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Drug-induced renal tubular injury is one of the major concerns in preclinical safety evaluations. Toxi-
cogenomics is becoming a generally accepted approach for identifying chemicals with potential safety
problems. In the present study, we analyzed 33 nephrotoxicants and 8 non-nephrotoxic hepatotoxi-
cants to elucidate time- and dose-dependent global gene expression changes associated with proximal
tubular toxicity. The compounds were administered orally or intravenously once daily to male Sprague-
Dawley rats. The animals were exposed to four different doses of the compounds, and kidney tissues

fg{( ‘.:C/grg‘is['; omics were collected on days 4, 8, 15, and 29. Gene expression profiles were generated from kidney RNA
Microarray by using Affymetrix GeneChips and analyzed in conjunction with the histopathological changes. We
Biomarkers used the filter-type gene selection algorithm based on t-statistics conjugated with the SVM classi-

Rat fier, and achieved a sensitivity of 90% with a selectivity of 90%. Then, 92 genes were extracted as
Nephrotoxicity the genomic biomarker candidates that were used to construct the classifier, The gene list contains
Necrosis well-known biomarkers, such as Kidney injury molecule 1, Ceruloplasmin, Clusterin, Tissue inhibitor of met-
allopeptidase 1, and also novel biomarker candidates. Most of the genes involved in tissue remodeling,
the immune/inflammatory response, cell adhesion/proliferation/migration, and metabolism were pre-
dominantly up-regulated. Down-regulated genes participated in cell adhesion/proliferation/migration,
membrane transport, and signal transduction. Our classifier has better prediction accuracy than any of
the well-known biomarkers. Therefore, the toxicogenomics approach would be useful for concurrent

diagnosis of renal tubular injury.
© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction opment is of great importance to pharmaceutical companies. The

ability to determine whether or not to pursue the development

Toxicogenomics, which is the application of microarray tech-
nologies to toxicology, is becoming a generally accepted approach
for identifying chemicals with potential safety problems. Identify-
ing drug safety liabilities or predictive biomarkers for drug-induced
organ damage at or before the preclinical stages of drug devel-
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of a drug based on safety would greatly reduce the cost of drug
development and improve the attrition rate of new chemical enti-
ties. Currently, preclinical drug safety evaluation relies mainly
on complex histopathological or clinical pathological analysis.
These traditional approaches have proven to be highly success-
ful but may fail to detect prodromal and early stages of toxicity.
Genomic data can be more sensitive and objective than tradi-
tional methods for the early prediction of compound-induced

~ toxicity. Microarray expression profiling during preclinical drug

development is expected to aid in uncovering unexpected or
secondary pharmacology, predicting adverse effects, and under-
standing the mechanisms of drug action or toxicity (Battershill,
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2005; Heinloth et al, 2004; Irwin et al,, 2004; Searfoss et al,,
2005). )

The kidney is a major organ for the filtration, secretion,
re-absorption and ultimately the excretion of drugs or drug
metabolites. Nephrotoxicity frequently occurs after administration
of various drugs or xenobiotics. The tubular cells of the kidney
are particularly vulnerable to drug-induced injury, and thus renal
tubular toxicity is a major concern in preclinical safety evaluations.
Drug-induced tubular damage has been well documented and
extensively studied (Perazella, 2005). The prediction and diagnosis
of preclinical renal tubular toxicity baséd on molecular methods
that use microarray gene expression data have been attempted.
Fielden et al. (2005) assessed predicative gene expression end-
points at early time points proceeding the onset of any signs of
renal tubular pathology, and they achieved a prediction accuracy
of 76%. In a separate study that assessed the expression profiling
endpoints in parallel with the histopathological diagnosis of con-
current renal tubular toxicity, the performance was improved and
a sensitivity of 82% was achieved with 100% of selectivity (Thukral
et al., 2005). Furthermore, Jiang et al. (2007) achieved a sensitivity
of 88% and a specificity of 91% using the expression profiling end-
points in parallel with the histopathological diagnosis of concurrent
renal tubular toxicity. It is thought that concurrent diagnosis is eas-
ier than the prediction of future onset because the early stage toxic
gene expression changes are heterogenic between different com-
pounds, but the gene expression changes concurrent with the same
toxic endpoints are comparatively homogenous among different
compounds.

