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Table 4
Mutation spectra of male gpt delta rats treated with NFT, NFA, or AHD for 4 weeks.
Control NFT NFA AHD
Number Specific mutation Number Specific mutation Number Specific mutation Number Specific mutation
%) frequency (x107°) (%) frequency {x107°) (%) frequency (x1075) (%) frequency (x107>)
Base substitution
Transversions
G:C-T:A 3(23.1) 0.04+0.04" 8(25.0) 0.13+0.06 2(15.4) 0.03+0.04 5(27.8) 0.07+0.07
G:C-C:G 0 0 10(31.3) 016014 0 0 0 0
AT-T:A 1(7.7) 0.02+£0.04 3(9.4) 0.03+0.08 0 0 0 0
AT-CG 0 0 0 0 1(7.7) 0.02+0.05 1{5.6) 0.01+0.02
Transitions
G:C-AT 6(46.2) 0.08 £0.05 3(9.4) 0.05+0.03 7(53.8) 014011 8(44.4) 0.09 £0.08
AT-G:C 127 0.01+0.03 3(94) 0.05+0.03 1627 0.02+0.05 2(111) 0.04+0.06
Deletion
Single bp 2(15.4) 0.01 £ 0.03 3(9.4) 0.04 £0.05 0 1] 1(5.6) 0.01+£0.02
Over 2bp 4] 1] 0 0 0 0 1] 0
Insertion 0 0 1(3.1) 0.01+£0.02 0 0 1] 0
Complex 0 0 1(31) 0.02+004 2(154) 0.03+0.06 1(5.6) 0.02+0.04
Total 9 017 32 049 13 025 18 024

2 Means +SD.
™ Significantly different (P< 0.01) from the control group by Steel’s test.

2.5. Measurement of 8-OHdG

Kidney DNA of male or female gpt delta rats was extracted
and digested as described previously (Umemura et al., 2003).
In brief, renal DNA was extracted with a DNA extractor WB kit
(Wako Pure Chemical Inc., Osaka, Japan) containing an oxidant Nal
solution to dissolve cellular components. For prevention of auto-
oxidation, deferoxamine mesylate (Sigma Chemical, MO, USA)
was added to the lysis buffer. The collected DNA pellet was
digested into deoxynucleosides by treatment with nuclease
P1 and alkaline phosphatase. Digested DNA was measured for

8-OHdG (8-OHAG/10° dG) levels by high-performance liquid
chromatography with an electrochemical detection system
(Coulochem II; ESA, Bedford, MA, USA) as previously reported
(Umemura et al,, 2006).

2.6. Histopathology

Fixed kidney tissues were embedded in paraffin, and after
sectioning into 4 pm thick sections, samples were stained with
hematoxylin and eosin (H&E) according to a conventional method
and were examined histopathologically.

Table 5
Mutation spectra of male gpt delta rats treated with NFT, NFA, or AHD for 13 weeks.
Control NFT NFA AHD
Number Specific mutation Number Specific mutation Number Specific mutation Number Specific mutation
(%) frequency (x1075) (%) frequency (x1075) (%) frequency (x1077) (%) frequency (x10~5)
Base substitution
Transversions
G:C-T:A 3(20.0) 0.05+0.07° 7(31.8) 0.65+0.60 3(20.0) 0.18+£0.16 1(11.1) 0.02+0.05
G:C-C:G 0 0 7(31.8) 0.51+£0.17 0 0 0 0
AT-T:A 2(13.3) 0.02+0.04 1(4.5) 0.06+0.12 2(133) 010+0.22 0 0
AT-C:G 1(6.7) 0.01 £0.02 0 0 1(6.7) 0.05+0.11 0 0
Transitions
G:C-A:T 5(33.3) 018 +031 4(18.2) 032+0.32 4(26.7) 0.21+£021 5(55.6) 0.26 £0.32
AT-G:C 2(13.3) 0.062+0.03 o 0 2(13.3) 0104022 0 0
Deletion
Single bp 1(6.7) 0.04+0.10 2(9.1) 0.22+037 1(6.7) 0.05+0.11 3(33.3) 015+0.21
Over 2bp 0 0 1(4.5) 0.06+0.12 0 0 0 0
Insertion 0 0 0 0 0 0 0 0
Complex 1(6.7) 0.0440.08 0 0 2(13.3) 0.11+0.16 0 0
Total 15 035 2 1.82 Fic 0.80 9 043
2 Means % SD.

