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The Kidneys of Infant Mice are not Sensitive to the Food Mycotoxin
Contaminant Nivalenol
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Abstract: Nivalenol (NIV) is a trichothecene mycotoxin produced by Fusarium fungi that frequently contaminates agricultural com-
modities. Dietary administration of NIV to adult mice affects the renal glomeruli, but data about NIV toxicity in human infants are
limited. To evaluate the effects of NIV on infant kidneys, 3-week-old male ICR-derived glomerulonephritis (ICGN) and ICR mice were
administered 0, 4, 8 or 16 ppm NIV in diet for 4 weeks, and their renal status was compared with age-matched or adult ICR mice. In
ICGN mice, the number of glomeruli showing mesangial expansion and a-smooth muscle actin (SMA)-positive mesangial cells was
higher with 16 ppm NIV compared with controls. No other significant differences were observed in ICGN mice. In infant ICR mice, the
IgA serum concentrations were significantly elevated without glomerular morphological changes in the 16 ppm NIV group. There was
no difference in NIV sensitivity in the kidneys of infant ICGN and ICR mice. These data suggest that the kidneys in infant mice are not
sensitive to nivalenol under the present conditions. (DOI: 10.1293/tox.2013-0047; J Toxicol Pathol 2014; 27: 57-66)
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Introduction

Trichothecene mycotoxins produced by Fusarium
fungi are frequent contaminants in agricultural commodi-
ties such as rice, wheat, rye, barley, oats, corn, and other
cereals produced in various countries around the world' ™.
Contamination with these mycotoxins, including Fusarium
mycotoxins, remains a major concern for human and animal
health>".

Nivalenol (NIV), a trichothecene mycotoxin, is pro-
duced by strains of the Fusarium genus including Fusarium
graminearum and Fusarium culmorum. Toxicities of NIV
have been reported that 50 and 100 mg/ml NIV damaged
the nuclear DNA of cultured CHO cells in the absence of
S9 mix, and oral (20 mg/kg) or intraperitoneal (3.7 mg/kg)
administration of NIV to mice resulted in DNA damage in
the kidneys, bone marrow, stomach, jejunum, and colon®.
A low level (0.1-0.5 pM) of NIV also induced DNA dam-
age in differentiated human enterocyte-like Caco-2 cells’.
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On the other hand, other results have shown a negative re-
sponse to NIV in the Ames test and recombination-repair
(rec)-assay'. The oral LD, of NIV in mice was determined
to be 38.9 mg/kg body weight'. Significant leukopenia and
growth retardation were observed in a chronic toxicity study
of female mice'!. In a two-year feeding study of female mice,
NIV was not tumorigenic, although growth retardation and
leucopenia were observed'?. Based on these toxicological
data, the lowest-observed-adverse-effect level (LOAEL)
was concluded to be 0.7 mg/kg body weight/day, and the
temporary tolerable daily intake (t-TDI) of NIV was set to
0 to 0.7 pg/kg body weight by the Scientific Committee on
Food of the European Union". Recently, a subchronic tox-
icity study of NIV using F344 rats was conducted, and the
no-observed-adverse-effect level (NOAEL) of NIV was less
than 6.25 ppm (0.4 mg/kg body weight/day for both male
and female rats) based on hematological changes showing
decreased white blood cell counts'. In an extension of the
subchronic study, natural killer (NK) activity against YAC-
1 target cells by lymphocytes from the spleen derived from
the subchronic toxicity study increased in males in vitro ",
indicating that orally administered NIV is immunotoxic. In
young pigs, oral administration of NIV for 3 weeks showed
toxicities in the gastrointestinal tract and kidneys and re-
duced the number of splenocytes'®. Additionally, the same
study found that 2.5 mg/kg NIV caused a time-dependent
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increase in the plasma IgA concentration.

The kidney is known to be a major target of NIV toxic-
ity. Mice orally administered NIV for up to 8 weeks showed
increased serum IgA concentrations and histopathological
changes in the renal glomeruli such as mild mesangial ex-
pansion'”. In another study, 24 ppm NIV administered orally
for up to 8 weeks increased serum IgA levels and glomeru-
lar deposition of IgA and IgG in a dose-dependent manner
in female BALB/c mice and also increased the serum IgA
level in a high IgA strain (HIGA) of mice, an animal model
for human IgA nephropathy'®. According to the previous
reports, oral administration of NIV or trichothecene vomi-
toxin to mice increased IgA(+) B cells or IgA production
from Peyer’s patches or splenocyte cultures, respectively'®
20 which might cause elevation of the serum IgA concentra-
tion and IgA deposition in the glomeruli in mice. Although
many studies have reported renal toxicities of NIV, there is
limited toxicological data regarding renal toxicity in chil-
dren with or without renal disease.

Since there are reports that NIV increases the serum
IgA concentration and deposition of IgA in the glomeru-
lar mesangial areas, there is a possibility that NIV would
aggravate or modify developed glomerular lesions, espe-
cially in infant animals, which might be more sensitive to
toxic chemicals. ICGN mice are an inbred strain with he-
reditary nephrotic syndrome and they are considered a good
animal model of human idiopathic nephrotic syndrome*' .
Since early onset of glomerular alteration and proteinuria
were observed in the neonatal or infant period, 3-week-old
ICGN mice were selected as a model of human infant pa-
tients with renal disease to clarify whether NIV aggravated
the nephritic syndrome and renal lesions observed in infant
ICGN mice. In addition, infant ICR mice, the genetic back-
ground of ICGN mice, were used as a model for healthy hu-
man infants. We focused on the effect of NIV on the renal
glomeruli in 3-week-old ICGN and ICR mice, and changes
in serum biochemistry, histopathology, and immunohisto-
pathology of the kidneys were analyzed and compared with
non-treated control animals or 8-week-old adult ICR mice.