The Toxicogenomics Project (TGP) is a public-private collab-
orative project of the National Institute of Health Sciences, the
National Institute of Biomedical Innovation, and 15 pharmaceuti-
cal companies in Japan that began in 2002 (Urushidani and Nagao,
2005). Its aim is to construct a large-scale toxicology database
of transcriptomes that are useful to predict the toxicity of new
chemical entities in the early stages of drug development. Until
now, about 150 chemicals, primarily medicinal compounds, were
selected and gene expression profiles of multiple doses and times in
the rat liver and kidney, and rat and human hepatocytes were com-
prehensively analyzed by using the Affymetrix GeneChip® (over
27,000 profiles). These gene expression profiles, conjugated with
the histopathological changes, the results of blood biochemical
examinations, and the other phenotypic profiles, are stored in
our database with a web-based tool for statistical analysis named
TG-GATEs (Genomics Assisted Toxicity Evaluation System devel-
oped by Toxicogenomics Project in Japan). Thirteen of the 150
chemicals were typical nephrotoxicants or drugs showing clini-
cal side effects (e.g., cisplatin, carboplatin, gentamicin, vancomycin,
phenacetin, and bucetin}, and 20 chemicals exhibited nephrotoxi-
city in addition to hepatotoxicity (e.g., phenylbutazone, ethionine,
and indomethacin). We measured gene expression profiles in the
kidney after exposure to the group of 33 nephrotoxicants and
a negative control group of 8 hepatotoxicants; thus, data from
41 chemicals are presently available for the analysis of nephro-
toxicity. The specific aim of the present study was to develop
identifiers for concurrent diagnosis of drug-induced tubular injury
based on gene expression profiles available from our toxicoge-
nomics database.

The possibility that a genomics evaluation could lead to the elu-
cidation of biomarkers that provide additional sensitivity and/or

earlier detection of renal tubular damage is intriguing. A biomarker

discovery effort requires experimental designs that encompass sev-
eral compounds of diverse chemical natures that cause the same
toxic endpoint. In addition, multiple time points and doses are
necessary to tease out the gene expression changes that are early
indicators of the severity and progression of lesions. Therefore, it
is reasonable to at first elucidate genetic biomarkers for concur-

rent diagnosis at the same toxic endpoints, because these gene
expression profiles are relatively homogenous compared to the
profiles at the early stage of toxicity. Moreover, in the examina-
tion of sensitive toxicogenomics data, it is necessary to distinguish
adverse changes from changes thatare normal physiologic adaptive
responses within a no observable adverse effect level (NCAEL). Also,
when a biomarker is intended for broad research or regulatory use,
the size and diversity of the training set must be considered, and
validation of the biomarker on external data must be demonstrated
(Somorjai et al., 2003; Ransohoff, 2004). A large-scale toxicoge-
nomics database containing data from multiple time points and
drug doses is useful to reliably assess hypotheses generated in other
studies that have used comparatively small datasets.

In the present analysis, we extracted candidate biomarkers
for the concurrent diagnosis of nephrotoxicity using the large-
scale microarray dataset generated in our project. The microarray
samples treated with nephrotoxicants and hepatotoxicants were
divided into positives and negatives of the training set accord-
ing to their histopathological findings, to perform supervised
classification algorithms after selecting differentially expressed
genes. We used three different types of algorithms for gene selec-
tion and classification to select the most appropriate method for
our dataset and the development of statistically robust analysis.
The external test sets were randomly generated 100 times by
dividing the training set into subsets, and the prediction accu-
racy was calculated by summarizing the prediction results of
the external test sets. As a result, we achieved a sensitivity of
90% with a selectivity of 90%. Then, 92 genes were extracted as
the genomic biomarker candidates that were used to construct
the classifier. The group of extracted genes contains well-known
biomarkers, such as Kidney injury molecule-1 (Kim1), Ceruloplas-
min (Cp), Clusterin (Clu), Tissue inhibitor of metallopeptidase 1
(Timp1), Secreted phosphoprotein 1(Spp1), and also novel biomarker
candidates. Our multigene-based classifier had better classifica-
tion accuracy than any of the single well-known biomarkers;
therefore, toxicogenomics would be more useful for concurrent
diagnosis of renal tubular injury than any of the previous crite-
ria.

