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Fig. 1. Correlation between serum AST activity and hepatic total bile
acid concentrations. Sera and livers were isolated from wild-type and
FXR-null mice fed a 0.25% cholic acid diet for 5 days. Total bile acid

concentrations and AST activities were measured by enzyme-colorimetrie
method.

rates were observed in FXR-null mice fed a 1% cholic acid
diet, compared with FXR-null mice fed the control diet (data
not shown).

Tauro-Conjugated and Unconjugated Bile Acid Lev-
els in Liver and Bile. Biliary bile acids are conjugated with
taurine before their excretion in control mice. This is consis-
tent with reports showing no transport activity of unconju-
gated bile acids such as cholic acid in Bsep-expressing cells
(Gerloff et al., 1998). BACS and BAT are involved in tauro-
conjugation. Thus, the amount of both unconjugated and
tauro-conjugated forms of hepatic bile acids in cholic acid-fed
wild-type and FXR-null mice was determined by HPLC (Fig.
4A). Cholic acid, taurocholic acid, deoxycholic acid, and tau-
rodeoxycholic acid were detected as major components in the
livers of FXR-null and the wild-type mice after feeding of
0.25% cholic acid diet. Taurocholic acid was the major com-
ponent in livers of ¥XR-null mice fed 0.25% cholic acid diet
(Fig. 4B). Hepatic taurodeoxycholic acid level was also sig-
nificantly higher in FXR-null mice than in wild-type mice
after feeding the 0.25% cholic acid diet. Thus, hepatic tauro-
conjugated bile acids accounted for more than 90% of the
total hile acids detected in the livers of FXB-null mice fed a
0.25% cholic acid diet. In contrast, high levels of unconju-
gated cholic acid were detected in the bile of wild-type mice
fed a 1% cholic acid diet (Fig. 5A). However, unconjugated
deoxycholic acid levels were very low in the bile. In contrast
to the control diet, the biliary ratio of unconjugated cholic
acid to total cholic acid was increased to 32.9% in wild-type
mice fed a 1% cholic acid diet, whereas it accounted only for
0.6 and 0.4% in the wild-type and FXR-null mice fed a 0.25%
cholic acid diet, respectively (Fig. 5B).

To assess the relationship hetween depletion of taurine
and the increased ratio of unconjugated cholic acid in liver
and bile of wild-type mice fed a cholic acid diet, hepatic
taurine levels were determined in both wild-type and FXR-
null mice fed a cholic acid diet. Hepatic taurine level was
clearly decreased upon cholic acid feeding FXR-null and the
wild-type mice. The level in wild-type mice fed a 1% cholic
acid diet was reduced to 10% of the control diet fed mice (Fig.
6A), It is noteworthy that ATP is necessary for the Bsep-
mediated bile acid transport as well as tauro-conjugation.
Since depletion of hepatic ATP affects the transport activity,
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Fig. 2. Hepatic Bsep mRNA and protein Jevels. A, changes in hepatie
Bsep mBNA levels, Hepatic mRNAs were prepared from wild-type and
FXR-null mice fed a control diet (UT) or the diet containing the indicated
percentage of cholic acid for 5 days. Specific primers described under
Materiols and Methods were used. B, quantification of Bsep mRNA
level by real-time PCR. Data are shown as the mean * 8.D. (n = 3).
+, significant difference {rom control group (» < 0.05). C, immunoblot
analyses of hepatic Bsep protein. Hepatic crude liver membranes (50 pg)
were analyzed by immunoblots with antibody to mouse Bsep. Values are the
average oblained from three animals in each group. #+, significantly differ-
ent [rom control group (¢ < 0.01).

hepatic ATP levels were quantified in cholic acid-fed mice.
Hepatic ATP levels were, however, not significantly de-
creased in wild-type and FXR-null mice fed the cholic acid
diet, compared with the control diet (Fig. 6B).

Specific mRNA Levels of Bile Acid Transporters and
Amino Aecid Conjugation Enzymes. To explore the in-
volvement of bile acid-related genes other than Bsep in pro-
tection against hepatic bile acid accumulation, changes in the
hepatic mRNA levels of bile acid transporters and amino acid
conjugation enzymes were analyzed by RT-PCR (Fig. 7). He-
patic Cyp7al mRNA was higher in FXR-null mice fed control
diet than in wild-type mice. The level was decreased in cholic
acid-fed wild-type and FXR-null mice. Mrp2 mRNA level was
slightly increased in cholic acid-fed wild-type and FXR-null
mice. On the other hand, the major bile acid uptake trans-
porters Ntcp and Oatpl mRNA levels were decreased upon
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Fig. 3. Influence of cholic acid feeding on bile flow, bile output rate, and hepatic bile acid concentration. A, bile flow. B, bile acid output rate and hepatic
bile acid concentrations. Bile and livers were isclated from wiid-type and FXR-null mice fed a diet containing the indicated percentage of cholic acid
for 5 days. Bile was collected for 30 min by bile duct cannulation. Bile flow was determined gravimetrically assuming a density of 1.0 g/m!, Hepatic
bile acid concentraiions were measured by enzyme-colorimetric method. Data are shown as the mean ® 8.D. (z = B). *, significantly different from

corresponding wild-type group (p < 0.05).

cholic acid-feeding of wild-type mice, whereas only Oatpl
mRNA levels were decreased in cholic acid-fed FXR-null
mice. Hepatic mRNA levels of BACS and BAT that mediate
tauro-conjugation of bile acids were not significantly changed
in FXR-null mice or after cholic acid feeding. Specific mRNA
level of the taurine transporter was significantly increased in
both mice fed the cholic acid diet.

Discussion

The aim of the present study was to determine the in vive
mechanism for FXR-mediated protection against extraordi-
narily high bile acid levels by use FXR-null and wild-type
mice fed cholic acid diets. A clear correlation was found
between individual hepatic bile acid concentrations and AST
activities suggests that major hepatic bile acid taurocholic
acid but not unconjugated cholic acid is involved in hepato-
toxicity in FXR-null mice fed a cholic acid diet. Bile flow and
bile acid output rates of wild-type mice fed a cholic acid diet
increased with increasing hepatic bile acid concentration
(from 0.1-0.5 umol/g liver), whereas those of FXR-null mice
did not increase, but decreased in spite of the marked accu-
mulation of hepatic bile acids (2.0 pmol/g liver) after feeding
a 0.25% cholic acid diet. The data on bile acid output rates
and hepatic bile acid concentrations indicate that targeted
disruption of FXR results in the impairment of the regulation
of canalicular bile acid excretion to maintain a low level of
hepatic bile acids.