Materials and Methods

Chemicals

For purification of NIV, Fusarenon X was extracted
and purified from the cultured media of Fusarium kyush-
uense (Fn-2B). Purified NIV was mixed with the basal
diet (CRF-1; Oriental Yeast Co., Ltd., Tokyo, Japan) for
animal studies, and NIV was extracted from the basal diet
and analyzed. The identity and purity of NIV was deter-
mined by liquid chromatography/mass spectrometry (LC/
MS; LCMS-2010A; Shimadzu Corp., Kyoto, Japan), with an
atmospheric pressure chemical ionization interface and LC
system (LC-2010CHT; Shimadzu Corp.), and the purity was
estimated to be >90% from the area percentage of the chro-
matogram (data not shown).

Dietary treatment of NIV was chosen because it is the
same exposure route as for humans. NIV was dissolved in

a small quantity of ethanol and was then mixed well with
powdered CRF-1 basal diet to obtain the 6, 12 and 24 ppm
doses. The stability of NIV in the basal diet at each dose was
analyzed immediately and 2 weeks after food preparation to
examine the effect of storage condition at room temperature
or 4°C. Since the stability of NIV in the diet decreased un-
der all preservation conditions, the final concentration of the
prepared diet were calculated to be 4, 8, and 16 ppm.

Animals

ICGN mice were bred in the National Institute of
Health Sciences, Japan. Male and female ICGN/M mice
showing proteinuria were mated at the age of 8 weeks old,
and their 3-week-old male offspring were used in the pres-
ent study. Neonatal ICGN mice were underdeveloped due to
nephritic syndrome in their dams or their own renal prob-
lems. For comparison with ICR mice at the same age or
with adults, 2-week-old and 7-week-old male Slc:ICR mice
were purchased from Japan SLC, Inc. (Shizuoka, Japan),
and infant ICR mice were maintained with their dams until
being weaned. Mice were housed 5 or 6 per polycarbonate
cage with sterilized softwood chips as bedding in a barrier-
sustained animal room maintained at 23-25°C and 50—-60%
humidity with a 12 h light/dark cycle.

Experimental design

ICGN and young and adult ICR mice were randomly
divided into 4 groups. Each group consisted of 6 ICGN mice
or 10 ICR mice. Due to the difficulty of obtaining neonatal
ICGN mice, the number of ICGN mice used in the pres-
ent study was lower than the number of ICR mice. Animals
were administered O (control), 4, 8, or 16 ppm NIV mixed
in powdered diet for 4 weeks. The diet and drinking water
were given ad libitum. The animals were checked daily for
clinical signs and mortality. Body weights were measured
weekly, and all mice were checked weekly for proteinurea
using test strips (Uropaper 111 Eiken, Eiken Chemical Co.,
Ltd., Tochigi, Japan). Food intake was weighed weekly, and
the NIV intake was calculated. At the end of the experiment,
all of the animals were deeply anesthetized, blood samples
were collected from the abdominal vein, and the animals
were euthanized. The serum, obtained from centrifuga-
tion of the blood at 3,000 ppm, was stored until serum bio-
chemical analysis. The left and right kidneys were removed,
weighed and sectioned to provide central slices including
the pelvis, and the slices were fixed with 10% neutral buff-
ered formalin for histopathological and immunohistochemi-
cal examination. The remainder of the kidney tissue was
fresh frozen with liquid nitrogen and stored at —80°C until
used for immunofluorescent assessment.

The animal protocol was reviewed and approved by the
Animal Care and Use Committee of the National Institute of
Health Sciences, Japan.
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Analysis of serum biochemistry and IgA concentra-
tion

To examine the condition of nephritic syndrome and
renal function, serum concentrations of total protein (TP),
albumin (Alb), total cholesterol (TC), blood urea nitrogen
(BUN), and creatinine (CRN) were analyzed (SRL, Inc.,
Tokyo, Japan).

An enzyme-linked immunosorbent assay (ELISA) was
performed to analyze the serum IgA concentration using a
Mouse IgA ELISA Quantitation Kit (Bethyl Laboratories,
Inc., Montgomery, TX, USA) following the manufacturer’s
protocol. In brief, after coating wells with goat anti-mouse
IgA-affinity purified antibody and blocking solution, di-
luted mouse reference serum standards and samples were
incubated at room temperature for 60 minutes. The dilu-
tion ratios for serum samples were 500 and 2,500 for ICGN
and ICR mice, respectively. Goat anti-mouse IgA antibody
conjugated with horseradish peroxidase was then incubated
in each well, and the enzyme substrate reaction was per-
formed with tetramethylbenzidine (TMB) solution. To stop
the TMB reaction, 2 M sulfuric acid was added to the wells,
and the absorbance was measured using a multichannel au-
tomatic photometer (Multiskan MS; Labsystems, Helsinki,
Finland).

Histopathological assessment

The kidney slices fixed in 10% buffered formalin were
routinely embedded in paraffin and were stained with he-
matoxylin and eosin and Periodic acid-Schiff (PAS) stains.
To detect damage of mesangial areas by NIV, the number of
glomeruli showing mesangial expansion was counted in the
cross sections for bilateral kidneys using PAS sections, and
the percentage of affected glomeruli per animal was calcu-
lated.

