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Abstract In experiments using ferric nitrilotriacetate
(Fe-NTA) as a renal carcinogen, multiple renal cysts are
often observed in addition to renal tumours. In the pres-
ent study, we used 3-week-old male ddY mice and exam-
ined the relation between renal cysts and cancer develop-
ment. Four months after the start of Fe-NTA administra-
tion, we observed cysts in the renal cortex in all Fe-
NTA-treated mice, but not in Fe-free NTA-treated mice.
Three types of cysts were observed, but only those which
originated from the renal proximal tubules showed multi-
layered or papillary growth of cyst epithelial cells. Using
histochemical staining, we found a cyst formation-tu-
mour induction sequence, and the supposed cystic-papil-
lary tumour induced by Fe-NTA was of proximal tubular
cell origin. We also found that the minimum dose of Fe-
NTA capable of inducing renal tumours in ddY mice was
10 mg of iron/kg/day, four times in 2 weeks.

Key words Ferric nitrilotriacetate - Renal proximal
tubules - y-glutamyltranspeptidase - Renal cysts - Renal
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Introduction

We have previously reported that parenteral administra-
tion of iron-chelated nitrilotriacetate (Fe-NTA) causes
severe acute and subacute renal tubular necrosis through
Fe-induced free radical chemistry [27] and induces renal
tumour in rats and mice [11, 18, 26]. The reported meth-
od [11, 18, 26] for inducing renal tumours in rats and
mice was to administer Fe-NTA intraperitoneally 6 days
a week for 12 weeks. However, the minimum dose and
time required for the induction of renal tumour by Fe-
NTA was unclear.

During renal carcinogenesis in mice and rats, we no-
ticed that almost all Fe-NTA-treated animals had many
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renal cysts of an undefined nature [18, 26] and that renal
neoplasms developed among these cyst-bearing animals.
According to our previous results, only the proximal tu-
bules were the site of Fe-NTA-induced tubular necrosis
at the acute and subacute stages [28, 35].

In the present study we tried to clarify the origin of
the cysts and tumours and evaluated the relation of cysts
and carcinogenesis by periodic acid-Schiff (PAS) stain,
y-glutamyltranspeptidase (y-GTP), transforming growth
factor-or (TGF-¢x), and lectin histochemistry. We also de-
fined the minimum dose of Fe necessary to induce tu-
mour transformation by modifying the total Fe dose in
experimental groups.

Materials and methods

Animals and treatments

Three-week-old male ddY mice (Shizuoka Laboratory Animal
Center, Shizuoka, Japan) were used in all studies. All animals re-
ceived humane care in compliance with “Guide for the Care and
Use of Laboratory Animals” published by National Institutes of
Health (publication number 86-23, revised 1985). They were
maintained on a diet of commercial mouse chow (Funabashi F1,
Chiba, Japan) and tap water ad libitum.

Table 1 shows the experimental groups and treatment. A total
of 186 mice were used, which were divided into five groups. Ex-
perimental animals (from group 1 to group 4) were given Fe-NTA
at a dose of 10 mg of iron/kg/day, intraperitoneally, twice a week
for different lengths of time in different groups. In group 5, the
NTA dose was equivalent to the NTA portion of the Fe-NTA in-
jected in the group 4 animals. After the last injection, all animals
were observed carefully. Animals for observation (not shown in
the Table) were injected with Fe-NTA and were examined histo-
logically 48 h after the last treatment and then every 2 months. All
surviving animals in groups 1-5 were sacrificed under ether anaes-
thesia 12 months after the last treatment. Kidneys were horizontal-
ly sectioned, fixed in 10% phosphate-buffered formalin, and em-
bedded in paraffin. They were sectioned at a thickness of 4 um and
stained with haematoxylin and eosin for routine examination. PAS
stain, TGF-¢x immunohistochemistry [9, 38] and lectin histochem-
istry [16] were performed on paraffin sections. Frozen sections
were prepared from a portion of the kidney at the same time for
histochemistry of p=GTP activity. The brush border of renal proxi-
mal tubules contains mucopolysaccharide which are stained red
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purple by PAS stain [37] and have high GTP activity [32, 34].
TGF-a is a good marker for collecting ducts and distal tubules in
mice, but unlike rat and human renal cell tumours, mouse renal tu-
mours are negative for TGF-« (unpublished personal experience).
Other groups of animals were also used for histochemistry of lipid
peroxidation in frozen sections not shown in the Table.