Consistent with previous reports (Schuetz et al., 2001; Kok
et al,, 2008; Lambert et al., 2003; Zollner et al., 2003), Bsep
mRNA and protein levels were lower in FXR-null mice fed a
control diet than that in the wild-type mice in spite of higher
bile acid output rates in FXR-null mice. Bsep protein levels
were not correlated with bile acid output rates between FXR-
null and the wild-type mice fed control diets. These results

suggest a higher efficacy for Bsep-mediated excretion in
FXR-null mice, It is known that the functional activity of
ABC transporters, including Bsep and Mdr1 are regulated by
several posttranslational processes such as protein phos-
phorylation and cellular localization (Kullak-Ublick et al.,
2004), Because hepatic bile acid concentrations were 2.5-fold
higher in FXR-null mice fed confrol diets compared with
wild-type mice, this discordance might reflect an adaptive
response of Bsep to high levels of hepatic bile acids. In wild-
type mice fed a cholic acid diet, the adaptive enhancement of
canalicular bile acid excretion capacity dependent on the
increase in both the Bsep protein levels and possibly the
rates of Bsep-mediated excretion is likely one of the critical
determinants for the suppression of hepatic bile acid accu-
mulation.

Several factors, including hepatic bile acid levels and ATP
levels, were shown to modulate canalicular bile acid exere-
tion. Amino acid conjugation is one of the factors involved in
canalicular bile acid exeretion. Human BAT and BACS, in-
volved in the conjugation of bile acids to taurine and glycine,
respectively, are positively regulated by FXR (Pircher et al.,
2003). As shown in Figs. 4 and 5A, nearly all of the cholic
acids were detected as tauro-conjugated derivatives in bile
and liver of FXR-null mice fed a 0.25% cholic acid diet. The
tauro-conjugation capacity is thus unlikely to be the cause of
loss of inducibility of biliary bile acid excretion in FXR-null
mice fed a cholic acid diet. Tauro-conjugated bile acids accu-
mulate in livers of FXR-null mice fed a 0.25% cholic acid diet,
which is due at least in part by the loss of inducibility of bile
acid output rate in FXR-null mice fed 0.25% cholic acid diet.

More than 30% of the total cholic acid content was detected
as unconjugated cholic acid in the bile of wild-type mice fed a
1% cholic acid diet. The increased ratio of biliary unconju-
gated cholic acid to total cholic acid suggests the existence of
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Fig. 4. Hepatic bile acid contents in FXR-null and wild-type mice fed a
0.26% cholic acid diet. A, representative HPLC chromatograms with
fluorescence detection of hepatic bile acids. Equal umounts of bile acids
were injected as a standard. IS, internal standard (androstandiol). B,
hepatic bile acid contents. The contents of bile acids were determined by
HPLC. Wild-type and FXR-null mice were fed a 0.25% cholic acid diet for
5 days. Data are shown as the mean * 8.D.(n = 5). TCA, taurocholic acid;
DCA, deoxycholic acid; TDCA, taurodeoxycholic acid; CDCA, chenodeoxy-
cholic acid; TCDCA, taurochenodeoxycholic aeid.

an unconjugated cholic acid excreting system in the wild-type
mice. The excreting system may become evident as an adap-
tive response under the condition of hepatic taurine deple-
tion. Amine acid conjugation ig not necessarily the obligatory
step for the excretion. Although the system involved in un-
conjugated cholic acid excretion has not been identified in the
present study, it remains a possibility that there is an alter-
native transport system other than Bsep. Thus, it cannot be
excluded that acyl glucuronides of cholic acid are formed and
excreted, followed by hydrolysis in bile.

Although bile acids excreted by Bsep are the major osmotic
driving force generating bile flow, no significant decrease in
bile flow was found in Bsep-null mice (Wang et al., 2001).
Bsep-null mice still have a capacity to excrete the bile acid
into bile (30% of wild-type mice), suggesting the existence of
an alternative bile acid transport system. Furthermore, bile
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Fig. 5. Tauro-conjugated and unconjugated cholic acid levels in bile, A,
representative HPLC chromalograms with fluorescence detection of bil-
iary bile acids isolated from wild-type mice fed a 1.0% cholic acid diet and
FXR-null mice fed a 0.26% cholic acid diet. Equal amounts of bile acids
were injected as a standard. IS, internal standard (androstandiol). B,
tauro-conjugated and unconjugated cholic acid levels in bile. Bile samples
were isolated from wild-type and FXR-null mice fed a diet containing the
indicated percentage of cholic acid for 5 days. Cholic acid amounts were
measured by HPLC. The numbers above bar graphs indicate ratio of
unconjugated cholic acid (closed bar) to total cholic acid (tauro-conjugated
and unconjugated cholic acid) as percentage value. Data are shown as the
mean * S.D. (n = 5).

flow and hile acid output rates of Bsep-null mice increase
after feeding a 0.5% CA diet (Wang et al., 2003), a result that
differs from those of FXR-null mice fed a cholic acid diet.
These results suggest that a Bsep-independent bile acid ex-
cretion system was induced in Bsep-null mice fed a cholic
acid diet. This excretion system is unlikely to be enhanced in
FXR-null mice fed a cholic acid diet. An FXR-mediated adap-
tive bile acid excretion system other than Bsep might also be
involved in the increase in bile acid output rate, including
excretion of the unconjugated cholic acid in the wild-type
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Fig. 6. Hepatic taurine and ATP fevel. A, tau-
rine. B, ATP. Wild-type and FXR-null mice were
fed a diet containing the indicated percentage of
cholic acid for 5 days to isolate. Experimental
details of the measurcment of hepatic taurine
and ATP contents are deseribed under Materiols
and Methods. Data are shown as the mean %
S.D. (n = 5). Significantly different from corre-
sponding control group (*, p < 0.05; #x, p <
0.001).
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Fig. 7, Hepatic mRNA levels of bile acid-related genes. Hepatic mRNA
levels of bile acid-related genes were measured by RT-PCR. Hepatic
mRNAs were prepared from wild-type and FXR-null mice fed a control
diet (UT) or the diet containing the indicated percentage of cholic acid for
5 days. Specific primers described under Muterials and Methods were
used.

mice fed a cholic acid diet, although the increase in Bsep
protein levels likely explains at least in part the increase in
bile acid output rate in wild-type mice fed a cholic acid diet.

Disruption of FXR enhances the sensitivity to cholic acid-
induced toxicity. The enhancement of bile acid output rate
mediated by FXR is likely a critical determinant for protec-
tion against cholic acid-induced liver toxicity. In contrast to
cholic acid-induced toxicity, induection of toxicity by the sec-
ondary bile acid lithocholic acid is ameliorated by hydroxy-
steroid sulfotransferase St2a induced through PXR (Scnoda
et al., 2002; Kitada et al., 2003) (our unpublished observa-
tion). This fact supports the idea that PXR is involved in the
protection against lithocholic acid-induced liver toxicity
(Staudinger et al., 2001; Xie et al., 2001). Nuclear receptor-
mediated protective mechanisms of cholic acid-induced tox-
icity might be different from that of lithocholic acid-induced
toxicity. Recently, it was reported that constitutive andro-
stane receptor is also involved in protection against cholic
acid-induced toxicity by using PXR-FXR double null mice
(Guo et al., 2003). Role of the nuclear receptor interaction
among FXR, PXR, and constitutive androstane receptor in
the protection against bile acid-induced toxicity remains to
be fully clarified.