2. Materials and metheds
2.1. Compounds

The chemical name, abbreviation, dosage, administration route and vehicle for
each compound used in this study are summarized in Table 1.

2.2. Animal treatment

Five-week-old male Sprague-Dawley rats were obtained from Charles River
Japan, Inc. (Kanagawa, Japan). After a 7-day quarantine and acclimatization period,
6-week-old animals were assigned to dosage groups (five rats per group) using a
computerized stratified random grouping method based on individual body weight,
The animals were individually housed in stainless-steel cages in an animal room
that was lighted for 12 h (7:00-19:00) each day, ventilated with an air-exchange
rate of 15 times per hour, and maintained at 21-25 C with a relative humidity of
40-70%. Each animal was allowed free access to water and pellet diet (CRF-1, steril-
ized by radiation, Oriental Yeast Co., Ltd., Tokyo, Japan). Rats in each group received
orally administered drugs that were suspended or dissolved in 0.5% methylcellu-
fose solution (MC) or corn oil according to their dispersibility, with the exceptions
of cisplatin, carboplatin, 2-bromoethylamine, cephalothin, puromycin aminonucle-
oside, gentamicin, vancomycin and doxorubicin, which were dissolved in saline
and administered intravenously. The animals were treated for 3, 7, 14, or 28 days
and sacrificed 24 h after the last dose. Blood samples from the abdominal aorta
were collected in a heparinized tube after the rats were anesthetized with ether.
After collecting the blood, the animals were euthanized by exsanguination from the
abdorninal aorta. For histopathological examination, kidney samples were fixed in
10% neutral-buffered formalin, dehydrated in alcohol and embedded in paraffin.
Paraffin sections were prepared and stained using standard methods for hema-
toxylin and eosin staining (H&E). The experimental protocols were reviewed and
approved by the Ethics Review Committee for Animal Experimentation of the
National Institute of Health Sciences.
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Table 1
In vivo compound treatments used in training and-testing.
Compound Dose (mg/kg/day: repeated) Vehicle Route
Gentamicin sulphate ' ~100 Saline iv
Vancomycin hydrochloride : ~200 Saline iv
2-Bromoethylamine hydrobromide ~20 Saline iv
Phenylbutazone = . ~200 0.5% MC po
Cyclosporine A ~100 Corn oil po
Thioacetamide ~45 0.5% mMC po
K17 - : ~B00 0.5% MC po
Triamterene - ~150 0.5% MC . po
Allopurino} - ~150 0.5% MC po
Nitrofurantoin ~100 0.5% MC po
Ethionine . e ~250 0.5% MC po
N-Phenylanthranilic acid : ~1000 0.5% MC po
Cisplatin : ~1 Saline iv,
Phenacetin . ~1000 0.5% MC po
- Puromycin aminonucleoside . ~40 Saline iv
Lomustine ) : ] 0.5% MC po
Cyclophosphamide : ~15 0.5% MC po
Carboplatin ) ~10 Saline -~ [
Hexachlorobenzene : + ~300 Corn oil . ‘po
Captopril . . ~1000 0.5% MC B po
Enalapril ) .. ~600 0.5% MC po
Indomethacin : ) o~5 0.5% MC po
Doxorubicin hydrochloride ~1 Saline iv
Ethinyl estradiol ~10 Cornoil . po
Monocrotaline ~30 0.5% MC po
Acetaminophen ~1000 0.5% MC po
Cephalothin sodium . ~2000 Saline Tiv
Bucetin ) ~1000 0.5% MC po
Methyltestosterone : ~300 0.5%2 MC po
Rifampicin . ~200 0.5% MC po
Imipramine hydrochloride ~100 0.5% MC po
Acetazolamide . . ~G00 0.5% MC po
Caffeine . - 2 ~100 0.5% MC po
Valproic acid C o ~450 0.5% MC po
Clofibrate : e L ~300 Corn oil po
Altyl alcohol ~45 Corn oil po
Omeprazole R : ~1000 0.5% MC po
Bromobenzene e .. ~300 Corn.oil po
Ketoconazole =~ ; ~100 0.5% MC po
Ciprofloxacin : - -~ ~1000 0.5% MC po
. Erythromyein ethylsuccinate ~1000 0.5% MC . po