Chemicals

All reagents used were of the highest quality available. NTA diso-
dium salt was purchased from Nacalai Tesque (Kyoto, Japan). All
other reagents (unless specified) were purchased from Wako Pure
Chemicals (Osaka, Japan). The monoclonal antibody against TGF-
o was provided by Oncogene Science, (N.Y., USA). Four biotin-
labelled lectins were provided by EY Laboratories (Calif., USA)
and were used at the following dilution: wheat germ agglutinin
(WGA): 10 pg/ml, soybean agglutinin (SBA): 10 pg/ml, peanut
agglutinin (PNA): 10 pg/ml, Dolichos biflorus agglutinin (DBA):
10 ug/ml. Avidin-biotinylated peroxidase complex was provided
by Vector Laboratories (Calif., USA). Fe-NTA was prepared by
the method of Awai et al. [2]. Briefly, NTA disodium salt and fer-
ric nitrate were separately dissolved in distilled water and the Fe
solution was mixed with the NTA solution. The pH was adjusted
to 7.2 with sodium bicarbonate. The molar ratio of Fe to NTA was
1:4, and the Fe concentration was 1 mg/ml.

Table 1 Experimental groups and treatments (Fe-NTA ferric nit-
rilotriacetate)

Group Treatment Fe dose Frequency  Duration of
(mg Fe/kg body of injection treatments
weight) (per week)  (weeks)

1 Fe-NTA® 10 2 2

2 Fe-NTA® 10 2 4

3 Fe-NTA® 10 2 8

4 Fe-NTA2 10 2 12

5 NTAD 0 2 12

a The molar ratio of Fe to NTA was 1:4
b Dose equivalent to the NTA portion of Fe-NTA

Histochemical procedures

To observe the localization of Fe-NTA induced lipid peroxidation,
histochemical detection was performed. Three-week-old male ddY
mice were given one injection intraperitoneally with Fe-NTA at 10
mg Fe/kg, the same dosage as used in chronic experiments. The mice
were killed 2 h after injection. The kidneys were quickly removed,
frozen in liquid nitrogen, and processed for histochemical demon-
stration of lipid peroxidation, using cold Schiff’s reagent [31].

TGF-or immunohistochemistry [9, 38] and lectin histochemis-
try [16] were performed according to previously reported methods
and ~GTP activity was observed histochemically in unfixed fro-
zen section according to standard methods {20, 32].

Resuits
Animal data

Table 2 shows the incidence of animal deaths, simple or
multilayered cysts and renal tumours 12 months after the
last injection (13—15 months from the start of treatment).
We found that the minimum injected dose of Fe-NTA ca-
pable of inducing renal tumours in ddY mice was 10 mg
Fe/kg, 4 times in two weeks, as shown in Table 2. A high-
er incidence of renal tumours was found in groups 3 and
4 than in groups 1 and 2. Metastasis and tumour-related
death were not found in any animals. One of the NTA-
treated mice (in group 5) developed renal cysts but none
of them had renal tumours. The microscopic appearance
of renal tumours was cystic-papillary and solid. Cystic-
papillary tumours were 73% of all tumours and solid tu-
mours were 27%. There was no relation between histo-
logical type and the cumulative dose of Fe-NTA injected.