i [

FXR-nuit

The present study demonstrated that the adaptive en-
hancement of canalicular bile acid excretion is one of the
critical protective mechanisms for cholic acid-induced toxic-
ity. Furthermore, the transport system of unconjugated
cholic acid is at least in part involved in protection against
hepatic cholic acid accumulation under the condition of he-
patic taurine depletion. Ileal mRNA levels of apical sodium-
dependent bile acid transporter was 3.0-fold higher in FXR-
null mice fed a cholic acid diet, compared with that of the
wild-type mice fed the same diet (Maeda et al., 2004). It was
also reported that the absolute amounts of bile acids reab-
sorbed from the intestine is enhanced by 2-fold in FXR-null
mice (Kok et al., 2003). Although the analysis of the reab-
sorption process in intestine is necessary to explore the pre-
cise mechanism for protection against hepatic bile acid accu-
mulation, FXR-null mice fed a cholic acid diet might be useful
model to evaluate the possible involvement of Bsep in cho-
lestasis.
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Abstract

Genotoxicity is one of the important endpoints for risk assessment of environmental chemicals, Many short-term assays to evaluate
genotoxicity have been developed and some of them are being used routinely. Although these assays can generally be completed
within a short period, their throughput is not sufficient to assess the huge number of chemicals, which exist in our living environment
without information on their safety. We have evaluated three commercially available in silico systems, i.e., DEREK, MultiCASE,
and ADMEWorks, to assess chemical genotoxicity. We applied these systems to the 703 chemicals that had been evaluated by
the Salmonella/microsome assay from CGX database published by Kirkland et al. [1]. We also applied these systems to the 206
existing chemicals in Japan that were recently evaluated using the Salmonella/microsome assay under GLP compliance (ECJ
database). Sensitivity (the proportion of the positive in Salmonella/microsome assay correctly identified by the in silico system),
specificity (the proportion of the negative in Salmonella/microsome assay correctly identified) and concordance (the proportion
of correct identifications of the positive and the negative in Salmonella/microsome assay) were increased when we combined the
three in silico systems to make a final decision in mutagenicity, and accordingly we concluded that in silico evaluation could be
optimized by combining the evaluations from different systems. We also investigated whether there was any correlation between the
Salmonella/microsome assay result and the molecular weight of the chemicals: high molecular weight (>3000) chemicals tended to
give negative results. We propose a decision tree to assess chemical genotoxicity using a combination of the three in silico systems
after pre-selection according to their molecular weight.
© 2005 Elsevier B.V. All rights reserved.

Keywords: In silico; (Quantitative) structure-activity relationship; (Q)SAR; Chemical genotoxicity; Decision tree

1. Introduction on data from in vitro and in vivo bioassays. Accord-

ing to the “Law Concerning the Evaluation of Chemical

It is said that more than 20,000 chemicals are in use
in Japan. Among them, only approximately 10% are
thought to have been assessed for human hazard based

* Corresponding author.

1383-5718/% — see front matter © 2005 Elsevier B.V. All rights reserved.
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Substances and Regulation of Their Manufacture, etc.”
[2], the Salmonella/microsome (Ames) assay, in vitro
chromosomal aberration assay (or alternatively mouse
lymphoma TK assay), and 28-day repeat dose toxicity
test in rodents are obligatory to notify new chemicals for
production/import at a level of more than 101t per year.
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To screen the remaining 18,000 chemicals for human
hazard by application of this three-test battery is not
realistic from the time and economical point of view.
We need a much higher-throughput system to assess
these chemicals, at least for prioritization of those chem-
icals that should be submitted to biological testing. To
assess human hazard for regulatory purposes, in silico
systems are now beginning to be used [3]. Here, we
evaluated three commercially available in silico (quanti-
tative) structure-activity relationship ((Q)SAR) systems
and tried to construct a decision tree for prioritization
of which chemicals need in vitro and/or in vivo testing,
Also, within the drug discovery process, integrated com-
putational analysis has been proposed to be incorporated
as a toxicity prediction tool [4].

Kirkland et al. [ 1] published a database (CGX data-
base, see http://www.lhasalimited.org/cgx) for nearly
1000 carcinogens and non-carcinogens with results
of representative in vitro genotoxicity assays, i.c.,
Salmonella/microsome assay (Ames), mouse lymphoma
TK assay using L5178Y cells (MLA), and in vitro chro-
mosomal aberration assay or in vitro micronucleus assay
(CA/MN). Weused 703 chemicals that had been assessed
in the Ames assay for evaluation of the three in sil-
ico systems, i.¢., DEREK, MultiCASE (MCase), and
ADMEWorks (AWorks). We also used a database (the
EC]J database) that we constructed from chemicals exist-
ing in Japan that had recently been assessed in the Ames
assay, in vitro chromosomal aberration assay, and 28 day
repeat dose rodent toxicity test and/or reproductive and
developmental toxicity test for their safety evaluation
under GLP compliance. The ECJ database consisted of
206 chemicals but only 26 chemicals were positive by the
Ames assay. Initially we evaluated both sensitivity and
specificity of these three systems using the ECJ database
of 206 chemicals [5].

We selected these three in silico systems because
of their different modes of analysis. DEREK is a rule-
based system [6], MCase [7] is a database/substructure
based system, and AWorks is a QSAR. We applied these
systems individually to assess gene-mutation induction
on the 703 and 206 chemical sets described above and
evaluated their sensitivity, specificity, concordance, and
applicability (how many chemicals could be assessed),
independently.

It is known that high molecular weight polymers tend
not to induce gene mutation and chromosomal aberra-
tions mainly because they camnot enter the target cells
to react with DNA, or other bio-molecules necessary for
genetic stability. We analyzed 194 Ames positive chem-
icals (confidential source) for the effect of molecular
weight.

2. Materials and methods

2.1. Data sources for chemicals assessed

Of about 1000 chemicals, 703 that had been assessed in
the Ames test were chosen from the CGX database published
by Kirkland et al. [1}. All chemical structures were re-drawn
using Chemdraw Ultra (Cambridge Soft Corporation, USA)
and converted to MOL files before application to each sys-
tem. We also used the database of 206 chemicals evaluated in
the MHLW project “Safety Examination of Existing Chem-
icals and Safety Programmes in Japan” (ECJ database). The
test summary for each of these chemicals can be seen at
http:/fwwwdb.mhlw.go.jp/gine/html/dbl btml, In addition, we
collected 194 Ames positive chemicals from a confidential
source and investigated the relationship between gene muta-
tion induction and molecular weight, with identification of any
active side chain that might have contributed to the positive
result in the Ames assay.

2.2. In silico systems used and definition of positive and
negative responses

We used DEREK (Lhasa Ltd., UK) version 8.0.1.When the
system gave an evaluation as “certain”, “probable” or “plausi-
ble” we considered this as “positive”, and when the system gave
“equivocal”, “doubted”, “improbable”, “impossible”, or “no
alert” we considered this as “negative”. We used MCase (Mul-
ticase Co, Ltd.) version mc4pc, When the system gave “active”
or “marginal” we considered this as “positive”, and when the
system gave “Inactive” we considered this as “negative”. In
the case of AWorks (Fujitsu Kitakyushu, Co. Ltd., version 2.0),
we considered as “positive” when system evaluation was “posi-
tive”, and considered as “negative” when the system evaluation
was “negative”. We excluded chemicals from further analysis
when DEREK or AWorks gave no answer, or the evaluation
was “inconclusive” by MCase.