Immunohistochemical and immunofluorescent assess-
ment

Since mesangial expansion was observed in the glom-
eruli of ICGN mice, proliferative and activated mesangial
cells were evaluated by immunohistochemical analysis.
Formalin-fixed, paraffin-embedded renal sections were
treated with 0.3% H, O, in absolute methanol after heating
in instant antigen-retrieval agent H (neutral) (Mitsubishi
Chemical Medience Corporation, Tokyo, Japan) at 90°C for
10 minutes. The sections were incubated with a mouse anti-
human smooth muscle actin (a-SMA) monoclonal antibody
(clone 1A4, x100 dilution; Dako Japan, Tokyo, Japan), a
marker of activated mesangial cells, or anti-proliferating cell
nuclear antigen (PCNA) monoclonal antibody (clone PCI0,
%100 dilution; Dako Japan, Tokyo, Japan) at 4°C overnight.
Immunodetection was carried out with Histofine® Simple
Stain MAX PO (MULTI) (Nichirei Biosciences Inc., To-
kyo, Japan) and was visualized with 3,3’-diaminobenzidine
as the chromogen. To evaluate activated mesangial cells, the
number of glomeruli showing a-SMA-positive mesangial
areas was counted in the bilateral kidneys (81-124 glom-
eruli in ICGN mice and 130-231 glomeruli in 8-week-old

ICR mice), and the ratios of glomeruli with a-SMA-positive
mesangial areas to all glomeruli were analyzed.

To detect IgA deposition in the glomeruli, immuno-
fluorescent assessment was performed. Frozen kidney tis-
sues were embedded with Tissue-Tek® O.C.T. compound
(Sakura Finetek Japan Co. Ltd., Tokyo, Japan), and 5 pm-
thick frozen tissue sections were prepared. The frozen sec-
tions were air-dried and fixed with cold acetone for 10 min-
utes. After fixation, the sections were again air-dried and
preserved at —30°C until use. After air-drying and washing
with PBS, goat anti-mouse IgA (a-chain specific) antibody
(Sigma, St. Louis, MO, USA) was applied to the sections,
and they were incubated at room temperature for one hour.
For visualization, FITC-labeled rabbit anti-goat IgG heavy
and light chain specific antibody (NOVUS Biologicals,
LLC, Littleton, CO, USA) was applied as a secondary anti-
body, and the glomeruli were observed under a fluorescence
microscope (BX51, Olympus, Tokyo, Japan).

Statistical analysis

Variances in the data for body and kidney weight, se-
rum biochemistry, serum IgA concentration, level of pro-
teinuria, and percentage of glomeruli with a-SMA-positive
mesangial cells were checked for homogeneity by Bartlett’s
procedure. If the variance was homogeneous, the data were
assessed by one-way analysis of variance. If not, the Krus-
kal-Wallis test was applied. When statistically significant
differences were indicated, the Dunnett multiple compari-
son test was employed for comparison between the control
and treatment groups. For histopathological changes, inci-
dences were compared using the Fisher exact probability
test, and severity was analyzed with the Mann-Whitney U-
test.

Results

Final body and kidney weights are shown in Table 1.
ICGN mice had lower final body weights and absolute kid-
ney weights than ICR mice at the same age. For ICGN mice,
no significant differences in final body weight and kidney
weight between control and treated groups were observed.
In the 16 ppm NIV group of ICGN mice, a tendency towards
a decreased final body weight was observed. For ICR mice,
there was a significant decrease in final body weight in the
infant 16 ppm NIV group, while there was no significant
difference between controls and NIV-treated groups in
adult ICR mice.

Mean food consumption and intake of NIV are shown
in Table 2. Mean daily food consumption decreased in the
16 ppm NIV groups for each strain and generation. Mean
daily NIV intake almost doubled within strains and genera-
tions of mice as the dose increased.

In the serum biochemistry, significant decreases in
blood urea nitrogen (BUN) levels in the 16 ppm group of
ICGN mice and in creatinine levels (CRN) in the 16 ppm
group of infant ICR mice and 8 ppm group of adult ICR
mice were observed compared with the corresponding con-
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trols (Table 3). The serum biochemical data of the ICGN
mice did not show significant differences from controls or
infant ICR mice. Other serum biochemistry parameters did

Table 1. Final Body and Absolute and Relative Kidney Weights of
ICGN and ICR Mice Treated with NIV for 4 Weeks

No. of . Kidneys
Group animals Bl;l\?al Relative
examined (8)  Absolute (g) (2/100 g BW)
ICGN (3 wks)
Control 6 21.4+0.89 033+0.12 1.54+0.12
4 ppm NIV 6 21.3+2.7 032+0.16 147+0.16
8 ppm NIV 6 20.5+23 030+0.19 146+0.19
16 ppm NIV 6 193+23 0.28+0.11 145+0.11
ICR (3 wks)
Control 10 39.5+3.0 0.55+0.06 1.41+0.13
4 ppm NIV 10 387+£2.6 0.54+£0.09 1.38+0.20
8 ppm NIV 10 38.0+£3.0 0.55+0.07 146+022
16 ppm NIV 10 35.8+£2.0% 0.53+0.05 148+0.11
ICR (8 wks)
Control 10 46.3+33 0.68+0.05 147+0.15
4 ppm NIV 10 442+44 0.68+0.07 1.56+0.23
8 ppm NIV 10 46.2+2.6 0.69+0.08 149+0.16
16 ppm NIV 10 457+17 0.63+£0.04 1.39+0.09

