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Abstract Cytoplasmic and intranuclear iron depositiorsnd mice through an iron-catalysed free radical reaction
were observed in the livers and kidneys of male and [24]. The incidence of renal tumours and the extent of
male ddY mice treated for 4-12 weeks with ferric nitenal tubule lipid peroxidation are greater in male than in
rilotriacetate (Fe-NTA), a known renal carcinogen thé&male rats and mice [10, 18, 19, 26, 30]. Our previous
acts through the production of free radicals. The intrardata indicated that the gender difference observed in the
clear iron deposition consisted of a spherical aggregatinoidence of renal tumours induced by Fe-NTA was de-
of ferritin particles of approximately 10 nm diameter, ggendent on sex hormones [10].

revealed by immunohistochemical staining and electronIn contrast, intranuclear deposition of iron has rarely
microscopy. Although the incidence of renal tumoukeen observed after the administration of iron com-
was greater in the males than in the females, the immdunds. Descriptions of intranuclear iron depositions in
dence of iron depositions did not differ with gender. Thike kidney are few, although intranuclear lead deposits in
most abundant intranuclear iron depositions were dhe kidney have been observed in the mute swan [5].
served in the animals treated with Fe-NTA for the longtaddow and Horning [15], Goetz and Richter [12] and
est duration (12 weeks). These findings suggest that 8mith et al. [29] described intranuclear iron-positive in-
intranuclear production and propagation of free radigdlsions in the hepatocytes of mice after the administra-
reactions are prevented by the trapping of iron intian of iron dextran or saccharated iron oxide. Repeated

chemically inert iron form of ferritin. injections of iron sorbitol and iron polymaltose to ba-

boons resulted in intranuclear ferritin-like particles in
Key words Intranuclear iron deposition - some hepatocytes, endothelial cells and Kupffer cells
Ferric nitrilotriacetate - Ferritin - Renal tumc:irs [14]. Iron-containing particles in the nuclei of spleen

cells were also observed in mice given blood transfu-
sions [17] and in rabbits after injections with colloidal
Introduction iron [21]. Cai et al. reported the presence of nuclear fer-
ritin in avian corneal epithelial cells [8].
We have previously reported that the parenteral adminis-Here we describe the simultaneous depositions of iron
tration of iron-chelated nitrilotriacetate (Fe-NTA) causés the cytoplasm and nuclei of liver and kidney cells of
haemochromatosis-like cytoplasmic iron deposition mice treated with Fe-NTA for 12 weeks. In addition, al-
the parenchymal cells of the rat liver, pancreas [1] atitbugh the induction of tumours was seen only in the
kidneys [24, 25]. The oral administration of carbonyidneys and the tumour incidence was higher in the male
iron to rats also induces iron accumulation in the cytotce, the incidence of iron deposition was the same in
plasm of duodenal mucosa and liver cells [2, 20, 22, 2ffle male and female animals, and the iron deposition was
In addition, the injection of Fe-NTA causes severe acut®re abundant in the livers than in the kidneys.
renal tubular necrosis and induces renal tumours in rats
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e ; ) ) " All reagents used were of the highest quality available. Nitrilotri-
|2:a5)(.1+%klll_léaézgg?7,lo4léayama 700-8558, Japan acetic acid (NTA) disodium salt was purchased from Nacalai Tes-
' que (Kyoto, Japan). All other reagents (unless specified) were pur-
J. Deguchi chased from Wako Pure Chemicals (Osaka, Japan). The polyclonal
Sumitomo Pharmaceuticals Research Centre 1-98, antibody against human liver ferritin (AB999) was provided by