2.3. Definition of sensitivity, specificity, concordance, and
applicability

We calculated sensitivity, specificity, concordance, and
applicability as follows:

... N s Np-s—
sens1t1v1ty=—~'-\—+i+— x 100, specificity = =225 100,
Nat Na-
Np_s-
concordance = Nasss & Na-s- x 100,
Neval
NV'd
applicability = —2 x 100
N

where Ny is number of chemicals revealing positive in Ames
assay; Na. is number of chemicals negative in Ames assay;
Npas+ is number of chemicals revealing positive by both Ames
assay and in silico evaluation; Ns_s_ is number of chemicals
negative in both Ames assay and in silico evaluation; Neya is
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Table 1
Performance of in silico systems
Ames result + - Total Sensitivity Specificity Concordance Applicability
(%) (%) (%) (%)
CGX database
DEREK + 288 64 352 _
- 69 267 336 81.8 79.5 80.7 979
Total 357 331 688
MCase + 235 32 267
- 6 249 255 88.0 97.6 92.7 74.3
Total 241 281 522
AWorks + 267 89 356
- 149 187 336 75.0 55.7 65.6 98.4
Total 416 276 692
ECT database
DEREK + 19 7 26
- 21 159 180 73.1 88.3 86.4 100.0
Total 40 166 206
MCase + 13 7 20
- 13 133 146 65.0 91.1 88.0 80.6
Total 26 140 166
AWorks + 19 7 26
— 54 124 178 73.1 69.7 70.1 99.0
Total 73 131 204

MCase: MultiCASE; AWorks: ADMEWorks.

number of chemicals evaluated; and N, is total number of
chemicals subjected.

3. Resulis

Among the set of 703 CGX chemicals with published
Ames data, 358 were positive and 345 were negative.
The results of the in silico evaluation are summarized in
Table 1. The highest sensitivity, specificity, and concor-
dance with Ames assay results was provided by MCase,
then followed by DEREK. However, the systems that
showed the best applicability were AWorks and (almost
the same) DEREK, then followed by MCase. For the
database of 206 ECJ chemicals, 26 were positive and 180
were negative. The outcomes of the in silico analyses are
summarized in Table 1. The pattern of performance was
very similar to that with the 703 chemicals in the CGX
database.

Fig. 1 shows the cumulative percent of Ames positive
chemicals against molecular weight. It can be seen that
87.1% ofthose positive chemicals had molecular weights
less than 1000, and 96.4% had molecular weights less
than 3000; in other words, only 3.6% of the chemicals
with a molecular weight >3000 gave a positive response
inthe Ames assay. Seven of 194 Ames positive chemicals

had a molecular weight >3000 and four of these seven
polymers had epoxy groups.

When we combined the in silico systems, the
performance was different from that when assessed
individually (Table 2). If we considered the in silico
mutagenicity as positive (or negative) when two or more
systems gave positive (or negative) evaluations, 87.8

Total 194 chemicals
%

100.0

w0
=4
=)

@
ed
=]

S
=
=1

13
=]
=]

Cumulative % of chemicals

e
=Y

Molecular weight

Fig. 1. Cumulative percentage of chemicals based on their molecular
weight. 194 Ames positive chemicals were analyzed. 7/194 chemicals
were more than 3000 molecular weight and Ames positive and 4/7
contained epoxy groups.
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Table 2
Performance of in silico systems after combined

CGX database
Lu silico

A ++or+ ++ - Or - Total Sensitivity (%) Specificity (%)  Concordance (%) Applicability (%)
mes
+ 279 0 319
- | 42 .24 291 87.8 85.6 86.7 86.8
Total 321 289 610
+ .-
+ 166 1 : 167
- 3 127 130 99.4 97.7 98.7 42.2
Total 168 129 297
ECI database
Amesln silico or 4+ 4+ --or--- Total Scnsitivity (%) Specificity (%) Concordance (%) Applicubility (%)
- . 23 147 170 73.1 86.5 84,7 95.1
Total 42 154 196
++ 4 R
b 13 2 ! 15
- 5 94 ‘ 499 86.7 94.9 93,9 553
Total 18 96 114
Table 3
Performances of DEREK and MCase in several published papers.
Target compounds In silico system Sensitivity Specificity Concordance  Applicability Reference
(%) (%) (%) (%)
394 Drugs DEREK 52 75 74 94 (1]
MCase 48 93 90 914
217 Non-drugs DEREK 86 50 81 100° [10}
MCase 91 62 - 83 100*
520 Drug candidates DEREK 28 80 72 100 [13)
MCase .50 86 81 41
DEREK +MCase 29 95 88 29
DEREK +Mocase + TOPKAT 75 96 95 15
123 Drug candidates DEREK 8v 31¢ 61 100Y (4]
MCase (A2H) 13" 15¢ 72 974
Topeat (Ames Mut) 18" 15 67 98¢
DEREK +MCase 6® 19¢ 75 974
DEREK +Mcase + TOPKAT 5% 9 86 464
94 Non-drugs DEREK 63 81 76 100 [13]
MCase 40 90 76 75
DEREK +MCase 47 100 85 56
DEREK +Mcase + TOPKAT 55 100 86 37
516 Non-drugs DEREK 6* 24¢ 70 100¢ (41
MCase (AZH) 70 12¢ 81 98¢
Topeat (Ames Mut) 25b 19¢ 56 g7¢
DEREK +MCase 2b 16¢ 82 9gd
DEREK +Mease + TOPKAT 7° 10¢ 83 43¢

@ Calculated by us
b 94 False negative.
¢ % False positive.
4 (1-Indeterminate).
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and 73.1% sensitivity, 85.6 and 86.5% specificity, 86.7
and 84.7% concordance, and 86.8 and 95.1% applica-
bility were obtained for the CGX and ECJ databases,
respectively. If we considered the in silico mutagenicity
as positive (or negative) only when all three systems
gave positive (or negative) evaluations, all performance
measures (sensitivity, specificity, etc,) increased up to
98.7 and 93.9%. However, applicability decreased to
42.2 and 55.3%, which meant only about half of the
chemicals in the CGX and ECJ databases could be
evaluated. One chemical, o-phenylphenol [90-43-7],
was positive in the Ames test but negative by all three
in silico systems and three chemicals, carboxymethyl-
nitrosourea [60391-92-6], methidathion {950-37-8],
1-nitroso-3,5-dimethyl-4-benzoylpiperazine ~ [61034-
40-0], were negative in the Ames test although all
three in silico system gave positive evaluation for
mutagenicity in the CGX database. When we used
the ECJ database, 2-amino-1-naphthalenesulfonic acid
[81-16-3] and 2-vinylpyridine [100-69-6] were positive
in the Ames test but negative by all three in silico
systems and there was no chemical that was negative
in the Ames assay and all positive in in silico system.
These exceptional chemicals are listed in Table 3
together with such chemicals taken from literatures,

4. Discussion

It is important to construct a strategy for efficient
evaluation of the toxicity of a large number of existing
chemicals. Even so-called short-term assays, e.g., Ames
assay and in vitro chromosomal aberration assay, can
practically assess only 100 chemicals per year according
to our experiences in Japan. In this case, it will take 180
years to assess the outstanding 18,000 existing chemicals
for genotoxicity, and it will take even longer when repeat
dose toxicity tests are also performed, as these are not
short-term assays. We therefore need higher-throughput
systems to assess chemical safety, or at least to set prior-
ities for those chemicals that should be tested in in vitro
and/or in vivo tests. In silico systems have the capability
for high throughput but have not yet been well validated
for assessment of human hazard, although some regula-
tory bodies have started to use these methods.