* Significantly different from controls at p<0.05. ¥ Mean + SD.

not show any significant changes except for an increase in
Alb in the 16 ppm NIV group of adult ICR mice. The con-

Table 2. Mean Food Consumption and Intake of NIV in ICGN and

ICR Mice
Mean food Mean daily Total intake of
Group consumption  intake of NIV NIV
(g/animal/day)® (mg/kg BW/day)® (mg/kg bw)°

ICGN (3 wks)

Control 24 0 0

4 ppm NIV 2.2 0.37 10.4

8 ppm NIV 2.1 0.70 19.5

16 ppm NIV 2.0 1.39 39.0
ICR (3 wks)

Control 471 0 0

4 ppm NIV 4.56 0.58 16.2

8 ppm NIV 4.54 1.18 331

16 ppm NIV 4.05 2.25 63.1
ICR (8 wks)

Control 5.18 0 0

4 ppm NIV 5.30 0.49 13.8

8 ppm NIV 5.22 0.96 26.8

16 ppm NIV 4.80 1.76 49.3

* Average of the mean daily food intake per animal in each week.

® Average of the mean daily NIV intake per kg body weight in each
week. ¢ Total value of NIV for 4 weeks calculated with the mean daily
intake of NIV in each week.

Table 3. Serum Biochemistry of ICGN and ICR Mice Treated with NIV for 4 Weeks

Group aII\lliOr;lZlfs Total protein Albumin Totatlei};;ﬂes— Bi?&i;rga Creatinine
examined (&) (g/d) (mg/dl) (mg/dl) (me/dl)
ICGN (3 wks)
Control 6 462+055 272+037 138.8+9.8 212439 0.082 £ 0.032
4 ppm NIV 5 4.60 +0.32 292+£036 113.8+174 177+19 0.080 + 0.007
8 ppm NIV 4.57+0.31 2.83+0.34 128.7+25.1 16.9 +3.3 0.075 £ 0.016
16 ppm NIV 4.45+0.29 275+0.41  133.0£29.7 157 £2.7* 0.070 + 0.006
ICR (3 wks)
Control 10 476 +0.20 2.82+0.14 152.0+23.0 24.6+4.2 0.085 +0.012
4 ppm NIV 10 473 +0.11 2.86+0.11 1453 +21.7 25.1+3.4 0.084 + 0.005
8 ppm NIV 10 477+0.24 290+0.12 1433+ 14.6 227421 0.076 + 0.011
16 ppm NIV 10 462+034  290+£020 137.5+134 228429 0.066 + 0.014%*
ICR (8 wks)
Control 10 504+036  2.83+020 140.6+33.4 231+28 0.085 +0.014
4 ppm NIV 10 485+020  2.81+0.14 127.9+243 254+4.1 0.080 + 0.011
8 ppm NIV 10 498+0.20  2.87+0.16 158.5+30.1 24.0+2.1 0.071 £ 0.012%
16 ppm NIV 10 5.00 +0.27 3.06 +0.13%* 146.2 +22.3 242£27 0.075 £ 0.008

@ One animal could not be measured because of an insufficient of serum volume. ™ Singificantly different from
controls of each animal at p<0.05 and p<0.01, respectively. ® Mean =+ SD.

Table 4. Serum IgA Concentration (mg/ml) in ICGN and ICR Mice Treated with NIV for 4 Weeks

Control 4 ppm NIV 8 ppm NIV 16 ppm NIV
Group (n=)

6or10 6 or 10 6or 10 6 or 10
ICGN (3 wks) 173.1 £ 58.99 193.4+£75.2 213.4+71.5 202.8 £49.3
ICR (3 wks) 325.0 £ 63.8 367.1 £94.0 356.2 +58.1 441.0 £ 106.0*
ICR (8 wks) 774.5 £ 171.5 734.0 + 183.9 721.9 + 346.2 681.2 £ 163.3

* Significantly different from controls at p<0.05. ¥ Mean = SD.
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centration of IgA in the serum tended to increase, but there
was no significant difference between controls and NIV-
treated groups in ICGN mice (Table 4). In infant ICR mice,
the serum IgA concentration in the 16 ppm group increased
significantly, while there were no changes after NIV treat-
ment in adult ICR mice.

In all of the ICGN mice, the levels of proteinuria were
higher than in age-matched ICR mice, indicating onset of
proteinuria in infant ICGN mice (Fig. 1). However, the lev-
els of proteinuria did not rise with NIV treatment in any
strain or generation.

Histopathologically, a thickened basement membrane,
mesangial expansion, and microaneurysm were observed in
the glomeruli of all ICGN mice groups including controls
(Fig. 2). The thickened glomerular basement membrane
was observed diffusely in the kidneys of ICGN mice. The
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Fig. 1. Levels of proteinuria in ICGN and ICR mice treated with
NIV for 4 weeks (Mean + SD). The levels of proteinuria did
not rise with NIV treatment in any strain or generation. NIV,
nivalenol.