Male SD rats received oral or intravenous doses once daily (6 weeks of age, n=>5). Four, 8, 15, and 29 days after the start of repeated
administrations, the kidney tissues were collected and used for gene expression analysis (Affymetrix GeneChip®, n=3/5). Four doses were
used for each compound including vehicle control (vehicle control, low, middle, high dose level}. Different doses were used for single and

repeated administration. po: peroral, iv: intravenous.

2.3. Microarray analysis

An aliquot of the tissue sample (whole slice; about 30 mg) for RNA analysis was
obtained from the kidney in each animal immediately after sacrifice. Tissue sam-
ples were kept in RNAlater® (Ambion, Austin, TX, USA) overnight at 4°C, and then
frozen at —80 C until use. Kidney samples were homogenized with buffer RLT that
was supplied with the RNeasy mini kit (Qiagen, Valencia, CA, USA), and total RNA
was isolated according to the manufacturer’s instructions. Microarray analysis was
conducted on 3 of 5 samples for each group by using GeneChip® Rat Genome 230

2.0 Arrays {Affymetrix, Santa Clara, CA, USA), which contain 31,042 probe sets, The ~

procedure was conducted basically according to the manufacturer's instructions
by using One-Cycle Target Labeling and Control Reagents (Affymetrix) for cDNA
synthesis, purification, and the synthesis of biotin-labeled cRNA. Ten micrograms
of fragmented cRNA was hybridized to a Rat Genome 230 2.0 Array for 18h at
45 °C at 60rpm, after which the array was washed and stained with streptavidin-
phycoerythrin by using Fluidics Station 400 (Affymetrix) and then scanned with
a Gene Array Scanner (Affymetrix). The digital image files were preprocessed by
Affymetrix Microarray Suite version 5.0 (MAS5.0) and converted into base10 loga-
rithmic values. Then, these values were normalized into Z-scores by using Tukey’s
biweight algorithm. The normalized datasets were reversed into non-logarithmic
values by calculating their exponential numbers in decimal, and the log-ratio of
base 2 to the means of the control groups were calculated.

2.4. Gene selection and supervised classification

High-dose groups of 23 compounds that caused necrosis, degeneration, or
regeneration in the renal tubules during chronic exposure were defined as the pos-
itive set. Low-dose groups of all of 41 compounds and high-dose groups of the eight
hepatotoxicants, which had no histopathological findings, were defined as the neg-

ative set. Other high-dose groups of 10 compounds and middie-dose groups were
treated as the external test set. Both filter-type and wrapper-type gene selection
algorithms and Support Vector Machine (SVM; Vapkin, 1995) and Prediction Analy-
sis of Microarrays (PAM; Tibshirani et al., 2002) supervised classification algorithms
were used to extract the biomarker candidates and construct classifiers using the
selected genes. Recursive feature elimination (SVM-RFE; multivariate type; Guyon
et al,, 2002) and nearest shrunken centroid (PAM; univariate type) were used as
wrapper-type gene selection algorithms, and Intensity-Based Moderated T-statistics
(IBMT; Sartor et al,, 2006) was used as a filter-type gene selection algorithm (SVM
was used as the classifier, in this case).