Kasugadenaka 3-chome, Konohanaku, Osaka 544-0022, JapanChemicon (Temecula, Calif.). Avidin-biotinylated peroxidase
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Table 1 Treated A groups,

treatment and Summary of iron Group (1) Sex Treatment Number (%) Of animals pOSitiVe fOI’ iron

deposition i number of surviv-

ing animals in each grougas Hepatocyte Renal cell

castrationstestradiol treat-

ment,Ov ovariectomy Testtes- Cytoplasm Nucleus Cytoplasm Nucleus

tosterone treatmert)
A-1 (16) M Sham-FeNTA 14 (88%) 16 (100%) 4 (25%) 1 (6%)
A-2 (17) M Cas+FeNTA 13 (77%) 13 (77%) 5 (29%) 0 (0%)
A-3 (5) M Cas+FeNTA+Est 5 (100%) 1 (20%) 2 (40%) 0 (0%)
A-4 (18) F Sham+FeNTA 17 (94%) 16 (89%) 5 (28%) 0 (0%)
A-5 (17) F Ov+FeNTA 14 (88%) 15 (88%) 14 (82%) 5 (29%)
A-6 (7) F Ov+FeNTA+Test 7 (100%) 7 (100%) 7 (100%) 2 (29%)
A-7 (10) M Sham+NTA 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Table 2 Treated B groups, . ) . - .

treatment and summary of iron Group €) Injection Duration of Number (%) of animals positive for iron

deposition § number of ani- injection (weeks)

mals survived in each grot ) Hepatocyte Renal cell

Cytoplasm Nucleus Cytoplasm Nucleus

a Significantly different from
groups 2—4 by thg2 test

B-1(12)  FeNTA 12 11(92%) 6 (50%) 8 (67%) 4 (33%)*
(P<0.05) . B-2(11)  FeNTA 8 9 (82%) 0 (0%) 5(45%)  1(9.1%)
Singificantly different from  g_3 (17) FeNTA 4 12 (71%) 2 (12%)  0(0%) 0 (0%)

groups 3—4 by thg? test B-4(10)  NTA 12 0(0%)  0/0%) 0(0%) 0 (0%)

(P<0.05)