Correlation between the Ames assay result and
molecular weight could be explained by the lack of
membrane permeability of high molecular weight chem-
icals, making it more difficult for them to reach target
molecules such as DNA and proteins that contribute
to the fidelity of cell division. Therefore, only a few
chemicals with molecular weight >3000 gave positive
responses in the Ames assay. This phenomenon is also

true for induction of chromosomal aberrations in vitro
(data not shown). The other important issue is the
contribution of epoxy group in the polymer. Although
of molecular weight >3000, some polymers with an
€poxy group gave positive results in both the Ames
and chromosomal aberration assays. Epoxy embedding
reagents employed in electron microscopy (e.g., epon
and araldite) have been reported as mutagenic in the
Ames assay [8]. According to these findings, we should
include a step to evaluate molecular weight and existence
of any epoxy groups in the molecule.

In the present study, we used the CGX database
recently published by Kirkland et al. |1] for micro-
bial mutagenicity data on 358 carcinogens and 345
non-carcinogens for validation of three commercially
available in silico (Q)SAR systems. When applied indi-
vidually, MCase gave high sensitivity, specificity, and
concordance compared to other two systems. One of the
reasons may be because the CGX database contained
many results from the U.S. National Toxicology Pro-
gram (NTP), and the learning dataset of MCase would
have used many of the same results. Therefore, some
of them were evaluated by direct matching. Moreover,
the applicability of MCase was relatively low compared
with the other systems in this study (Table 1). MCase
judged 119 chemicals as inconclusive and one chemical
as marginal, and could not evaluate 67 chemicals. Such
selectivity in MCase may contribute to the high concor-
dance. On the other hand, the other systems were not
influenced directly by the NTP data. We applied the in
silico systems to another dataset, the ECJ database, that
does not contain the NTP data and we obtained similar
patterns of sensitivity, specificity, etc.

Each in silico system showed different outcomes on
some chemicals complimentary by some extent. These
different evaluation patterns were mainly due to the
different evaluation rules. The DEREK is a rule-based
system, AWorks is a discriminant-based system mainly
depending on physicochemical descriptors, and MCase
is a hybrid system based on a database. Therefore, we
concluded that in silico evaluation could be optimized
by combining the evaluations from the three systems.
Sensitivity, specificity and concordance were increased
when we combined the three in silico systems to make a
final conclusion of mutagenicity (Table }). Concordance
was much higher after combining but the applicability

* became poor (42.2%). When two of the in silico systems

gave the same evaluations, the applicability (86.8%) was
good but the concordance was lower (86.7%) than when
all three were combined (98.7).

Recently, several in silico studies for prediction of
mutagenicity have been conducted on drugs or non-
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Exceptional chemicals that showed Ames test gave positive but all three in silico systems (DEREK, MCase, TOPKAT/AWorks) gave negative and

Ames test gave negative but all three systems gave positive

Compound CAS Ames test DEREK MCase TOPKAT/Aworks Source®
Bupropion 34911-55-2 + - - - 1
Citalopram 59729-33-8 + - - - 1
Naloxone 465-65-6 + - - - 1
Oxcarbazepime 28721-07-5 + - - — 1
Quetiapine 111976-69-7 + - - - 1
Rabeprazole 117976-89-3 + - - - 1
Zolmitriptan 139264-17-8 + - - - 1
2-(2-Methylpropyl) thiazole 18640-74-9 + - - — 2
2-Chlorapyridine 109-09-1 + - - - 2
Pyrogallol 87-66-1 + - - — 2
o-Phenylphenal 90-43-7 + - - - 3
2-Amino-1-naphthalenesulfonic acid 81-16-3 + - - - 3
2-Vinylpyridine 100-69-6 + - - - 3
Fosfomycin 23155-02-4 - + + + 1
Toremifene 89778-26-7 - + + + 1
Poly (2-hydroxypropyl methacrylate) 25703-79-1 - + + + 2
Carboxymethylnitrosourea 60391-92-6 - + + + 3
Methidathion 950-37-8 - + + + 3
1-Nitroso-3,5-dimethyl-4-benzoylpiperazine - + + + 3

@ 1: Synder et al. {11] (with TOPKAT), 2: White et al. [13) (with TOPKAT), 3: this study (with AWorks).

drug chemicals with commercially available programs,
e.g., DEREK, MCase or TOPKAT, or newly developed
computational approaches [4,9-12]. The performances
of DEREK and MCase in several of these studies are
summarized in Table 4. Generally, similar performance
in sensitivity, specificity, concordance, and applicabil-
ity were shown between DEREK and MCase but with
some exceptions, e.g., sensitivity in 520 drug candi-
dates [13], specificity in 516 non-drugs [4], and appli-
cability in 520 pharmaceutical drug candidates and 94
non-drugs [ 13]. These differences might be due to the
chemical class of target compounds in each database.
However, there was no remarkable difference in perfor-
mance whether the chemical was intended for use as
a pharmaceutical, agricultural, or industrial agent. Our
results on performance of in silico systems showed sim-
ilarity with the published analyses. With respect to the
combination of in silico prediction systems, White et
al. [13] reported that combination improved the over-
all accuracy and specificity, but sensitivity was barely
above the 50% level (Table 4). On the other hand, their
analysis showed quite low applicability in the combina-
tion of three prediction systems, DEREK, MCase and
TOPKAT. Our analysis of the combination of DEREK,
MCase and AWorks showed good improvements in
sensitivity, specificity and concordance, but applica-
bility was low, especially in the 3-system combina-
tion.

Exceptional chemicals that gave positive Ames
results but were negative in all three in silico systems
(DEREK, MCase, TOPKAT/AWorks), and those that
were negative in the Ames test but gave positive evalua-
tionsin all three systems, are summarized in Table 4. This
table, which includes data from Synder et al. {11] and
White et al. [13] shows there are 19 exceptional chemi-
cals from both drug and non-drug families. Although it
would be unrealistic to expect zero exceptions using this
approach, further improvement of the prediction systems
is needed. We do not have good reasons to explain the
discordance, therefore we will verify the results from
both sides, i.e., in silico system and Ames test.

