Hepatic
copper storage capacity was limited, and when the limit was
exceeded, inorganic copper was released into the circulation,
forming a peak at week 15. These free copper ions in the circu-
lation induced hemolytic anemia, as shown in Fig. 4, possibly
by changing erythrocyte membrane permeability or causing
osmotic fragility (22, 23). Once intravascular hemolysis occurs,
Hb bound to haptoglobin (Hb–haptoglobin complex) is intro-
duced to the liver via its specific receptors and hepatic iron ex-
ceeds the binding capacity of ferritin, resulting in the genera-
tion of free iron ions and liver damage. Subsequently, more
excess copper ions are released from the damaged liver into
the circulation, compounding the condition.

As to the second hemolytic episode occurring in the RD
group at week 20 not causing fulminant hepatitis, it may be ex-
plained by the fact that ferritin synthesis was sufficiently in-
duced to chelate free iron ions at this stage (14). Moreover,
why hemolysis never occurred after 20 wk can be understood
by reasoning that free copper was accommodated by newly in-
duced metallothionein (30). Further evidence for the indirect
involvement of copper in abrupt hepatic injury via induction of
hemolysis was clearly presented by the experiment with the ID
group; hemolytic episodes did occur in these rats. The peaks
corresponding to the magnitude of hepatic iron (Fig. 2 B) were
lower in the ID group than in RD group, which could be ex-
plained by there being fewer copper ions released from the
damaged livers of the ID group. Togashi et al. (34) demon-
strated that in LEC rats d-penicillamine, a metal chelating
agent, could prevent the development of hepatitis under ob-
servation until week 24, and they concluded that copper ion
accumulation in the liver is pathognomonic. However, this
could be alternatively explained by proposing that chelation of
copper prevented hemolysis and, consequently, hampered ex-
cess iron influx to the liver.

A manifestation similar to fulminant hepatitis after hemo-
lytic anemia has also been reported in some WD patients (20).
No explanation for this coincidental occurrence of hemolysis
and hepatic injury has been made so far. However, on the basis
of the LEC rat experiment, we speculate that the accumulation
of hepatic iron after hemolysis plays an important role in the
liver damage in WD patients as well. The reason for the lower
incidence of fatal fulminant hepatitis in WD patients than that
seen in LEC rats may be that the basal hepatic iron storage
level in LEC rats is considerably higher than in WD patients.
Moreover, it may be due to species differences in sensitivity to
copper and iron. The fact that the occurrence of liver cancer
was completely prevented by the iron-free diet is worthy of re-
mark in relation to iron-induced radical formation which leads
to carcinogenesis. However, since iron loading above levels

Figure 9. Detection of apoptotic cells in the liver of LEC rats. The 
liver sections were obtained from rats fed with RD (A) or ID (B) at 
15 wk after birth. Apoptotic cells were stained by using an in situ 
dUTP nick end-labeling method. 3100.
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seen in the LEC rat does not normally cause hepatoma in rats,
and ferrous iron can reduce copper to the cuprous ion which is
a more potent generator of hydroxy radicals than ferrous ions
(35), iron may be acting synergistically with copper in the car-
cinogenesis. Further studies may be needed to prove a direct
relationship between iron and carcinogenesis in LEC rats.

LEC rats are reported to have various mutations and ex-
pression abnormalities including deletion of the P-type ATPase
gene (hts gene) which causes human WD, abnormal expres-
sion of metallothionein mRNA (36), and abnormal adjustment
of expression of transferrin (14). Moreover, we have detected
mutations in the class I ADH and ALDH-2 genes of LEC rats
(37). The essential abnormality of LEC rats which display
these genetic aberrations could be due to such mechanisms as
genetic instability.

In conclusion, the LEC rat is overloaded with iron and cop-
per due to anomalies in iron and copper metabolism. This
model will be important for investigating possible interactions
involving iron and copper in hepatocytes and for studying liver
pathophysiology of carcinogenesis induced by heavy metals.
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