* Significantly different (P<0.05) from the control group by Steel’s test.
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Table 6
Spi~ MFs in the kidneys of male gpt delta rats treated with NFT, NFA, or AHD for 4 weeks.
Treatment Animal No. Plaques within XL-1 Blue MRA (x10%) Plaques within WLS5 (P2) MF (x1075) Mean + SD
Control 1 111 6 0.54
2 123 4 0.32
3 131 12 092
4 77 3 0.39
5 6.6 3 046 0.53+0.23
NFT 11 18.1 5 0.28
12 104 0.39
14 14.4 11 0.76
15 6.9 043 046+0.21
NFA 21 8.6 3 035
22 11.7 7 0.60
24 5.6 9 161
25 52 2 0.38 0.74 +0.60
AHD 31 111 6 0.54
32 9.7 2 021
33 133 2 015
34 104 2 0.19
35 70 1 157 0.53+0.60

MF, mutant frequency.

2.7. immunohistochenical staining for orp,-globulin

Kidney sections of NFI-treated male gpt delta rats were
immunostained with a polyclonal anti-rat-o;,~globulin antibody.
Antigen retrieval was carried out by microwaving for 10min
in pH 6.0 citrate buffer. Sections were incubated with anti-rat-
ose-globulin antibody (1:200 dilution in PBS, R&D Systems, Inc.,
MN, USA) overnight at 4°C and then incubated with substrate
solution containing an enzyme-labeled secondary antibody for
30min at room temperature {N-Histofine Simple Stain, Nichirei
Biosciences Inc., Tokye, Japan). Finally, sections were counter-
stained with hematoxylin for microscopic examination.

2.8. Western blot analysis for a,-globulin

Kidney tissues of male and fernale rats were homogenized in
RIPA buffer (50mmol/l Tris-HCl pH 8.0, 150 mmol/l sodium
chloride, 0.5 w/v% sodium deoxycholate, 0.1w/v% sodium dodecyl
sulfate, 1.0 w/v¥% NP-40; Takara Bio Inc., Shiga, Japan) containing 1%
protease inhibitor cocktail (Sigma Chemical Co.). The homogenate
was centrifuged for 30min at 10,000 xg at 4°C, and the
supernatant was collected. Protein concentrations were measured
with a Multiskan FC(Thermo Fisher Scientific Inc., MA, USA) for the
BCA protein assay using advanced protein assay reagent
(Cytoskelton Inc. €O, USA). Kidney proteins were diluted with

Table 7
Spi~ MFs in the kidneys of male gpt delta rats treated with NFT, NFA, or AHD for 13 weeks.
Treatment Animal No. Plaques within XI~1 Blue MRA (x10°%) Plaques within WL85 (P2) MEF (x10 5) Mean + 5D
Control 6 50 5 101
7 10.4 3 0.29
8 44 2 045
9 56.7 2 0.35
10 51 4 0.78 0.58+031
NFT 17 4.3 3 0.69
18 9.7 9 0.93
19 57 5 0.88
20 53 9 169 1.05+044
NFA 26 149 16 1.08
27 111 12 1.08
28 14.8 31 210
29 3.9 3 0.78
30 2.8 2 0.72 115+ 0.56
AHD 36 3.7 2 0.54
37 6.1 2 033
38 22.6 81 359
39 31 2 0.65
40 4.2 1 024 107 +142

MF, mutant frequency.
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Fig. 3. 8-OHAG levels in the kidneys of male F344 gpt delta rats treated with NFT, NFA, or AHD for 4 (A) or 13 (B) weeks. Values are means = SD for 5 rats, (4 rats; NFT (A, B) and
NFA (A)). ~ Significantly different (P < 0.01) from the control group by Dunnett’s test.