Fig. 2. Histopathological and immunohistochemical findings in the glomeruli of ICGN mice treated with 16 ppm NIV for
4 weeks. Genetic glomerular lesions known in ICGN mice were observed as follows: (a) Diffuse thickened glo-
merular basement membrane (arrowhead) and segmental (arrow) or (b) diffuse mesangial expansion were observed
(arrowheads; PAS). (c) a-SMA-positive mesangial cells (arrows) were observed in the expanded mesangial area. (d)
Mesangial cells in the expanded mesangial area were negative for PCNA. (c) and (d) The mesangial cells in NIV-
treated infant ICGN mice were activated but not proliferative. Bars =25 um.
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number of glomeruli with mesangial expansion tended to
increase in NIV-treated groups, but there was no statisti-
cally significant difference (Fig. 3a). Microaneurysms in the
glomeruli and urinary casts in the distal tubules were also
observed, but NIV treatment did not enhance these lesions
in ICGN mice (data not shown).

In ICGN mice, mesangial cells of the expanded mesan-
gial area were positive for a-SMA (Fig. 2¢), and the number
of glomeruli with a-SMA-positive mesangial cells increased
in the 16 ppm NIV group without statistical significance
(Table 5). In the expanded mesangial area of ICGN mice,
PCNA-positive mesangial cells were not observed in any of
the glomeruli (Fig. 2d).

Mild to severe mesangial expansion was observed in
1.21% of the total glomeruli of the bilateral renal tissue sec-
tions in the 16 ppm NIV group of adult ICR mice (Fig. 4d)
compared to 0.23% in the control group (Fig. 3b). No change
in the mesangium was observed in lower-dose adult groups
or any treated infant ICR mouse groups (Figs. 4a, b, and c).

A small amount of granular deposition of IgA in the
glomeruli was detected at the glomerular basement mem-
brane and mesangial area in all of the ICGN mouse groups
including controls. The level and localization of IgA deposi-
tion did not show any differences between the control and
NIV-treated groups (Fig. 5). In infant and adult ICR mice,
IgA deposition was observed in the glomerular basement
membrane and mesangial area in all groups including con-
trols (Fig. 6). The level and localization of IgA deposition
were almost the same regardless of age or NIV-treatment.
Compared with ICGN mice, the level of glomerular IgA de-
position was lower in infant ICR mice at the same age.

Discussion

In the present study, the effects of NIV on the kid-
neys of infant mice were evaluated, and some changes were
detected in ICGN mice. In adult ICGN mice, genetic glo-
merular lesions including a thickened glomerular basement
membrane, focal or diffuse mesangial expansion without
mesangial cell proliferation and microaneurysm were ob-
served. Since 12 ppm NIV is known to induce IgA deposi-
tion in the mesangial area in normal C3H/HeN and C3H/
Hel mice', it would be expected that IgA deposition by NIV
might induce additional mesangial lesions such as mesan-
gial damage/proliferation and progressive matrix produc-
tion in the mesangial area of ICGN mice. However, such
noticeable effects were not detected in the glomeruli of
NIV-treated infant ICGN mice in the present study, except
for an increased number of glomeruli with a-SMA-positive

The Kidneys of Infant Mice are not Sensitive to Nivalenol

mesangial cells. Four weeks of treatment with 24 ppm NIV
was reported to increase the serum IgA level and IgA de-
position in the glomeruli of female BALB/c mice, yet the
same treatment did not enhance immunoglobulin deposition
in the glomeruli of high IgA strain (HIGA) mice'®. However,
NIV did not induce or enhance glomerular lesions, such as
mesangial expansion, in either BALB/c or HIGA mice in
the reported study. It was also reported that deoxynivalenol,
another trichothecene mycotoxin, increased levels of serum
IgA, circulating IgA immune complexes, mesangial IgA
deposition, and hematuria without significant mesangial le-
sions in mice?” ?* %, Based on the results of the present and
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Fig. 3. Percentages of glomeruli with expanded mesangial ar-
eas and a-SMA-positive mesangial cells in the kidneys
(Mean = SD). (a) The number of glomeruli with mesan-
gial expansion tended to increase without statistical sig-
nificance in ICGN mice. (b) In adult ICR mice, mild to
severe mesangial expansion was observed in 1.21% of the
total glomeruli of the bilateral renal tissue sections in the
16 ppm NIV group compared with 0.23% in the control
group. Expanded mesangial area in the glomeruli was not
observed in infant ICR mice.

Table 5. Percentage of Glomeruli with a-SMA-positive Mesangial Cells in ICGN Mice Treated with Nivalenol for 4 Weeks

Group Control 4 ppm NIV 8 ppm NIV 16 ppm NIV
No. of animals examined 6 6 6 6
% of glomeruli with a-SM A-positive mesangial cells 33.2+12.4% 32.3+14.2 28.8+11.9 41.1£214

? Mean + SD.
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reported studies, treatment with NIV for 4 weeks might be
insufficient to induce aggravation of genetic glomerular le-
sions or obvious histopathological changes in the glomeruli
and other renal components in ICGN mice. In particular, the
highest dose of NIV was 16 ppm in the present study, which
was lower than the 24 ppm dose used in previous studies.
Therefore, the doses in the present study might be insuf-
ficient to induce or exacerbate glomerular lesions in ICGN
mice.