Five-fold cross-validation (CV) was executed for optimization of the classifiers
and to calculate their prediction accuracies. At first, the whole positive and negative
training datasets were randomly divided into five subsets of roughly equal size. The
SVM and PAM were trained with a selection of optimal genes on eight subsets (four
positive subsets and four negative subsets) and then applied to the remaining subset
as the test dataset, The negative samples of the test subset were randomly excluded
to adjust the number to the positive samples before prediction, Before training of the
SVM, optimal genes were selected from the training set by using “Recursive Feature
Elimination” (SVM-RFE) or “Intensity-Based Moderated T-statistics” (SVM+IBMT).
One to 99 of the top-ranked genes of each selection strategy were used to construct
the classifiers. Also, in the case of the PAM classifier, 3 to 10 were used as the thresh-
old of the centroid shrinkage to select top-ranked genes, The feature genes used in
each training set were filtered by MAS5.0 P/A-call (excluded the probes that were
judged as absent in all samples of the training set) and fold change (excluded the
probes whose absolute log; ratio values were less than 1 between the positives and
the negatives) during the 5-fold CV, before being selected and ranked by the feature
selection algorithms. )

The classifiers were also tested by making the external test datasets by randomly
dividing 23 compounds containing positive samples and 18 compounds containing
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only negative samples into 5 subsets. An arbitrary subset (combining a positive sub-
set and a negative subset) and the remaining subsets were respectively treated as
the external test set and the training set. Compounds of the test subset containing
only negative samples were randomly excluded to adjust the number of negative
samples to the positive samples before prediction. The feature genes were selected
from the training set and used to construct the classifier, which was used to predict
the external test set. This process was repeated 100 times, and the prediction accu-
racy was calculated as the sum of all of the prediction results calculated. Then, the
whaole positive and negative datasets were used to construct the classifier and to
predict the external test set (high-dose groups of 10 compounds and middle-dose
groups of all of 41 compounds).

3. Resuits
3.1. Histopathological examination

The results of the histopathological examinations for all
compounds are summarized in Table 2. The high-dose groups
of 23 tubular toxicants (gentamicin sulphate, vancomycin
hydrochloride, 2-bromoethylamine hydrobromide, phenylbuta-
zone, cyclosporine A, thioacetamide, K17, triamterene, allopurinol,
nitrofurantoin, ethionine, N-phenylanthranilic acid, cisplatin,
phenacetin, puromycin aminonucleoside, lomustine, cyclophos-
phamide, carboplatin, hexachlorobenzene, captopril, enalapril,
indomethacin, and doxorubicin hydrochloride) exhibited necro-
sis, degeneration, and/or regeneration of the renal tubules at
one or more sacrifice time during chronic exposure (days 4,
8, 15, and 29). Among them, 10 compounds (gentamicin sul-
phate, vancomycin hydrochloride, phenylbutazone, cyclosporine A,
thioacetamide, K17, triamterene, allopurinol, N-phenylanthranilic
acid, and cisplatin) exhibited the histopathological findings at
all sacrifice time points. Tubular damage caused by nitrofuran-
toin or ethionine was repaired by day 15 or 29. The other 11
compounds caused nephrotoxicities only after a long period of
chronic exposure (2-bromoethylamine hydrobromide, phenacetin,
puromycin aminonucleoside after day 8, lomustine after day
15, and cyclophosphamide, carboplatin, hexachlorobenzene, cap-
topril, enalapril, indomethacin, and doxorubicin hydrochloride
after day 29). Although 10 of the potential tubular toxicants did
not cause necrosis, degeneration, or regeneration, 6 of these 10
compounds caused other histopathological findings, such as vac-
uolation, anisonucleosis, hyaline droplet, swelling, hypertrophy,
eosinophilic body, and cytoplasmic granule,