sample buffer (BIO-RAD, CA, USA) containing 2-mercaptoethanol,
heated for 2 min at 95 °C, and then quenched. Samples containing
total proteins of 0.5 pg were electrophoresed on 4-15% sodium
dodecyl sulfate-polyacrylamide (SDS) gradient gel (BIO-RAD) and
were transferred to a polyvinylidene difluoride (PVDF) membrane
(EMD Millipore, Germany) using a semi-dry blotting system. After
blocking with 0.5% casein-TBS-T for 1h at room temp, the
membrane was incubated with anti-rat-o,,-globulin (1:200 dilu-
tion in blocking buffer, R&D Systems, Inc. USA) overnight at 4°C.
The membrane was incubated with peroxidase-conjugated
secondary antibody, polyclonal-anti-goat 1gG (1:2000 dilution in
blocking buffer, Dako Japan Inc.) for 1 h at room temp. Recognized
protein bands were visualized with ECL-prime reagents (GE
Healthcare, NJ, USA), and specific bands were detected with
BIO-RAD Molecular Image ChemiDoc™ XRS+ with Image Lab™
Software.

2.9. Statistical analysis

The body and kidney weights, serum biochemistry, 8-OHdG
levels, gpt and Spi"MFs, and gpt-mutation spectra are presented as
means =+ SD. All data were evaluated for consistency with a normal
distribution and variance homogeneity using Levene’s test or
visual examination of a scatter plot. The presence or absence of
outliers was confirmed visually from the same scatter plot. The
data in experiment 1 were analyzed with Dunnett’'s multiple
comparison test, and when normality or variance homogeneity
was an issue, they were analyzed with Steel's test. The data in
experiment 2 between controls and the NFI-treated group were
analyzed with the Student’s t-test or Wilcoxon rank sum test.

3. Results
3.1. Experiment 1

3.1.1. General conditions, food consumption, body and kidney weights

Although the cause of death was not able to be determined,
deaths of NFT-treated rats occurred with one male rat at both
weeks 3 and 5, and one NFA treated rat died at week 3. The change
in body weights and food consumption after 13 weeks is shown in
Fig. 2. In the NFT or NFA treated groups, small increased rates of
body weight gain compared to the control group were observed.
Food consumption was similar for all groups. The final mean body
weights of male rats that received NFT, NFA, or AHD for 13 weeks
were 18%, 11%, or 2.6% lower than that of controls, respectively
(Table 1). Relative kidney weights were significantly increased in
the NFT and NFA group at week 13 (Table 1).

3.1.2. In vivo mutation assay of kidneys

Results of the gpt assay with male rats treated with NFT, NFA, or
AHD for 4 or 13 weeks are shown in Tables 2 and 3. In the
NFT-treated group, the gpt MF was 3 times higher than in the control
group at week 4. The gpt MF in the NFT group at week 13 was 5 times
higher than in the control group and was statistically significant.
Notably, an increase in gpt MF was observed in the NFA-treated
group at week 13, but was not observed in the AHD-treated group.
Tables 4 and 5 show the results of spectrum analysis of gpt mutants
observed at week 4 or 13. NFT caused an increase in G-base
substitution mutations compared with control; G:C-C:G and
G:C-T:A transversion mutations were significant at weeks 4 and
13, respectively. These G-base substitution mutations accounted for

Table 8
Histopathological findings in the kidneys of male gpt delta rats treated with NFT, NFA, or AHD for 4 or 13 weeks.
4 Weeks 13 Weeks
Group Control NFT NFA AHD Control NFT NFA AHD
No. of animals 5 4 4 5 5 4 5 -
Grade
Hyaline droplet, proximal tubule + 5 - 1 5 5 - 1

+ - 3 3 - - - 4
++ = 1 - - - 4 - -

+, Very slight; +, Slight; ++, Moderate.
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Fig. 4. Histopathological features from H&E staining (A, control; B, NFI-treated), and photomicrographs of immunchistochemical staining a,-globulin (C, control; D,
NFT-treated) of the kidneys of male F344 gpt delta rats at week 13. Note (B) hyaline droplets in the proximal tubules (arrow head) were observed. Western blotting analysis for
ay,-globulin (E). Note (E) kidney protein samples of the controls and NFT-treated rats at week 13 are shown with samples from each sex. a;,-globulins of 15.5 and 18.7 kDa
were detected only in males, and NFT treatment caused an increase in the 15.5kDa protein.

a higher percentage in the total gpt mutants observed in the
NFT-treated group, and were 56% and 64% at weeks 4 and 13,
respectively. In the Spi~ assay, no significant changes in Spi~ MF
were observed in rats treated with NFT, NFA, or AHD compared with
controls after administration for 4 {Table 6) and 13 weeks (Table 7).