Considering these outcomes, we propose a decision
tree (Fig. 2), in order to evaluate chemical induction of
gene mutation. We may use the decision tree to priori-
tize chemicals to be assayed by in vitro and/or in vivo
tests. A final goal being that eventually, chemical muta-
genicity will be evaluated by in silico systems alone for
regulatory use. The decision tree consists of three steps;
namely to assess the molecular weight, the existence of
epoxy groups, and the in silico evaluation for genotox-
icity. Based on the purpose of the in silico evaluation,
the tree might be altered by the different final call of the
in silico evaluation, i.e., regarding as positive (negative)
all three systems show positive (negative). The choice
of definition for final call applying to the decision tree
should be based on the balance between accuracy of eval-
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Chemlcal to be analyzedJ

< S 3,00 =N e Epoxide NC
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[ Positive ] {Negative]

2 or more
Negatives

2 or more Positives

further testing

Fig. 2. Decision tree. In in silico evaluation, when two or more give
positive then the final call is “positive” and two or more negative then
call “negative”.

uation and applicability, which are especially important
for regulatory purpose. The decision should be made on
a case-by-case basis depending upon the purpose of the
decisions to be made.
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ABSTRACT — We purified male rat arinary 0y,-globulin, prepared the antibody in rabbits, and
improved an immunchistochemical detection method using this antibody for male rat-specific o, -globu-
lin accumulation appearing as hyaline droplets in the kidneys. Our prepared antibody reacted specifically
with Og,-globulin in both immunohistochemical and Western blotting analyses, farthermore, and the
graded immupo-reactivities on the slide were well associated with computational image analyzing results.
Using this method, we retrospectively analyzed the renal sections from the toxicity studies of 12 nephro-
toxic chemicals, which had already been conducted under the Japanese Existing Chemicals Survey Pro-
gram. We demonstrated that the hyaline droplets induced by treatment with 10 chemicals (1,4-
dibromobenzene, dicyclopentadiene, 3,4-dimethylaniline, 1,4-dicyanobenzene, tetrahydrothiophene-1,1-
dioxide, 1,3-dicyanobenzene, acecnaphthene, 3,4-dichloro-1-butene, 3a,4,7,7a-tetrahydro-1H-indene and
3,5,5-trimethylhexan-1-ol) were directly associated with oy,-globulin accumulation, This immunohis-
tochemical method is convenient for applying, even retrospectively, paraffin sections from general toxicity
studies and could be useful for qualifying male rat-specific hyaline droplets consisting of 0lp,,-globulin and

renal risk in humans.

KEY WORDS: «j,-globulin, Immunochistochemistry, Hyaline droplet, Nephrotoxicity

INTRODUCTION

For risk assessment of chemicals, the most criti-
cal data are derived from animal toxicity studies
because of a general lack of information on bumans,
Although all availuble results from animal studies have
been applied to human risk assessment, in principle,
exclusion of some specific toxicities, which might not
occur in humans, should be taken into account. Among
laboratory animals, the rat has been commonly used for
toxicity studies, especially sub-acute, long-term or car-
cinogenicity studies. Nephropathy with hyaline drop-
lets and renal tubular neoplasia caused by chemicals
inducing Otg,-globulin accumulation (CIGA) are con-

sidered to be a male rat-specific toxicity, not occurting
in female rats or other animals, including primates.
Although low molecualar proteins homologous to Oy~
globulin can be detected in other species, including
mice and humans, none of these proteins have been
coufirmed to bind to CIGA, followed by accumulation
of the protein-CIGA complex as in the case of 0,,-
globulin, 1t is therefore believed that renal toxicity
induced by CIGA in male rats is unlikely to occur in
humans (Hard et al., 1993).

Qy,-Globulin was first identified in male rat urine
(Roy and Neuhaus, 1966), and had been reported to be
a male rat-specific protein with a molecular weight of
18 to 20 kDa. The major source of urinary ¢y, -globulin
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is the liver, where 0p,-globulin mRNA constitutes
approximately 1% of the total hepatic mRNA (Sippel
et al., 1976; Kurtz and Feigelson, 1977). Neither ¢y,
globulin nor its mRNA is detectable in the female liver
(Sippel et al., 1975, 1976; Maclunes er al., 1986). The
blood o,,-globulin secreted from the liver is freely fil-
tered through the glomerulus, and in mature rats, about
two-thirds of the filtered protein is reabsorbed by
tubules and the remainder is excreted through the urine
(Neuhaus ef al., 1981). CIGA binds noncovalently to
aiy,-globulin, and the resulting complex shows less
degradability with proteolytic enzymes, causing an
accumulation of the complex that is detectable as hya-
line droplets with a light microscope. Various chemi-
cals have been suspected of being CIGA based on
detection of the evidence for exacerbation of byaline
droplets in renal proximal tubules in male rats, though
not in females. Direct evidence for increasing ooy~
globulin levels has been demonstrated for only a few of
these chemicals, however, including 2,2,4-trimethyl-
pentane (Stonard et al., 1986; Charbonneau et al.,
1987; Lock et al., 1987), decalin (Kanerva et al.,
1987), d-limonene (Lehman-McKeeman et al., 1989;
Webb er al., 1989), 1,4-dichlorobenzene (Charbonneau
et al., 1989), isophorone (Strasscr et al., 1988), lindane
(Dietrich and Swenberg, 1990), tri- or per-chloroethy!-
ene and peniachoroethane (Goldsworthy er al., 1888).
A number of initial safety assessments has so far
been conducted for industrial chemicals, including
both new and existing chemicals by the Japanese gov-
ernment or the OECD high production volume chemi-
cals programs. Certain chemicals among these indus-
trial chemicals have been suspected of being CIGA. In
some cases, however, renal changes in male rats have
been assessed as the endpoint for extrapolation to
human bealth risk owing to a Jack of direct evidence
caused by o,-globulin accumulation, because no anti-
body against oly,-globulin is commercially available
for general toxicity studies. Some immunohistochemi-
cal o,-globulin analysis methods had already been
developed (Burnett ef al., 1989; Hashimoto and
Takaya, 1992; Caldwell er al., 1999). As these methods
required glycolmethacrylate embedding or specific
computational analysis, they would be inappropriate
for confirming o0,,-globulin accumulation in routinely
conducted guideline-based toxicity studies. We there-
fore improved an immunohistochemical o,,-globulin
detection system using paraffin sections, which are
generally used for standard toxicity studies. We evalu-
ated the several chemicals suspected of being CIGA,
moreover, and indicated the direct evidence caused by
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0iy,-globulin accumulation.
MATERIALS AND METHODS

Preparation of anti o,-globuliu antibody

0ly,-globulin as an antigen was obtained from the
urine collected from aged male rats, pooled, and nsed
to immunize rabbits. The immunization procedures,
including the amount of antigen and immunizing inter-
vals, were determined from the results of a preliminary
test referring to the methods of Kurtz et al. (1976). The
antigen was injected under the skin at a dose of 1 mg/
animal (ist injection) or 0.5 mg/animal (2nd and sub-
sequent injections) once at two weeks. Blood sampling
was conducled periodically and the antibody titer mea-
sured. When the antibody titer leve reached a plateau,
whole blood was collected and antiserum was obtained
from the blood. The antiscrum was used for immuno-
histochemistry and immuno-electron microscopy. For
measurement of the 0y,,-globulin content in the urine
and tissues, the antibody was purified from the antise-
rum using a DEAE jonic exchange column after
ammonium sulfate precipitation. The singularity of the
antibody was confirmed as a single diffuse band of
approximately 19 kDa by Western blotting analysis.
This study and the following study were carried out in
accordance with the Law for the Humane Treatment
and Management of Animals and the Standards Relat-
ing to the Care and Management, etc. of Experimental
Animals in Japan.