In the present study (Table 6), NIV treatment with
ICR mice led to increases in the serum IgA concentration
in infants and mesangial expansion in adults in the 16 ppm
groups. Unexpectedly, no glomerular changes were ob-
served in infant animals compared with adult animals. This
result indicates that the histopathological sensitivity to NIV
might be weaker in infant mice than in adult animals. How-
ever, in adults, the percentage of glomeruli with mesangial
expansion was very low (1.21%). Similar to C3H/HeN and
C3H/HeJ mice"’, the observed effects of NIV in adult ICR

mice in the present study were mild. Therefore, the effect of
NIV on the kidneys of adult ICR mice might be generally
mild. In addition, it was reported that the sensitivity of kid-
neys to toxic chemicals shows strain differences. Treatment
with 10 mg/kg body weight of Adriamycin (ADR) induced
severe proteinuria in BALB/c mice, while the same dose of
ADR did not induce proteinuria in C57BL/6 mice®®. There-
fore, ICR mice could potentially be a resistant strain to the
effect of NIV. A further factor regarding weak NIV effects
in ICR mice may be the NIV concentration in the diet. Al-
though the cause of the decreased concentration of NIV in
the prepared diet could not be identified, the variation of
NIV concentration in the diet might also be a cause for re-
duced NIV toxicity.

In humans, IgA nephropathy (IgAN) is defined as
chronic glomerulonephritis accompanied with mesangial
proliferation, expansion of the extracellular matrix, and
granular IgA deposition in the mesangial area. Recently,
it was shown that circulating immune complexes contain-

Fig. 4. Histopathological features in the glomeruli of ICR mice treated with nivalenol for 4 weeks. (a) Control,
3-week-old group; (b) 16 ppm NIV, 3-week-old group; (c) control, 8-week-old group; and (d) 16 ppm NIV,
8-week-old group. Mesangial expansion (arrowheads in (d)) was observed in a glomerulus of the bilateral
renal tissue sections in the 16 ppm NIV group of adult ICR mice. On the other hand, the change in the me-
sangium was not observed in NIV-treated infant ICR mice. Bars =25 um.
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Fig. 5. IgA deposition in the glomeruli of ICGN mice treated with nivalenol for 4 weeks. (a) Control, (b) 4 ppm NIV, (c) 8 ppm NIV and (d) 16
ppm NIV groups. The level and localization (in the glomerular basement membrane and mesangial area) of IgA deposition did not show
any differences between control and NIV-treated groups. NIV, nivalenol. Bars = 25 pm.

Fig. 6.

Representative findings of IgA deposition in the glomeruli of ICR mice treated with nivalenol for 4 weeks. (a) Control, 3-week-old group;

(b) 16 ppm NIV, 3-week-old group; (c) Control, 8-week-old group; and (d) 16 ppm NIV, 8-week-old group. The IgA deposition level and
localization (in the glomerular basement membrane and mesangial area) were almost the same, regardless of age or NIV-treatment.
Compared with ICGN mice, the level of glomerular IgA deposition was lower in infant ICR mice. NIV, nivalenol. Bars = 25 pm.

Table 6. Summary of Changes Induced with 16 ppm NIV Treatment in ICGN and ICR Mice

Endopoints of effects on the glomeruli

Strain (age)

ICGN (3 wks) ICR (3 wks) ICR (8 wks)
Serum IgA concentration — i —
Proteinuria — — —
Enhancement of genetic glomerular lesions — N.A. N.A.
No. of glomeruli with a-SMA-positive mesangium il N.A. N.A.
Incidence of mesangial expansion N.A. — i

IgA deposition in the glomeruli

—: No change was observed compared with the corresponding controls. 1: NIV increased the paramater with or

without significance. N.A.: Not analyzed.

ing aberrantly glycosylated IgAl play a pivotal role in the
pathogenesis of human IgAN?". Although an increase in se-
rum IgA concentration in infant mice and deposition of I[gA
in the glomeruli of all treated mice were observed in the
present study, mesangial lesions were not prominent. Cir-
culating IgA without aberrant glycosylation and insufficient
deposition of IgA to the mesangial area might be related to
the lower incidence and severity of mesangial lesions ob-
served in NIV-treated mice.

In conclusion, detailed analyses of the glomeruli did
not provide clear evidence that diseased or healthy infant
mice were toxicologically sensitive to NIV under the pres-
ent experimental conditions. Human infants face a risk of
exposure to nephrotoxins in their daily food intake, includ-
ing mycotoxins. Further studies are needed to investigate
the validity of the ICGN mouse model and to develop other
suitable animal models for infant renal toxicity studies.

Acknowledgements: This work was supported by a Grant-
in-Aid for Research on Food Sanitation from the Ministry of
Health, Labor and Welfare of Japan. We thank Ms. Tomomi
Morikawa, Ms. Ayako Saikawa, and Ms. Yoshimi Komatsu
for their technical assistance in conducting the animal stud-
ies and section preparations.

Declaration of Conflicting Interests: The authors declare
no conflicts of interest.

References

1. Tanaka K, Sago Y, Xheng Y, Nakagawa H, and Kushiro M.
Mycotoxins in rice. Int ] Food Microbiol. 119: 59—66. 2007.
[Medline] [CrossRef]

10.