Histological and histochemical observations

Two hours after the Fe-NTA injection, 3-week-old male
mice showed patchy Schiff positivity in the renal proxi-

Table 2 Indidence of deaths, cystic change and renal tumours in male ddY mice treated with Fe-NTA and NTA (animals examined for

observation were omitted from this table)

Group  Number of mice Number of mice with kidneys having:
Number Number of deaths during Number cystic change multilayered renal tumours (%)
of mice used of mice (%) cystic change
treatment  observation surviving (%) (%o)a) cystic- solid total
papillary (%)
1 32 1 9 22 22 9 2 1 3
(69%) (100%) (41%) (14%)
2 35 3 8 24 24 15 1 2 3
(69%) ((100%) (63%) (13%)
3 40 10 4 26 26 22 6 1 7*
(65%) (100%) (85%) 27%)
4 43 23 12 8 8 5 2 0 2%
(19%) (100%) (63%) (25%)
5 36 6 11 19 1 0 0 0 0
(53%) (5%) 0%) (0%)

* Significantly different from NTA-treated mice by the y?-test, (p<0.05)

a The percentage means the incidence in the surviving mice



Fig. 1 Histochemical localization of lipid peroxidation of the kid- Fig. 2 Renal proximal tubules 48 h after the final Fe-NTA injec-
ney 2 h after ferric nitrilotriacetate (Fe-NTA) injection at 10 mg  tion. Regenerative karyomegalic cells (arrow) have a brush border
Fe/kg. Renal proximal tubules are positive for Schiff’s stain (as- that is positive periodic acid-Schiff for PAS stain (arrowhead).
terisk) but columnar cells of Bowman’s capsule are all negative (PAS, x400)

(arrowhead). (Cold Schiff’s stain, x200)

Fig. 4a—d The renal tumour from a mouse at 12 months after 4  surface of papillary tamours (arrowhead). (PAS, x400). ¢ Cystic
weeks of treatment. a A pile up of atypical cells in the cyst wall  tumours show positive reaction with DBA. (DBA, x200). d Cystic
and tumour formation with a papillary pattern are seen. (PAS, tumours are partially positive for soybean agglutinin (SBA).
x100). b Very slightly PAS-positive glycocalyx is seen on the cell  (SBA, x200)
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Table 3 Reactivity of periodic acid-Schiff (PAS) stain, ¥ gluta-
myltranspeptide ()~GTP) activity transforming growth factor-or
(TGF-txr) and various lectins in the renal cortical epithelial cells of

untreated mice (WGA wheat germ agglutinin, SBA soybean agglu-
tinin, PNA peanut agglutinin, DBA Dolichus biflows agglutinin,
++ strongly positive, + positive, + weakly positive, — negative)

Epithelial cell PAS stain 7-GTP activity

TGF-¢, Lectins

WGA SBA PNA DBA

Bowman’s capsule
flat squamous cells
columnar cells

Proximal tubules

Distal tubules

Collecting ducts

[ . |
[ S &

[

+ (Partial)
+ (Partial)

o+ o+

++

+ (Partial) +
+ (Partial) +

++ 10

mal tubules, but distal tubules, collecting ducts, flat cells
and columnar cells of Bowmann’s capsule were un-
stained for cold Schiff’s reagent, indicating that they did
not undergo lipid peroxidation (Fig. 1).

The results of PAS, y~GTP activity, TGF-& histo-
chemistry and lectin binding sites in the renal tubules
and Bowman’s capsule of untreated mouse are shown in
Table 3 [4, 14]. TGF- was detected in the brush border
of proximal tubules and the cytoplasm of collecting
ducts and distal tubules in an untreated mouse. Proximal
tubules are characterized by the positive reaction of PAS
stain, >GTP activity, WGA lectin stain and negative re-
action of TGF-¢, and SBA, PNA, DBA lectin stains.

Light microscopic study in the kidney 48 h after the
last Fe-NTA treatment showed many regenerative cells
with large atypical nuclei. Large prominent nucleoli
were often present. They had a luminal brush border
that was PAS-positive (Fig. 2), and they were positive
for v-GTP activity. These karyomegalic cells were pres-
ent randomly in proximal tubules including in cysts in
all Fe-NTA injected animals throughout the experi-
ments. There were a few cysts whose walls were com-
posed of flat and squamous cells with remnants of glo-
meruli. They were the type 2 cysts we will describe la-
ter. No remarkable change was found in distal tubules
and collecting ducts.

From 4 months from the start of treatment we ob-
served cysts in animals of groups 1-4, irrespective of the
iron dose. All cysts were located in the renal cortex and
there were three identifiable types.