3.1.3. Measurement of 8-OHdG in kidney DNA

8-0HdG levels in NFT-treated rats were significantly increased
after 4 weeks and significantly increased by over 3 fold compared
to controls at week 13 (Fig. 3). Neither NFA nor AHD treated rats
exhibited a significant change in their 8-OHdG level.

3.1.4. Histopathologic examination of kidneys, including
immunostaining of o,-globulin

The results of histopathological examinations of the kidneys are
shown in Table 8. NFT treatment caused an increase in the number
of hyaline droplets in the proximal tubules depending on the
treatment period (Fig. 4A and B) and showed positive immuno-
staining for o,-globulin in male rat kidneys (Fig. 4C and D).
Likewise, elevation of the o,;,~globulin protein level was confirmed
by western blotting analysis, shown in Fig. 4E. ay,~globulin is a
major male rat specific urinary protein, which has two molecular

weight types: an 18.7 kDa major urinary protein (native type)and a
15.5kDa (kidney type) that is proteolytically modified from the
native type (Wang et al, 2000; Hai and Kizilbash, 2013). The
expression of this protein is well known to change in response to
drug treatment. Western blotting analysis showed that NFT
induced formation of the 15.5 kDa protein.

3.2. Experiment 2

3.2.1. General conditions, food consumption, body and kidney weights

No animal deaths were detected during 13 weeks of NFT
administration. In the NFT-treated group, low body weight
compared with the control group was noticeable from week 1
(Fig. 5), and an increase in kidney weight compared with controls
was also observed (Table 9).

3.2.2. In vive mutation assay in kidneys

Results of the gpt assay for the kidneys of female rats treated
with NFT for 13 weeks are shown in the Table 10. With the same
tendency as with males, gpt MFs in the NFI-treated group were
significantly higher, over 5 fold compared with the control group.
Increases in G-base substitution mutations, G:C-T:A and G:C-C:G
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Table 9
Final body and kidney weights of female gpt delta rats treated with NFT for 13
weeks.

Final body weight (g) Kidney weight
Absolute (g) Relative (g%)*
Control 191.0+ 111" 110+ 0.07 0.58+0.03
NFT 1714+6.3" 123+008" 0.72+0.05"

¢ Kidney weight-to-body weight ratios (relative weights) are given as g organ
weight/g body weight.

® Means =+ SD.

* Significantly different (P< 0.01) from the control group by Student’s t-test.

transversion mutations, were observed in female rat kidneys
simnilar to the results with males, as shown in Table 11. Results of
the Spi~ assay are shown in Table 12, with no significant changes in
Spi~ MF observed in NFI-treated rats.

3.2.3. Measurement of 8-OHdG in kidney DNA

Fig. G shows that 8-OHdG levels in the kidneys of female rats
treated with NFT for 13 weeks significantly increased to over 5 fold
the level of the control group.

4. Discussion

Administration of NFT to male gpt delta rats at a dose
corresponding to the renal carcinogenic dose in male F344 rats
caused a significant increase in gpt MFs, but not Spi~ MFs, in their
kidneys in a dose period-dependent manner. The significant
increment of MF in the reporter gene at the carcinogenic target site
strongly suggests involvement of genotoxic mechanisms in NFT-
induced renal carcinogenesis. In a spectrum analysis of gpt mutants
in NFT-treated rats, G:C-T:A and G:C-C:G transversion were the
predominant mutations found. The guanine base in genomic DNA
is highly responsive to various ROS and is susceptible to oxidative
maodification (Cheng et al,, 1992; Kino and Sugiyama, 2000). In fact,
8-OHdG levels in the kidneys of NFT-treated rats were significantly
increased after 4 weeks and were further elevated at 13 weeks. The
present data clearly demonstrates that NFT at the carcinogenic
dose is capable of generating oxidative stress leading to oxidative
DNA damage at the carcinogenic target site. Considering that
8-OHdG causes G:C-T:A transversion mutations resulting from
its potential for mispairing with adenine (Cheng et al, 1992),
oxidative DNA damage including 8-OHdG formation might
contribute to guanine base substitution mutations observed in
the gpt gene following NFT exposure. Since contribution of 8-OHdG
to carcinogenicity has been demonstrated (Umemura et al.,, 2006),
genotoxic mechanisms including oxidative DNA damage may be
involved in NFT-induced renal carcinogenesis,