Experiment 1 Confirmation of specific reactivity of
the antibody to oy,,-globulin
1. Preparation of oy,-globulin nephropathy rats

To confirm the specific reactivity of the anti-o,-
globulin antibody, we prepared 0,9,,-globulin nephrop-
athy rats as follows. Male and female Crj:CD(SD)IGS
rats were obtained from Charles River Japan Inc. and
used at the age of 11 weeks. d-Limonene (Nacalai
Tesque Inc.), a well-known o, -globulin nephropathy
inducer, was administered to the rats, consisting of 4
males and 4 females cach, for 10 days at doses of 0,
150 and 300 mg/kg/day by gavage using corn oil as a
vehicle. The rats were housed individually in stainless
steel wire cages in an animal room with a controlled
temperature of 24+2°C, humidity of 55£10% and a 12-
hr light/dark cycle (lighting from 7:00 to 19:00) and
allowed access to food and water ad libitum,

Pooled arine was collected for 24 br on the day
before the statt of administration and on Day 9 of
administration. After the 10-day administration period,
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is the liver, where 0,-globulin mRNA constitutes
approximately 1% of the total hepatic mRNA (Sippel
et al., 1976; Kurtz and Feigelson, 1977). Ncither o, -
globulin nor its mRNA is detectable in the female liver
(Sippel et al., 1975, 1976; Maclnnes ef al., 1986). The
blood a,,-globulin secreted from the liver is freely fil-
tered through the glomerulus, and in mature tats, about
two-thirds of the filtercd protein is reabsorbed by
tubules and the remainder is excreted through the urine
(Neuhaus et al., 1981). CIGA binds noncovalently to
Oly,-globulin, and the resulting complex showsy less
degradability with proteolylic enzymes, causing an
accumulation of the complex that is detectable as hya-
linc droplets with a light microscope. Various chemi-
cals have been suspected of being CIGA based on
detection of the evidence for exacerbation of hyaline
droplets in renal proximal tubules in male rats, though
not in females. Direct evidence for increasing Oy,
globulin levels has been demonstrated for only a few of
these chemicals, however, including 2,2,4-trimethyl-
pentane (Stonard et al., 1986; Charbonneau ef al.,
1987: Lock et gl., 1987), decalin (Kanerva et al.,
1987), d-limonene (Lehman-McKeeman et al., 1989;
Webb et al., 1989), 1,4-dichlorobenzene (Charbonneau
et al., 1989), isophorone (Strasser et al., 1988), lindane
(Dietrich and Swenberg, 1990), tri- or per-chlorocthyl-
ene and pentachoroethane (Goldsworthy et al., 1888).
A number of initial safety assessments has so far
been conducted for industrial chemicals, including
both new and existing chemicals by the Japanesc gov-
ernment or the OECD high production volume chemi-
cals programs. Certain chemicals among these indus-
irial chemicals have been suspected of being CIGA. In
some cases, however, renal changes in male rats have
been assessed as the endpoint for extrapolation to
human health risk owing to a lack of direct evidence
caused by 0iy,-globulin accumulation, because no anti-
body against olp,-globulin is commercially available
for general toxicity studies. Some immunohistochemi-
cal oly,-globulin analysis methods had already been
developed (Burnett ef al., 1989; Hashimoto and
Takaya, 1992; Caldwell et al., 1999). As these methods
requircd glycolmethacrylate embedding or specific
computational analysis, they would be inappropriate
for confirming oiy,,-globulin accumulation in routinely
conducted guideline-bascd toxicity studics. We there-
fore improved an immunohistochemical @, -globulin
detection system using paraffin sections, which are
generally used for standard toxicity studies. We evalu-
ated the several chemicals suspected of being CIGA,
moreover, and indicated the direct evidence caused by
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0Oly,-globulin accumulation.
MATERIALS AND METHODS

Preparation of anti oy,-globulin antibody

oly,~globulin as an antigen was obtained from the
urine collected from aged male rats, pooled, and used
to iminunize rabbits, The immunization procedures,
including the amount of antigen and immunizing inter-
vals, were determined from the results of a preliminary
test referring to the methods of Kurtz et al. (1976). The
antigen was injected under the skin at a dose of 1 mg/
animal (1st injection) or 0.5 mg/animal (2nd and sub-
sequent injections) once at two weeks. Blood sampling
was conducted periodically and the antibody titer mea-
sured. When the antibody titer level reached a plateau,
whole blood was collected and antiserum was oblained
from the blood. The antiserum was nsed for immuno-
histochemistry and immuno-electron microscopy. For
measurement of the oy,-globulin content in the urine
and tissues, the antibody was purified from the antise-
rum using a DEAE ionic exchange column after
ammonium sulfate precipitation. The singularity of the
antibody was confirmed as a single diffuse band of
approximately 19 kDa by Western blotting analysis.
This study and the following study were carricd out in
accordance with the Law for the Humane Treatment
and Management of Animals and the Standards Relat-
ing to the Care and Management, etc. of Experimental
Animals in Japan.

Experiment 1 Confirmation of specific reactivity of
the antibody to oj,-globulin
1. Preparation of oi,,-globulin nephropathy rats

To conlirm the specific reactivity of the anti- oy, -
globulin antibody, we prepared o,,,-globulin nephrop-
athy rals as follows. Male and female Crj:CD(SDYGS
rats were obtained from Charles River Japan Inc. and
used at the age of 11 weeks. d-Limonenc (Nacalai
Tesque Inc.), a well-known 0,-globulin nephropathy
inducer, was administered to the rats, consisting of 4
males and 4 females each, for 10 days at doses of 0,
150 and 300 mg/kg/day by gavage using com oil as a
vehicle. The rats were housed individually in stainless
steel wire cages in an animal room with a controlled
temperature of 24+2°C, humidity of 55£10% and a 12-
hr light/dark cycle (lighting from 7:00 to 19:00) and
allowed access to food and water ad libitum.

Pooled urine was collected for 24 hr on the day
before the start of administration and on Day 9 of
administration. After the 10-day administration period,
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Semi-quantitative immunohistochemical analysis of male rat-specific oy,-globulin accumulation.

0ly,-globulin antiserum by the above-mentioned proto-
col. HE-stained sections were used to cxamine the
degree of hyaline droplets and to determine whether or
not other findings were present. The degree of occur-
rence of hyaline droplets was divided into five grades,
including none (-), minimal (£, barely detectable min-
ima) appearance), slight (+, multifocal but not dis-
persed appearance), moderate (++, dispersed appcar-
ance over the cortex) and severe (+++, diffused appear-
ance over the whole cortex). The staining sections with
PAS, Azan-Mallory and anti-0,,-globulin reaction
were also graded similarly for positive-stained drop-
lets, In addition, computational image analysis was
carried out to verify the above-mentioned grading cri-
teria using three typical immuno-stained samples for
cach grade. linages including almost all the renal
superficial cortex were captured using a light micro-
scope (Olympus BHS) and a digital camera (Olympus
DP12). The captured images were measured for posi-
tive area using an image analyzing system (C-lmaging
System, Compix Inc.), and the positive area (%) was
then calculated from the data.