Type 1

The cells of the cyst wall were irregularly sized, colum-
nar or cuboidal with eosinophilic granular cytoplasm and
round large atypical nuclei situated in the center. The cell
borders were usually distinct. There was a distinct PAS-
positive luminal brush border and basement membrane
(Fig. 3a). The luminal brush border was positive for y-
GTP activity. Those cells were positive for WGA lectin
and partially positive for PNA but negative for DBA and
SBA lectin stains. Papillary or multilayered growth pat-
tern was present only in type 1 cysts (Fig. 3b). The papil-
lary projections show positivity for WGA, and the apical
areas show weak partial positivity for DBA (Fig. 3c) and

SBA. Other type 1 cysts showed walls with cuboidal
cells which tended to pile up from time of observation.
They had a thick PAS-positive basement membrane, but
a PAS-positive brush border was inconspicuous (Fig.
3d). The affinity for lectin histochemistry was similar to
typical cysts of this group. This variant of cyst contained
eosinophilic fluid, and Fe-positive macrophages (not
shown in Figures). They were few.

Type 2

The cyst walls were composed of flat cells with indis-
tinct nuclei. These cysts were often paired and some-
times contained remnants of glomeruli. They lacked a
PAS-positive brush border (Fig. 3e) and »~GTP activity.
They showed positivity only for WGA lectin.

Type 3
These cysts were composed of columnar cells with a
PAS-positive luminal brush border like type 1 cysts (Fig.
3f). They had positivity for WGA, and unlike type 1
cysts, PNA staining was negative. They had a PAS-posi-
tive basement membrane and remnants of glomeruli. In
both type 2 and type 3 cysts, there were no atypical cells
and papillary projections or piling up of cyst wall cells
were not observed. The results of PAS staining and other
histochemical studies on experimental animals are sum-
marized in Table 4. Table 5 shows the incidence of each
type of cyst including type 1 cysts with multilayered or
papillary proliferation 48 h and several months after the
last treatment. The number of type 1 cysts apparently in-
creased with time. Type 3 cysts were few in number.
Thirteen-to-fifteen months after the start of the exper-
iments, we found proliferation of atypical cells and tu-
mour formation together with type 1 cysts. Typically, the
tamour showed papillary architecture and slightly eosi-
nophilic granular cytoplasm (Fig. 4a), and the tumour
cells had a very slightly PAS-positive glycocalyx on the
cell surface (Fig. 4b). We did not observe tumours com-
posed of clear or chromophobic cells. They were positive
for WGA, DBA (Fig. 4¢) and partially positive for SBA
(Fig. 4d). A tubular growth pattern with a luminal brush
border that was slightly positive for PAS stain (Fig. 5a)
was seen in part of a cystic-papillary tumour. The cyto-
plasm was weakly positive for ~GTP activity (Fig. 5b),
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Fig. 3a—f Three types of cyst are shown. a A kidney section from
a mouse killed 8 months after 4 weeks of Fe-NTA treatment. The
tall and large atypical cells of type 1 cysts have a PAS-positive
brush border (arrowhead). (PAS, x200). b Papillary projection is
seen within the cyst. (PAS, x100). ¢ Lectin histochemistry for
Dolichos biflorus agglutinin (DBA). The apical area of papillary
projection shows the weak positivity. (DBA, x100). 4 Another

photomicrograph of the same kidney section as one in Figure 4a.
The cyst is composed of multilayered cuboidal cells and has eosi-
nophilic fluid and some inflammatory cells. (PAS, x200). e Cysts
are dilated and composed of flat cells, contain remnants of glo-
meruli (arrowhead) and are negative for PAS stain. (PAS, x100). f
This cyst is composed of PAS-positive columnar cells and also has
a remnant of a glomerulus (arrowhead). (PAS, x100)
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Table 4 Histochemical and immunohistochemical reaction for regenerative cells, renal cysts and tumours