. Rasmussen PH, Ghorbani F, and Berg T. Deoxynivalenol

and other Fusarium toxins in wheat and rye flours on the
Danish market. Food Addit Contam. 20: 396—404. 2003.
[Medline] [CrossRef]

. Schollenberger M, Suchy S, Jara HT, Drochner W, and

Muller HM. A survey of Fusarium toxins in cereal-based
foods marketed in an area of southwest Germany. Myco-
pathologia. 147: 49-57. 1999. [Medline] [CrossRef]

. Adejumo TO, Hettwer U, and Karlovsky P. Occurrence of

Fusarium species and trichothecenes in Nigerian maize. Int
J Food Microbiol. 116: 350-357. 2007. [Medline] [Cross-
Ref]

. Schothorst RC, and van Egmond HP. Report from SCOOP

task 3.2.10 “collection of occurrence data of Fusarium tox-
ins in food and assessment of dietary intake by the popula-
tion of EU member states”. Subtask: trichothecenes. Toxi-
col. Lett. 153: 133-143. 2004. [Medline] [CrossRef]

. Ali N. Sardjono, Yamashita A, and Yoshizawa T. Natural

co-occurrence of aflatoxins and Fusarium mycotoxins (fu-
monisins, deoxynivalenol, nivalenol and zearalenone) in
corn from Indonesia. Food Additives and Contaminants.
15: 377-384. 1998. [Medline] [CrossRef]

. Sudakin DL. Trichothecenes in the environment: Relevance

to human health. Toxicol. Lett. 143: 97-107. 2003. [Med-
line] [CrossRef]

. Tsuda S, Kosaka Y, Murakami M, Matsuo H, Matsuoka N,

Taniguchi K, and Sasaki YF. Detection of nivalenol geno-
toxicity in cultured cells and multiple mouse organs by the
alkaline single-cell gel electrophoresis assay. Mutat Res.
415: 191-200. 1998. [Medline] [CrossRef]

. Bony S, Olivier-Loiseau L, Carcelen M, and Devaux A.

Genotoxic potential associated with low levels of the Fu-
sarium mycotoxins nivalenol and fusarenon X in a human
intestinal cell line. Toxicol in Vitro. 21: 457-465. 2007.
[Medline] [CrossRef]

Pronk MEJ, Schothorst RC, and van Egmond HP. Toxicol-
ogy and occurrence of nivalenol, fusarenon X, diacetoxy-


http://www.ncbi.nlm.nih.gov/pubmed/17913273?dopt=Abstract
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.08.002
http://www.ncbi.nlm.nih.gov/pubmed/12775483?dopt=Abstract
http://dx.doi.org/10.1080/0265203031000082495
http://www.ncbi.nlm.nih.gov/pubmed/10872516?dopt=Abstract
http://dx.doi.org/10.1023/A:1007088502400
http://www.ncbi.nlm.nih.gov/pubmed/17412440?dopt=Abstract
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.02.009
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/15342090?dopt=Abstract
http://dx.doi.org/10.1016/j.toxlet.2004.04.045
http://www.ncbi.nlm.nih.gov/pubmed/9764205?dopt=Abstract
http://dx.doi.org/10.1080/02652039809374655
http://www.ncbi.nlm.nih.gov/pubmed/12749813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12749813?dopt=Abstract
http://dx.doi.org/10.1016/S0378-4274(03)00116-4
http://www.ncbi.nlm.nih.gov/pubmed/9714801?dopt=Abstract
http://dx.doi.org/10.1016/S1383-5718(98)00068-0
http://www.ncbi.nlm.nih.gov/pubmed/17161579?dopt=Abstract
http://dx.doi.org/10.1016/j.tiv.2006.10.014

66

11.

13.

14.

15.

16.

17.

18.

The Kidneys of Infant Mice are not Sensitive to Nivalenol

scirpenol, neosolaniol and 3- and 15-acetylnivalenol: a re-
view of six trichothecenes. RIVM Report 388802024/2002,
75p. 2002.

Ryu JC, Ohtsubo K, Izumiyama N, Nakamura K, Tanaka
T, Yamamura H, and Ueno Y. The acute and chronic toxici-
ties of nivalenol in mice. Fundam Appl Toxicol. 11: 38—47.
1988. [Medline] [CrossRef]

. Ohtsubo K, Ryu JC, Nakamura K, [zumiyama N, Tanaka T,

Yamammura H, Kobayashi T, and Ueno Y. Chronic toxic-
ity of nivalenol in female mice: a 2-year feeding study with
Fusarium nivale Fn 2B-moulded rice. Food Chem Toxicol.
27: 591-598. 1989. [Medline] [CrossRef]

European Commission. Opinion of the Scientific Commit-
tee on Food on Fusarium Toxins. Part 4.1: Nivalenil (NIV),
SCF/CS/CNTM/MYC/26 Final. 2000.

Takahashi M, Shibutani M, Sugita-Konishi Y, Aihara M,
Inoue K, Woo GH, Fujimoto H, and Hirose M. A 90-day
subchronic toxicity study of nivalenol, a trichothecene my-
cotoxin, in F344 rats. Food Chem Toxicol. 46: 125-135.
2008. [Medline] [CrossRef]

Kubosaki A, Aihara M, Park BJ, Sugita Y, Shibutani M,
Hirose M, Suzuki Y, Takatori K, and Sugita-Konishi Y. Im-
minotoxicity of nivalenol after subchronic dietary exposure
to rats. Food Chem Toxicol. 46: 253-258. 2008. [Medline]
[CrossRef]

Hedman R, Thuvander A, Gadhasson I, Reverter M, and
Pettersson H. Influence of dietary nivalenol exposure on
gross pathology and selected immunological parameters in
young pigs. Natural Toxins. 5: 238-246. 1997. [Medline]
[CrossRef]

Hinoshita F, Suzuki Y, Yokoyama K, Hara S, Yamada A,
Ogura Y, Hashimoto H, Tomura S, Marumo F, and Ueno Y.
Experimental IgA nephropathy induced by a low-dose en-
vironmental mycotoxin, nivalenol. Nephron. 75: 469—-478.
1997. [Medline] [CrossRef]

Dewa Y, Kemmochi S, Kawai M, Saegusa Y, Harada T,
Shimamoto K, Mitsumori K, Kumagai S, Sugita-Konishi
Y, and Shibutani M. Rapid deposition of glomerular IgA in
BALB/c mice by nivalenol and its modifying effect on high
IgA strain (HIGA) mice. Exp Toxicol Pathol. 63: 17-24.
2011. [Medline] [CrossRef]

19.