Most nitro compounds, such as nitroquinone and nitro-
heterocycles like nitroimidazole and nitrofurans, are considered
to exert their toxic effect by nitro reduction (Bartel et al,, 2009;
Boelsterli et al., 2006; Chung et al,, 2011), One-electron reduction
of the nitro group catalyzed by nitro-reductase gives rise to nitro
anion radical, the chemical instability of which promotes produc-
tion of various ROS such as superoxide anion and hydroxyl radical
via its electron-donating ability (Wang et al., 2008). It has been
reported that the modes of action underlying DNA damage or
cytotoxicity induced by NFT in rodent liver and lungs may involve
ROS generation by nitro reduction (Rossi et al,, 1988; Suntres and
Shek, 1992). Accordingly, it is highly probable that nitro reduction

Table 10
gpt MFs in the kidneys of female gpt delta rats treated with NFT for 13 weeks.
Treatment Animal No. Coi® colonies (x10°) 6-TGR and CmR colonies MF (x10™%) Mean + SD
Control 1 341 6 193
2 8.10 5 0.62
3 5.36 6 112
4 297 3 1.01
5 5.99 4 0.67 1074053
NFT 6 2.88 22 7.64
7 N.D. - -
8 1.89 13 6.88
S 5.04 27 5.36
10 297 17 5.72 6.40+1.05

CmR, chloramphenicol resistant; 6-TG® 6-thioguanine resistant; MF, mutant frequency; and N.D., not detected.

“ Significantly different (P< 0.01) from the control group by Student’s -test.
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Table 11
Mutation spectra of female gpt delta rats treated with NFT for 13 weeks.

Control NFT

Number Specific mutation Number Specific mutation

(%) frequency (%) frequency (x107°)
(x1075)
Base substitution
Transversions
G:C-T:A 3(13.0) 0.10+015 12(22.6) 1.01+0.96
G:C-C:G 143) © 14(26.4) 1184048
AT-T:A 1(4.3) 0.04+0.08 2(3.8) 0.26+0.53
AT-C:G 3(130) © 2(3.8) 026+0.53
Transitions
G:C-AT 8(34.8) 031+0.08 10(18.9) 0.87+0.51
A:T-G:C 2(8.7) 0.10+0.15 4(7.5) 0.34+030
Deletion
Single bp 4(174) 018+0.28 5(9.4) 0344046
Over 2bp 0 0 0 0
Insertion 0 0 1(1.9) 0.07+0.10
Complex 1(4.3) 0 3(5.7) 0.29+0.32
Total 23 1.01 53 4.81

" Significantly different (P< 0.05) from the control group by Student's t-test.

of NFT is responsible for oxidative stress inducing oxidative DNA
damage and subsequent gene mutations.

On the other hand, NFA, a constituent compound of NFT with
the nitro group, was also able to induce a significant elevation of
gpt MFs in the kidneys. However, NFA failed to increase 8-OHdG
levels in the kidney DNA of gpt delta rats despite possessing the
same nitro group as NFT. In addition, the mutation spectrum of
gpt mutants obtained from kidney DNA in NFA-treated rats was
not identical to that of NFT-treated rats. NFA has been used as a
raw material for the synthesis of many nitrofurans (Cerecetto
et al, 1998; Zorzi et al, 2014). Although NFA is known as a
photolysis breakdown product from NFT (Busker et al, 1988,
Busker and Beijersbergen van Henegouwen, 1987), it is unclear
whether NFA could be a metabolite of NFT detected by in vivo
study.

In general, the rate of nitro reduction is thought to be partly
dependent on chemical structure. The inconsistent results
between NFT and NFA regarding 8-OHdG formation might indicate
that ROS form more readily from the nitro group of NFT.