The middle-dose groups of 14 of the 23 tubular toxicants (gen-
tamicin sulphate, cyclosporine A, thioacetamide, K17, triamterene,
allopurinol, nitrofurantoin, ethionine, N-phenylanthranilic acid,
cisplatin, puromycin aminonucleoside, hexachlorobenzene, cap-
topril, and enalapril) had histopathological findings. Triamterene
and allopurinol had histopathological findings at all of the sacri-
fice time points. The tubular damage in the middle-dose groups of
nitrofurantoin and ethionine was repaired after long-time chronic
exposure, which is consistent with their high-dose groups. The
other 10 compounds yielded histopathological findings only after
long-time chronic exposure, Thioacetamide only had histopatho-
logical findings at day 15. Although low-dose groups of 19 of
the 23 tubular toxicants had no histopathological findings, the
low-dose groups of gentamicin sulphate, triamterene, puromycin
aminonucleoside, and hexachlorobenzene had degeneration or
regeneration in renal tubules and/or cortex. In the case of gen-
tamicin sulphate, triamterene, and hexachlorobenzene, only one
or two animals in a group of five animals had minimal/slight
degeneration/regeneration in the renal tubules. The animal that
had the histopathological findings was not used for the microar-
ray experiment (in the case of triamterene). The low-dose group of
puromycin aminonucleoside had slight degeneration (n=4/5) and
regeneration (n=2/5) in the renal tubules on day 29. But, the ani-
mals did not have apparent necrosis findings or significant changes

in BUN/CRE. Therefore, we considered these findings to be nega—
tive. .

3.2. Microarray data analysis

3.2.1. Gene selection and supervised classification

For statistical reliability and regulatory perspective to deter-
mine the most appropriate analytical methods for the large-scale
toxicogenomics database, we examined three different types of
classification strategies, SVM-RFE, SVM+IBMT, and PAM. As the
result of 5-fold cross-validation (randomly divided samples), we
achieved the sensitivity of each classifier of 94% (SVM-RFE; 99
probes), 93.8% (SVM+IBMT; 99 probes), and 90% (PAM; thresh-
old =5.4), when we allowed 10% of false positives (Supplementary
figures). Although the SVM-RFE was expected to have the high-
est classification accuracy, the correspondence rate of the feature
gene list selected by recursive feature elimination between the sub-
training sets was smaller than for the other two algorithms. The
SVM-RFE classifier appeared to be over-fitted to the training set,
so that the selected genes were not robust and were inadequate to
be used as the biomarkers. In contrast, the feature genes selected
by SVM+IBMT and PAM were similar between different training
datasets generated during 5-fold CV. The prediction accuracy of
the SVM+IBMT classifier was better than the PAM classifier. There-
fore, we selected SVM+IBMT as the gene selection and classification
algorithm.

We also tested prediction accuracy using the external test set.
The group of 23 compounds containing positive samples and the
group of 18 compounds containing only negative samples were
randomly divided into 5 subsets 100 times. An arbitrary subset
was used as the external test set, and the remaining subsets were
used as the training set. We summarized the prediction results
and achieved a sensitivity of 94.7% (SVM-RFE; 62 probes), 90%
(SVM+IBMT; 98 probes), and 85.7% (PAM; threshold = 10) with a’
selectivity of 90% (Supplementary figures). In all three algorithms,
the prediction accuracies calculated by using the external test sets
were decreased compared to the accuracies calculated by 5-fold
CV randomly divided samples. In the latter case, the training set
and the test set possibly shared samples of the same compounds,
times, and doses, such that the estimated accuracy was inappropri-
ately high. Itis always desirable to calculate the prediction accuracy
using an external test set. :

We used the top 98 probes (92 genes) to construct the
SVM+IBMT classifier, considering the prediction accuracy and to
avoid over-fitting (Table 3). The prediction accuracy was almost
saturated and not significantly decreased compared to the max
value, the number of support vectors was adequately lowered, and
the number of feature genes was substantially smaller than the
number of samples to avoid over-fitting (Supplementary figures).
Also, the feature gene list is long enough to interpret their bio-
logical relevance. The probes ranked below the top 98 were also
induced inrenal tubular injury and biologically relevant. Butaround
the top 600 genes, the number of support vectors was gradually
increased, which means that these genes provided no more or
little information for classification and tended to be over-fitting.
The whole feature genes ranking is provided in the Supplementary
Table. In addition, we tested the classifiers constructed from well-
established single-genetic biomarkers and found that the classifier
constructed from the multiple feature genes had much better pre-
diction accuracy (Supplementary figures).