20.

21.

22.

23.

24.

25.

26.

27.

Poapolathep A, Nagata T, Suzuki H, Kumagai S, and Doi
K. Development of early apoptosis and changes in lympho-
cyte subsets in lymphoid organs of mice orally inoculated
with nivalenol. Exp Mol Pathol. 75: 74-79. 2003. [Medline]
[CrossRef]

Pestka JJ, Moorman MA, and Warner RL. Dysregulation of
IgA production and IgA nephropathy induced by the tricho-
thecene vomitoxin. Food Chem Toxicol. 27: 361-368. 1989.
[Medline] [CrossRef]

Ogura A, Asano T, Matsuda J, Takano K, Nakagawa M,
and Fukui M. Characteristics of mutant mice (ICGN) with
spontaneous renal lesions: a new model for human ne-
phritic syndrome. Lab Anim. 23: 169—-174. 1989. [Medline]
[CrossRef]

Ogura A, Asano T, Suzuki O, Yamamoto Y, Noguchi Y,
Kawaguchi H, and Yamaguchi Y. Hereditary nephritic syn-
drome with progression to renal failure in a mouse model
(ICGN strain): clinical study. Nephron. 68: 239-244. 1994.
[Medline] [CrossRef]

Mizuno S, Mizuno-Horikawa Y, Yue BF, Okamoto M, and
Kurosawa T. Nephrotic mice (ICGN strain): a model of dif-
fuse mesangial sclerosis in infantile nephrotic syndrome.
Am J Nephrol. 19: 73-82. 1999. [Medline] [CrossRef]
Dong W, Sell JE, and Pestka JJ. Quantitative assessment of
mesangial immunoglobulin a (IgA) accumulation, elevated
circulating IgA immune complexes, and hematuria during
vomitoxin-induced IgA nephropathy. Fundam Appl Toxi-
col. 17: 197-207. 1991. [Medline] [CrossRef]

Dong W, and Pestka JJ. Persistent dysregulation of IgA pro-
duction and IgA nephropathy in the B6C3F1 mouse follow-
ing withdraw of dietary vomitoxin (deoxynivalenol). Fun-
dam Appl Toxicol. 20: 38—47. 1993. [Medline] [CrossRef]
Jeansson M, Bjorck K, Tenstad O, and Haraldsson B. Adria-
mycin alters glomerular endothelium to induce proteinuria.
J Am Soc Nephrol. 20: 114-122. 2009. [Medline] [Cross-
Ref]

Novak J, Julian BA, Tomana M, and Mestecky J. IgA glyco-
sylation and IgA immune complexes in the pathogegesis of
IgA nephritis. Semin Nephrol. 28: 78—87. 2008. [Medline]
[CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/3209016?dopt=Abstract
http://dx.doi.org/10.1016/0272-0590(88)90268-0
http://www.ncbi.nlm.nih.gov/pubmed/2530144?dopt=Abstract
http://dx.doi.org/10.1016/0278-6915(89)90018-5
http://www.ncbi.nlm.nih.gov/pubmed/17765382?dopt=Abstract
http://dx.doi.org/10.1016/j.fct.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/17881110?dopt=Abstract
http://dx.doi.org/10.1016/j.fct.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/9615312?dopt=Abstract
http://dx.doi.org/10.1002/(SICI)1522-7189(1997)5:6<238::AID-NT4>3.0.CO;2-M
http://www.ncbi.nlm.nih.gov/pubmed/9127336?dopt=Abstract
http://dx.doi.org/10.1159/000189643
http://www.ncbi.nlm.nih.gov/pubmed/19783131?dopt=Abstract
http://dx.doi.org/10.1016/j.etp.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/12834628?dopt=Abstract
http://dx.doi.org/10.1016/S0014-4800(03)00027-3
http://www.ncbi.nlm.nih.gov/pubmed/2676788?dopt=Abstract
http://dx.doi.org/10.1016/0278-6915(89)90141-5
http://www.ncbi.nlm.nih.gov/pubmed/2523501?dopt=Abstract
http://dx.doi.org/10.1258/002367789780863628
http://www.ncbi.nlm.nih.gov/pubmed/7830863?dopt=Abstract
http://dx.doi.org/10.1159/000188264
http://www.ncbi.nlm.nih.gov/pubmed/10085455?dopt=Abstract
http://dx.doi.org/10.1159/000013430
http://www.ncbi.nlm.nih.gov/pubmed/1833256?dopt=Abstract
http://dx.doi.org/10.1016/0272-0590(91)90251-X
http://www.ncbi.nlm.nih.gov/pubmed/8432427?dopt=Abstract
http://dx.doi.org/10.1006/faat.1993.1005
http://www.ncbi.nlm.nih.gov/pubmed/19073829?dopt=Abstract
http://dx.doi.org/10.1681/ASN.2007111205
http://dx.doi.org/10.1681/ASN.2007111205
http://www.ncbi.nlm.nih.gov/pubmed/18222349?dopt=Abstract
http://dx.doi.org/10.1016/j.semnephrol.2007.10.009