Nitro compounds are reduced to amines as the inactive form via
the reactive intermediates including nitroso and hydroxylamine
derivatives at multiple stages (Boelsterli et al., 2008). The fact that
these reactive intermediates can directly cause nucleophilic
reactions with DNA (Cerecetto and Gonzdlez, 2011 Hall et al,,
2011; Ona et al., 2009; Streeter and Hoener, 1988) might provide a
clue to explaining how NFA induces genotoxicity without oxidative
DNA damage. In light of the present data that the other derivative
of NFT, AHD, induced neither elevation of 8-OHdG levels nor gpt
MFs in kidney DNA of rats, it is highly probable that NFA contains a
key structural element responsible for NFT-induced genotoxicity.
Namely, the mechanisms underlying NFT-induced genotoxicity
may involve not only oxidative stress arising from reduction of
nitro group, but also some other modes of action involved in the
genotoxicity of NFA.

In the NFT-treated group, the accumulation of hyaline droplets
in the proximal tubules of the kidney was a prominent feature.
Immunohistochemical staining showed these droplets to be
positive for ay,-globulin. Western blot analysis also supported
NFT being able to accumulate oy-globulin protein in the proximal
tubules. It is well known that the accumulation of cy,-globulin
causes the proximal tubular cell injury and subsequently
compensatory cell proliferation (Borghoff et al, 2001). Under
conditions of the sustained high cell proliferation, it is thought that
the rate of spontanecus DNA replication errors is increased
(Cunningham, 1996). As a matter of fact, this is the rationale for
carcinogenicity of non-genotoxic carcinogens with oy,-globulin
inducible potency. In addition, it has been accepted that genomic
DNA in cells recruiting into the cell cycle is susceptible to DNA
damage. Accordingly, the positive outcome in the reporter gene
mutation assay using male rats does not always imply direct
genotoxicity of NFT. Therefore, a further study using female gpt
delta rats, in which the effects of a,,-globulin were not involved,
was performed to assess in vivo genotoxicity of NFT together with
induction of oxidative DNA damage. As a result, administration of
NFT to female gpt delta rats at the same dose used for males caused
significant elevations of both 8-OHdG levels and gpt MFs to the
same extent as for males. These data clearly showed that
a,-globulin-mediated nephropathy due to NFT treatment did
not affect susceptibility to NFT-induced genotoxicity. According to
the carcinogenicity studies of NFT conducted by the NTP (1989),
NFT was not carcinogenic to the kidneys of female rats in contrast
to male rats. Accordingly, o,-globulin-mediated nephropathy
may be a prerequisite for compelling initiated cells to develop
neoplastic cells in NFT-induced renal carcinogenesis, i.e., NFT could
be a latent carcinogen in female rats, which implies that the cancer
hazard to humans still exists.

Table 12
Spi MFs in the kidneys of female gpt delta rats treated with NFT for 13 weeks.
Treatment Animal No. Plaques within XL-1 Blue MRA(x 10%) Plaques within WL95 (P2) MF (x10~%) Mean +SD
Control 1 747 4 0.54
2 9.09 3 0.33
3 756 6 0.79
4 875 1 0.15
5 8.46 4 0.47 0.46+0.24
NFT 6 414 5 1.21
7 3.69 2 0.54
8 6.30 3 048
9 6.30 2 032
10 5.04 2 040 0.59+0.36

MF, mutant frequency.
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Fig. 6. 8-OHAG levels in the kidneys of female F344 gpt delta rats treated with NFT
for 4 weeks. Values are means=SD for 5 rats. ~ Significantly different (P<0.01)
from the control group by Student's t-test.

5. Conclusion

The present study clearly demonstrated that genotoxic
mechanisms were involved in NFT-induced renal carcinogenesis
in rats. Among the two chemical structure-related compounds of
NFT, the commeon structure between NFT and NFA may play a key
role in NFT-induced genotoxicity and not the AHD substructure.
The modes of action underlying NFT-induced genotoxicity involve
not only NFA-induced genotoxic mechanisms but also oxidative
DNA damage. NFT-induced carcinogenicity in rat kidney requires
male rat-specific «aj,-globulin-mediated nephropathy, but
NFT-induced genotoxicity probably occur any species. Therefore,
the carcinogenic risk of NFT to humans should be of concern.
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