PAS stain  -GTP activity TGF-« Lectins
WGA SBA PNA DBA
Regenerative cells + + - + - - -
Cysts: type 1 +/+ + - + - + (Apical -
) ) and partial)
w1th pap1_11ary + - + + (Apical - + (Apical
proliferation and partial) and partial)
type 2 - - - + - - -
type 3 + + - + - - -
Renal tubular tumours: + + - + - - +
papillary + + - + + (Partial) - +
solid - - + * - +
Table 5 The incidence .
of a various type of cysts 48 h Time after the last treatment
and several months after
the last Fe-NTA treatment 48 h 4 months 8 months 12 months
Type 1 0 1.8/3.5 21/31 18/29
(50%) (70%) (61%)
with multilayered proliferation 0 0.3/3.5 0.7/31 1.3/29
(7%) 2%) (5%)
with papillary proliferation 0 0 0.7/31 0.7/29
(2%) (2%)
Type 2 3.5/3.52 1.5/3.5 7.3/31 8/29
a2 Mean number of each (100%) 43%) (24%) (28%)
cyst/mean number of all cysts Type 3 0 0 0.7/31 1.3/29
observed in one kidney section (2'%) (é%)

(percentage)

and positive for WGA and DBA (Fig. 5¢). PAS-positive
glycocalyx was observed on the cell surface of all cystic-
papillary tumours. Some tumours were solid with granu-
lar cells, negative for PAS stain, positive for WGA, DBA
and slightly positive for SBA. All types cyst and tumours
were negative for TGF-o (Table 4).

Discussion

Renal cysts develop in various conditions in humans. In
acquired cystic disease of the kidney, bilateral multiple
cysts are seen in atrophic kidneys in renal failure and di-
alysis. Such cysts are a recognized complication in dialy-
sis patients and a series of changes from cyst, atypical
epithelium and adenoma to adenocarcinoma occur with a
high incidence in the same kidney [10, 19, 25]. These re-
nal cysts and carcinomas are reported to be of proximal
tubule origin based on lectin histochemistry [15, 16].
This course of tumour development cannot be followed
in human sporadic renal cancer. It is suggested that the
microscopic finding of cysts and tumours and cyst-tu-
mour sequences in experimental animals is similar to
those in human acquired cystic disease of the kidney [21,
24].

In experimental animals, renal cysts are often associ-
ated with the development of renal cell carcinoma. Rats

fed a carcinogen such as N-(4’-fluoro-4-biphenylyl)
acetamide and agricultural fungicide such as merpafol
and mice injected with streptozotocin showed renal cysts
before showing renal adenoma or carcinoma [7, 12, 21,
24, 33]. The results from streptozotocin-induced mice
also suggested the earliest neoplastic lesion is a papillary
proliferation into proximal tubules [12]. Using the renal
tumour induction model by Fe-NTA in ddY mice, we
followed the histogenetic cyst formation-tumour induc-
tion sequence.

A few days after Fe-NTA injection, the regenerative
cells that had a PAS-positive brush border appeared (Ta-
ble 4). We recognized three types of cysts several months
after treatment. The findings of PAS stain, -GTP, TGF-
o and lectin histochemistry confirmed that regenerative
cells and type 1 cysts were derived from renal proximal
tubules. Only type 1 cysts had atypical cells as compo-
nents of the cyst wall, and showed papillary proliferation
which may be a preneoplastic lesion (Table 5). We sup-
pose that type 2 and 3 cysts originate from Bowman’s
capsules and have no relationship to tumours since no
proliferative changes were observed. In distal tubules
and collecting ducts, we did not find atypical cells or
multilayered or papillary proliferation. PAS stain, }-GTP
and TGF- histochemistry suggested cystic-papillary re-
nal tumours were derived from papillary projection of
type 1 cysts and were of proximal tubular origin. All cys-



Fig. 5 a Note that the tumour cells with a tubular pattern have a
brush border that is slightly positive for PAS stain (arrowhead).
(PAS, x200). b Histochemical demonstration of y-glutamyltrans-
peptidase (-GTP) activity on the same kidney section. The cyto-
plasm of the tumour cells is weakly positive for }-GTP activity
(asterisk). (x200). ¢ Tumour cells show positive reaction with
DBA. (DBA, x200)

tic-papillary tumours (73% of all tumours) were suspect-
ed to be of proximal tubular origin.