3.2.2. The gene expression profile of the feature genes

Fig. 1 shows the expression profile of the top 98 probes (92
genes) described above. Each color represents the Z-score of the
log-ratio to the mean expression value of the corresponding con-
trol samples. The Z-scores were calculated by dividing the log-ratio
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Table 3
Top 98 probes {92 genes) ranked by Intensity-Based Modified T-statistics.
Function Rank IBMT-value Probe ID Gene symbol Gene title
67 16.58035006 1368419.at Cp Cerufoplasmin
53 17.38025275 © 1367655.at Tmsb10 Thymosin, beta 10
42 18.32495826 1368418.a.at Cp Ceruloplasmin
35 18.71625959 1370511.at Fgb Fibrinogen, B beta polypeptide
34 © 18.75582061 1370992 a.at Fga Fibrinogen, alpha polypeptide
. . 25 19.4777112 1368160.at Igfbp1 insulin-like growth factor binding
Tissue remodeling N
. protein 1
23 20.04881639 1387011.at © Lea2 Lipocalin 2
5 23.34760498 1367581.a.at Sppi Secreted phosphoprotein 1
4 24.59287138 1367784.a.at Clu Clusterin
3 25.55598409 1368420.at Cp Ceruloplasmin
2 27.31956855 1367712.at Timp1 Tissue inhibitor of metallopeptidase 1
1 3237802533 1387965.at Havcrl Kidney injury molecule 1
95 15.48262595 1367850.at - Fegr3 Fc receptor, IgG, low affinity I
85 15.87707814 1367786.at Psmb8 : Proteosome (prosome, macropain)
subunit, beta type 8
82 15.95556487 1370892.at -2 Complementcomponent4a
57 17.08681361 1368490.at cd14 - CD14 antigen '
immune responsefinflammatory response 49 17.46443444 1379889.at Lamc2 Laminin, gamma 2
, ’ 36 18.6392526 1367794.at A2m Alpha-2-macrogiobulin
31 19.03400005 1374033.at Psmb10 Proteasorne (prosome, macropain)
subunit, beta type 10
26 19.3233011 1374119.at EIf3 E74-like factor 3
21 20.17343592 1368921.a.at Cd44 CD44 antigen
12 20.92295884 1367614.at Anxal Annexin Al
10 21.33883134 1379340.at Lamc2 Laminin, gamma 2
7 2250158183 1387952 a.at Cd44 CD44 antigen
68 —16.55652999 1368131.at Capné Calpain 6
89 —15.74490892 1372869.at Gtpbp4 GTPbindingproteind
98 —15.44895153 1370144.at Gtpbp4 GTPbindingproteind
59 169871558 1367574.at Vim : Vimentin
56 17.09543212 1388587.at fer3 immediate early response 3
50 17.46375719 1367914.at Emp3 Epithelial membrane protein 3
47 17.49603392 1370177.at PVR Poliovirus receptor )
Cell adhesion/proliferation/migration 45 17.78791131 1388802.at Bex1 Brain expressed X-linked 1
40 18.45920696 1368612.at ligh4 Integrin beta 4
327 . 18.86869018 1375170.at S100at1 $100 caicium binding protein A11
: (calizzarin)
20 20.20478694 = 1373421.at Tgif TG interacting factor
19 . 20.41704079 1386879.at . Lgals3 Lectin, galactose binding, soluble 3
18 20.63006692 1371785.at Tofrsfi2a Tumor necrosis factor receptor
: superfamily, member 12a
16 2067075085 1386890.at 5100a10 5100 calcium binding protein A10
. ‘ {calpactin)
14 20.72852871 1368187.at. - Gpnmb Glycoprotein (transniembrane) nmb
70 —16.51359077 1388097.at Cacng5 Calcium channel, voltage-dependent,
: ) i gamma subunit 5
Membrane transport 94 15.49715091 1380909_at - Transcribed locus
73 16.25219965 1368497.at Abcc2 ATP-binding cassette, sub-family C
: (CFTR/MRP), member 2
9 22.17460015 1368168.at Slc34a2 Solute carrier family 34 (sodium
‘ ) phosphate), member 2
93 15.55951107 1370813.at Gstm5 Glutathione S-transferase, mu 5
87 '15.78307408. 1372691.at Uppt Uridine phosphorylase 1
65 16.68114127 - 1374070.at Gpx2 Glutathione peroxidase 2
Metabolism 61. 16.95386475 1374784.at Prifdci_predicted Phosphoribosyl transferase domain
containing 1 (predicted)
44 17.95904453 1370561.at A3galt2 Alpha-1,3-galactosylitransferase 2
. (isoglobotriaosylceramide synthase)
39 18.4925478 1370445.at Psplal Phosphatidylserine-specific
' phospholipase A1
33 18.84407902 1387925 at Asns Asparagine synthetase
Apoptosis 84 15.89635722 1370113t Birc3 Baculoviral IAP repeat-containing 3
75 - 1623159672 1368308.at Myc Myelocytomatosis viral oncogene
: homolog (avian)
. . 38 ~18.53296844  1370522.at Gegr Glucagon receptor
Signal transduction 69 - '16.51817598 1390510.at Ms4a6b Membrane-spanning 4-domains,
: ) subfamily A, member 6B
Angiogenesis/fibrinolysis 30 1803449106 1367584.at Anxa2 ’ Annexin A2
Blood coagulation 52 17.3941316 1368052.at Tspan8 Tetraspanin 8