complex (ABC) was provided by Vector Laboratories (Burlin- One of the serial paraffin section from the liver and one from
game, Calif.). Fe-NTA was prepared by the method of Awai et #he kidney of each mouse was stained for iron according to Perls’
[1]. Briefly, NTA disodium salt and ferric nitrate were separateliyon staining method [28]. Perls’ stain was also performed after
dissolved in distilled water, and the iron solution was mixed withe dewaxed thin section with Bouin’s solution (pH 1.0 by acetic
the NTA solution. The pH was adjusted to 7.2 with sodium bicaaeid) has been rinsed for 120 h at 37° C, for a rough estimate of
bonate. The molar ratio of iron to NTA was 1:4, and the iron cotire hydrophilicity of the iron deposit. The other sections were
centration was 1 mg/ml. used to determine the immunohistochemical localization of ferritin
Four-week-old male and female ddY mice were purchasadcording to the avidin—biotin—peroxidase complex (ABC) method
from Shizuoka Laboratory Animal Centre, Shizuoka, Japan amsing a Vectastain ABC kit (Vector). The primary anti-human fer-
fed a commercial mouse chow (Funabashi Fl, Chiba, Japan) witim antibody, which was confirmed to cross-react with mouse liv-
tap water ad libitum. Male and female animals were randomly @ ferritin [16], was diluted to 1:500 and reacted with tissue sec-
vided into seven groups within group A, and only male animaliens at 37° C for 30 min. The amino acid sequences of human fer-
were divided into four groups within group B. Tables 1 and r&in subunits show an 82% homology, and antibodies-teter-
show the experimental groups and treatment conditions; and Tahleants of human ferritin recognize the major subunit of mouse
2 also shows the durations of injection. The animals in groups l&er ferritin [3, 4].
1, A-4 and A-7 were sham-operated, and the animals in groups A-Paraffin blocks of the livers and kidneys of the mice were de-
2, A-3, A-5 and A-6 were castrated or ovariectomized under pemaxed and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer
tobarbital anaesthesia within 1 week after purchase, after whioh2 h at 4° C, postfixed in 1% buffered osmium tetroxide for 1 h
they were allowed to recover untreated for 4 weeks. The animais4°® C, dehydrated, and embedded in Epon 812 by the usual
in group A-3 were each given an i.m. injection of 5 mg/kg estradi-
ol valerate (Pelanin Depot, Mochida, Tokyo) twice a week for 10
months. Those in group A-6 received 10 mg/kg testosterone prdfig. 1 Localization of iron in Fe-NTA-treated mice by Perls’ iron
onate (Testinon, Mochida, Tokyo) i.m. once a week for 10 montissaining.A Stainable iron was more dominant in the peripheral area
Fe-NTA was administered i.p. from 9 weeks of age onward. Ttien in the central area of the liver lobule. Perls’ iron staining,
animals in groups A-1 to A-6 were given Fe-NTA at 2-8 mg o200, bar 100um. B Liver section in mice 1 year after a 12-week
iron/kg per day i.p. six times a week for 12 weeks. We started wib-NTA injection. Large round iron depositions were observed in
2mg of iron/kg per day and increased the dose up to 8 mgtlé nuclei with several large nucleoli beside them. Perls’ iron stain-
iron/kg per day. Iron injection was suspended when there had bewy x1000,bar 20 um. C In another liver section, iron depositions
no weight gain since the previous injection. The animals in groupsre observed in the nuclei but no iron depositions were observed
B-1, B-2 and B-3 were given Fe-NTA at 10 mg of iron/kg per dag the cytoplasm. Perls’ iron staining, X100y 20 um. D A sec-
twice a week for different durations. For reference, several atign rinsed in Bouin’s solution, pH 1.0, for 120 h. Intranuclear iron
mals were given same treatment for 1 or 2 weeks. In groups Avds resistant to the acid treatment, while cytoplasmic iron was de-
and B-4 the NTA dose was equivalent to the NTA portion of Fereased. Perls’ iron staining, x10@@y 20 um. E In the kidneys of
NTA injected in the animals in the other groups. During the expenice treated with Fe-NTA for 12 weeks, small intranuclear iron de-
iment, sick animals were sacrificed at 1 or several months after plositions were observed in the renal tubular cells. Perls’ iron stain-
treatment for reference. Twelve months after the first treatment,iatj, x1000,bar 20um. F Cystic and papillary proliferation are
animals in the A and B groups were sacrificed under ether anaeen in the kidney 12 months after the start of Fe-NTA treatment.
thesia. The numbers of animals that survived are shown in TatH#s x100,bar 200pum. G Intranuclear and weak cytoplasmic iron
1 and 2. The livers and kidneys were horizontally sectioned, fixddpositions are positively stained for ferritin in the liver. ABC
in 10% phosphate-buffered formalin, and embedded in paraffataining, x1000bar 20 um. H In the renal proximal tubular cells,
They were sectioned at a thickness qfd and stained with hae- intranuclear and cytoplasmic iron depositions are also positively
matoxylin-eosin for routine examination. stained for ferritin. ABC staining, x1000ar 20 um
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method. Ultrathin sections were cut using an ultramicrotome ({Fig. 1B). Some hepatocytes showed intranuclear iron de-
tracut E, Reichert, Heidelberg, Germany) and stained with uraidsitions but not intracytoplasmic iron depositions (Fig.
2?5;22%2?%'&5‘?2%'6?%] qr%?(;gega%g?‘e))rved under an electron®y 1 the sections rinsed with acidic solution for 120 h
’ ’ ' much of the cytoplasmic iron deposition had decreased,
whereas the intranuclear iron deposition persisted (Fig.
Results 1D). Intranuclear iron depositions were also found in some
kidneys of animals in both A and B groups. They were
In the NTA-treated groups (groups A-7 and B-4) thesmaller than those in the livers, and mostly only one depo-
were no obvious changes in the livers or in the kidneg#tion was observed in each nucleus (Fig. 1E). In the renal
In the Fe-NTA-treated groups (groups A-1-A-6 and Bubules, cytoplasmic and nuclear iron depositions were less
1-B-3), the hepatocytes, Kupffer cells and some enddten found than in hepatocytes (Tables 1, 2). There was no
thelial cells in the peripheral area of the hepatic lobulgignificant difference in the incidence of iron depositions
contained iron depositions that were stained by Peils’'the liver and kidney between male and female animals,
method. The iron depositions were more abundant in #ee shown by the cumulative Chi-square test. In the B
peripheral areas than in the central areas of the liver (jgbups, most of the intranuclear iron depositions were ob-
1A). In some kidneys, haemosiderin was observed in g&ved in the animals treated with Fe-NTA for 12 weeks
cytoplasm of some proximal and distal tubules. and sacrificed at 1 year after Fe-NTA treatment. The inci-
In many liver parenchymal cells from animals in grougence of intranuclear iron deposition in the livers of the
A-1-A-6, B-1, and B-3, iron depositions were observegtoup B-1 mice was significantly higher than in those of
not only in the cytoplasm but also in the nuclei. The nuckle other groups according to the cumulative Chi-square
ar depositions were spherical and the size of large nucléedit. The incidence of intranuclear iron deposition in the