Lectin histochemistry in tumour cells showed some
discrepancies, although lectins are useful in investigating
the origin of cysts in human cystic kidneys [15]. Epithe-
lial cells covering papillary projections in cysts and tu-
mour cells showed positive reaction by SBA and DBA
that are positive only in distal tubules and collecting
ducts of untreated mice. Tubular and papillary lesions in
tumours showed a different staining pattern for SBA (Ta-
ble 4). The reason for these discrepancies is unknown.
One interpretation would be that the tumours might have
developed from distal tubules or collecting ducts. For ex-
ample, Noguiera et al. concluded that basophilic and
chromophobic renal cell tumours in rats developed from
proximal tubules, whereas renal cell tumours of clear
and/or acidophilic cells and oncocytomas originate in the
collecting duct system [3, 22, 23]. Recently, Turusov and
Chemeris used 1,2-dimethylhydrazine in CBA male mice
and observed clear-cell, acidophilic or mixed tumours lo-
cated in the renal cortex. Their histochemical studies
showed the majority of the renal cell tumours were nega-

tive for ~GTP staining and probably originated from the
distal tubules or collecting ducts [36]. But some histo-
chemical reactions suggested that they might arise from
the proximal tubules [1]. The different methods of induc-
ing cancer may have different target cells. In the present
study, we would prefer another interpretation; namely
that the binding affinity of lectins may change during the
process of carcinogenesis [17]. Thus, the binding affinity
of SBA and DBA in type 1 cysts is different from normal
proximal tubule cells (Tables 3, 4). In a pattern consis-
tent with our results, many renal tumours, solid or cystic,
which develop in experimental animals are suspected to
be of renal proximal tubular origin based on the observa-
tion of a brush border by light and electron microscopy
[6, 8, 13, 21]. We could not determine the origin of our
solid tumours, and have to take into consideration that
they may be of distal tubule or collecting duct origin.

In normal adult male mice, high columnar cells pre-
dominate over low squamous cells in the parietal layer of
Bowman’s capsule [5], and they have a PAS-positive lu-
minal brush border. Unlike the renal proximal tubule,
lipid peroxidation is not observed and GTP activity,
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which is essential for Fe-NTA induced lipid peroxidation
and necrosis [29], is low in these cells. Type 3 cysts were
probably derived from these cells of Bowman’s capsule,
and we could not recognize any papillary change and tu-
mour formation.

Fe-NTA is a non-genotoxic carcinogen, and adminis-
tration of aluminum-NTA induces severe acute renal tu-
bular necrosis without lipid peroxidation [27]. Repeated
injection does not induce renal tumours [11]. A single
injection of Fe-NTA caused lipid peroxidation and acute
tubular necrosis and regenerative atypical cells appeared,
but no renal tumours were seen after long-term observa-
tion (personal observation of Okada S.). We suspect that
repeated injection of Fe-NTA and induction of lipid per-
oxidation is necessary for tumour development. The rela-
tion between Fe-NTA induced lipid peroxidation and re-
nal tumours was recently reviewed [30].

In our previous experiment 4-week-old A/J mice were
given Fe-NTA 1.8 mg-2.7 mg Fe/kg/day 6 days a week
for 12 weeks to induce renal tumours [18]. We used 3-
week-old male mice and injected Fe-NTA at 10 mg
Fe/kg, twice a week, to maximize the amount of Fe ad-
ministered and to minimize the number of animal deaths.
Our data showed the injection of Fe-NTA every day for
12 weeks was not needed to induce renal tumours and
that the minimum dose of Fe-NTA capable of inducing
renal tumours was injection of 10 mg Fe/kg, four times
in 2 weeks.

Unexpectedly, we found a much lower incidence of
renal tumours in the ddY mice of group 4 (Table 2) than
the A/J mice treated with Fe-NTA for 12 weeks [18]. We
suppose that this was caused by the difference of animal
strain used and frequency of injections, and believe that
varying animal susceptibility is important, a possibility
which must be taken into account in any future study of
cancer induction.
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