RESULTS

Experiment 1 Specific reactivity of the antibody to
Oizy-globulin

On the HE-stained sections of the kidneys, hya-
line droplets with round to irregular shapes were
observed in the renal proximal tubular epithelium only
in males administered d-limonene (Photo. 1a). The
hyaline droplets were negative for PAS reaction (Photo
1b) but stained positively with Azan-Mallory staining
(Pboto 1lc¢). With immuno-staining with the anti-oy, -
globulin antibody, the hyaline droplets were more
clearly stained and more distinguishable than with
Azan-Mallory staining (Photo 1d). The hyaline drop-
lets showed a dose-dependent increase on the HE-
stained sections (Photo 2, a-¢) and positive reactions
for hyaline droplets showed a correlational increase
with immuno-staining (Photo 2, d-f). Very fine positive
granules were also detected on the immuno-stained
sections for all the males as background, but no posi-
tive reactions were observed in other tissue compo-
nents. This background was observed generally in
male kidneys and was, therefore, excluded from the
grading in experiment 2. In the liver, all the males
showed a positive reaction for the antibody in centri-
lobular hepatocyies. The degree of intensity was
weaker than in the kidneys, and there was no clear
intensification by d-limonene. No positive reaction for

the anti-o,,-globulin antibody was detected in the liver
or kidneys in any females.

With electron microscopy, electron-dense and
irregular-shaped inclusions surrounded by a single
membrane were observed as changes corresponding to
the hyaline droplets in the renal proximal tubular epi-
thelinum, and positive reactions were observed for the
antibody with post-cmbedding method in the inclu-
sions (Photo 3). A similar positive reaction was
observed in the lysosomes of the renal tubule cpithe-
lium, but no positive reaction was detected in the hepa-
tocytes.

The 0,-globulin content in the kidneys of the
males was incrcased dose-dependently by administra-
tion with d-limonene (Fig. 1). A dose-dependent but
mild increase in Olzy-globulin content was also

“observed in the liver of the males. While no dose-

dependent increase in the urine was noticeable, a lower
molecular type of oy, -globulin appeared in the males
in the highest dose group, with the a,,-globulin type
reported as an carly marker for oy, -globulin nephropa-
thy (Saito et al. 1991).

Experiment 2 o,,-globulin analysis for industrial
chemicals '

Table 2 indicates the grades of all the samples
with respect to hyaline droplets, positive droplets and
immunological positive droplets analyzed with HE,
Azan-Mallory and anti-o,,-globulin antibody staining,
respectively. In the controls there was a minimal to
moderate amount of hyaline droplets in some animals
and consequent variation for Azan-Mallory and anti-
Oy, -globulin reaction. This variation was due to the
arbitrary sampling of specimens, or probably related to
the lot of the animals or to the difference of food used
in each study. Dose-dependent increases of hyaline
droplets in the renal proximal tubular epithelium were,
however, confirmed for HE-staining of 10 chemicals
suspected of being CIGA (1,4-dibromobenzene, dicy-
clopentadiene, 3,4-dimethylaniline, 1,4-dicyanoben-
zene, tetrahydrothiophene-1,1-dioxide, 1,3-dicy-
anobenzene, acenaphthene, 3,4-dichloro-1-butene,
3a,4,7,7a-tetrahydro-1H-indene, 3,5,5-trimethylhexan-
1-ol). This was described in the original reports (Toxic-
ity Testing Reportts of Industrial Chemicals), although
the occurrence of hyaline droplets varied in shape, size
and number/cell with chemicals and showed no clear
common features. In the highest dose groups of these
chemicals, basophilic tubules, granular casts in the
tubules and/or tubular dilatation were intensified or
occurred as in the original reports. These changes

Vol. 31 No. |
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showed similar features in spite of the various severity
and incidence with the chemicals. In serial sections
prepared simultaneously, Azan-Mallory-positive reac-
tions for hyaline droplets were detected dose-depen-
dently in these 10 chemicals, No PAS-positive reaction
was detected in any chemical. These staining behaviors
of the hyaline droplets were the same as those in the
case of d-limonen described above. Immunohis-
tochemical staining using the anti-olp,-globulin anti-
body revealed thoroughly dose-dependent positive
reactions for hyaline droplets in all these chemicals.
The resulting grades from three types of analysis were
the same, demonstrating that a highly positive correla-
tion exists among the three staining methods. As for
the remainder not suspected of being CIGA (2,4-di-
tert-butylphenol, 4-aminopheunol), there was no
increase of hyaline droplets or positive immunohis-

o RN

|
4\3&7‘“@?

el

s R DR B fiiooy e R
Photo 1. d-Limonene induced hyaline droplet accumulation in the kid

tochemical reactions in any dose groups, as well as no
stain in cither PAS or Azan-Mallory staining. In addi-
tion, computational image analysis using three typical
immuno-stained sections for each grade (Photo 4)
showed a close correlation between the quantitative
anatysis and semi-quantitative grading (Fig. 2).

DISCUSSION

Many toxicity studies using laboratory animals
have been conducted on environmental and industrial
chemicals to ensure their safety or toxicity levels con-
cerning human health, On extrapolating the results to
humans, toxic mechanisms that are unlikely to occur in
humans should be taken into account. A typical exam-
ple of such toxicities is 0ly,-globulin-related nephraopa-
thy and the consequent renal tumorigenesis in repeated
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they were stained positively with Azan-Mallory staining (c). Immunohistochemistry using the anti-oy,-globulin antibody
showed a clear positive reaction consistent with the hyaline droplets (d). Original magnification, x66,
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Semi-quantitative immunohistochemical analysis of male rat-specific o-globulin accumulation.

dose toxicity studies using male rats. This male rat-
specific nephrotoxicity is not considered to occur in
humans (Hard er al., 1993). To exclude this male rat-
specific toxicity from chemical risk assessment, it is
necessary to demonstrate propetly that such renal tox-

Phote 2. An increase of hyaline droplets in tH

e kidney in correlation to the doses of d-

icity results from ol -globulin-CIGA complex accu-
mulation, Detection analysis of oy,-globulin in the
nephrotoxicity has not been conducted in most conven-
tional toxicity studies, however, especially in sub-acute
toxicity screening studies for industrial chemicals. As
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Jimonene(HE, a - ¢). Positive reaction for the anti-op,-globulin antibody also
increased with similar dose dependency (d - f). Original magnification, x33.

Vol. 31 No. 1



42

Vol. 31 No. 1

M. HAMAMURA et al.

induced hyaline droplets, in the epithelial cell of the renal proximal tubule. Colloidal gold
particles are dispersed in the inclusions. Original magnification, x10,000.
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Fig.1. Western blot analysis of o, -globulin in kidney {from male rats treated
with d-limonene.
Results are expressed as meun + SD (n=4).