Fig. 2 A In this electron micrograph, large aggregates
of ferritin particles érrowhead are observed in the nu-
cleus of a hepatocyte, and small aggregatesvwhead
are seen in the cytoplasBar 5 um. B Intranuclear
aggregates are composed of ferritin particles that are
characteristic of iron hydroxide micelléar 0.1 pm.

C In this renal tubular cell, aggregates of ferritin parti-
cles @rrowhead are observed in the nucleus together
with large nucleoligrrow) and chromatinBar 1 pm
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animals examined at 12 months after the treatment vetsr of 12—13 nm and a cavity 6-9 nm in diameter [6].
generally higher than that in the clinically unwell animalBhe cellular nucleus has pores, and molecules less than
examined at 1 month or several months after the treatmé&@tnm in diameter pass through the pores by passive dif-
The location and incidence of iron depositions in the afitsion. Larger molecules require an energy-dependent
mals of each group are summarized in Tables 1 and 2. tvemsport mechanism [11]. Ferritin may thus pass through
found no intranuclear iron deposition in the animals treatée nuclear membrane by means of some energy-depen-
with Fe-NTA for 1 or 2 weeks. The number of animaldent transport system. Smith et al. indicated that ferritin
positive for iron in each organ rose with increasing Fean pass with a slow but finite diffusion; they found dif-
NTA administration. There was much variation in the nurferent concentrations of ferritin particles in the nucleus
ber of positive cells per sections of each organ. Livers hattl cytoplasm [29]. Cai et al. have set up the hypothesis
more positive cells than kidneys. that ferritin becomes associated with another molecule
Twelve months after the first treatment with Fe-NTAhat has a nuclear localization signal (NLS), since it is un-
renal tumours (Fig. 1F) were found in several animalikely that a conventional nuclear localization signal is in-
The incidence was 19% in group A-1, 29% in group Av®lved in the nuclear translocation of the ferritin [8].
and 8% in group B-1. Low-molecular-weight iron can easily pass through
The iron depositions in the nuclei of hepatocytes wetee nuclear membrane. It is reported that the nuclei of rat
strongly positive for ferritin but those in the cytoplastiver cells take up iron from ferric citrate by a process
were weakly and granularly positive (Fig. 1G). In thiéhat is dependent on adenosinetriphosphate (ATP)
kidneys, the cytoplasmic staining for ferritin was wedk3]. Another possible mechanism of ferritin deposition
and granular, but strong staining for ferritin was oln the nucleus is separate entry of iron and the ferritin
served in the nuclei (Fig. 1H). subunit into the nucleus with incorporation of iron into
Electromicroscopic observation revealed that the larte ferritin particle in the nucleus.
round intranuclear iron depositions were devoid of any The administration of Fe-NTA stimulates oxidative
boundary membrane (Fig. 2A). The individual particldamage to DNA and induces the formation of 8-hydroxy-
size of approximately 10 nm was characteristic of tldeoxyguanosine in rat kidneys [31, 32]. The interaction
iron hydroxide micelles of ferritin (Fig. 2B). In the renabf iron with DNA in the nucleus is necessary for the oxi-
tubular cells, intranuclear iron aggregates and large wative damage. In the present study, the presence of iron
cleoli were also observed (Fig. 2C). The diameters of tinethe nucleus was confirmed. If free iron is released in
iron deposits were 2.2-218n in the liver and 0.6-1.0the nucleus, the iron-catalysed free radical reaction might
pum in the kidney. generate reactive oxygen species, which might then cause
oxidative damage to DNA that would induce renal tu-
mours. It has been reported that hepatocellular carcinoma
Discussion (HCC) develops in about 30% of haemochromatotic pa-
tients and that the relative risk of HCC in patients with
We observed intranuclear deposition of iron—ferritihaemochromatosis and cirrhosis is over 200-fold that in
complexes in the Fe-NTA-treated animals, revealed pgtients without haemochromatosis [7, 23].
Perls’ iron staining, immunohistochemistry and electron Lipid peroxidation may also play an important part in
microscopy. Our findings are consistent with the obsararcinogenesis by iron [24] and was incuded at 30-90
vations of intranuclear ferritin inclusions after iron loadnin after the injection of Fe-NTA in mice [19, 26]. The
ing with some iron complexes by Haddow and Hornirigcidence of renal tumours and the extent of renal tubule
[15], Goetz and Richter [12] and Smith et al. [29]. Perlfpid peroxidation were greater in male than in female
iron staining and immunohistochemistry showed roumdts and mice [10, 18, 19, 26, 30]. Several renal tumours
and aggregated iron depositions consisting of ferritmere observed in male animals and in ovariectomized
particles in the nuclei, while only granular and nonagnd testosterone-treated female animals in the present
gregated iron depositions were observed in the cywperiment; iron-induced free radicals in the nucleus
plasm. In 50-70% of cells in one section of a liver waay have played a part in this as a promoter. In the pres-
observed detectable iron deposition only in the nuckit experiment there was no difference in the amount of
and not in the cytoplasm in five animals. We speculdten deposition between male and female animals. How-
that cytoplasmic iron was mobilized and utilized, whilever, in another study lipid peroxidation was slight and
intranuclear iron could not be used. In acidic soultiotymour development was not observed in livers of ani-
cytoplasmic iron was dissolved, but intranuclear iramals treated with Fe-NTA [24].
was not dissolved. It is possible that the intranuclear Ferritin traps iron and prevents the peroxidative ef-
iron was in a hydrophobic environment because the irfatts of iron-induced free radicals. More intranuclear fer-
aggregate was precisely spherical (the form with thiéin was found in the hepatocytes than in the renal cells
smallest volume) and was without a membrane and iethe present study, suggesting that ferritin prevents the
sistant to acidic iron mobilization. iron-mediated generation of free radicals and plays some
The ferritin molecule may have passed from the cytpart in prevention of hepatic tumour development.
plasm into the nuclei in the Fe-NTA-treated animals. The The intranuclear iron depositions were more abundant
protein shell of horse spleen ferritin has an external diaim-those of our animals that were treated with Fe-NTA
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for 12 weeks than in those treated for 4 weeks orl8 lancu TC, Rabinowiz H, Brissot P, Guillouzo A, Deugnier Y,
weeks. Thus, repeated injections of Fe-NTA elevated theBourel M (1985) Iron overload of the liver in the baboon: an
level of cytoplasmic ferritin. It has been reported that oy, Urastructural study. J Hepatol 1:261-275

L ylopla - | rep  that 0Xs Haddow A, Horning ES (1960) On the carcinogenicity of an
|dat|ve S'[reSS InduceS fel’l’ltln Syn'[heSIS [9] It IS I|ke|y iron dextran Comp|exl J Natl Cancer Inst 24:109-147

that iron-mediated oxidative stress promotes cytoplasmé Honda T, Massover WH (1981) Serum ferritin from siderotic
ferritin synthesis and causes ferritin accumulation in the mice gogt(allggzlgolf;-trigjc'['eierfpeartr% :95(%352;'3%65 28:505.507
nuclei. Ferritin may then aggregate gradually after pa% “1i JL, Okada S, Hamazaki S, Ebina Y, Midorikawa O (1987)
ing through the nuclear membrane. Studies of intranucle-sypacute nephrotoxicity and induction of renal cell carcinoma
ar ferritin accumulation will elucidate the mechanism of in mice treated with ferric nitrilotriacetate. Cancer Res 47:

iron-mediated free radicals and renal carcinogenesis in-1867-1869

duced by Fe-NTA.
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