Cell-cell communication ) 81 16.08958043 1388547.at Cidn4 Claudin 4
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Function Rank IBMT-value Probe ID Gene symbol Gene title
Detection of temperature stimuli 15 20.67755397 1367768.at Lxn Latexin
DNA replication initiation 97 1547163164 1372406.at LOC367976 Minichromosomemaintenancedeficient3
. (S.cerevisiae){predicted)
Endocytosis 80 16.0961982 1392648._at Mrcl_predicted Mannose receptor, C type 1 (predicted)
Kidney development 78 16.13533388 1368223.at Adamis1 A disintegrin-like and metallopeptidse
. (reprolysin type) with
thrombospondin type 1 motif, 1
Microtubule-based process 71 16.33428851 1387892.at Tubb3 Tubulin, beta 5
miRNA-mediated gene silencing 88 15.75295308 1371583.at Rbm3 RNA binding motif protein 3
rRNA processing 24 19.83460167 1373499.at Gas5 Growth arrest specific 5
Stress fiber formation 58 17.05771651 1373286.at Fblim1 Filamin binding LIM protein 1
Structural constituent of cytoskeleton 86 15.805369 1370288.a.at Tpmi ‘Tropomyosin 1, alpha
92 15.57704782 1382590.at RGD1563347_predicted Similar to RIKEN cDNA 2310015N21
PR (predicted)
79  16,12099714 1376877.at Cdcp1_predicted CUB domain containing protein 1
SR ; . i - {predicted)
77 ©16.15247506 1368207.at FxydS FXYD domain-containing ion transport
- ’ regulator 5
62 16.9053337 1390226._at RGD1562552 predicted Similar to hypothetical protein
. LOC340061 (predicted)
55 17.14203525 1389659.at RGD1565540. predicted Similar to ctia-2-beta protein (141 AA)
: (predicted) .
51 17.42187372 1393240.at Efemp2 EGF-containing fibulin-like
: - ) extracelfular matrix protein 2
29 19.0788577 1393643.at Reni.predicted Reticulocatbin 1 (predicted)
28 . 19.09794144 1383401.at LOC500040 Similar to Testis derived transcript
13 ~20.76507248 - 1390847 at .- Tmems86a_predicted Transmembrane protein 86A
Est ’ o : : . (predicted) :
17 -20.6670163 1373309.at Tmem86a.predicted Transmembrane protein 86A
: R : : (predicted) :
96 -15.4719928 1374167.at LOC361399 Similar to autoantigen
S0 15.72117787 1388340.at Ns5atp9 NS5A (hepatitis C virus) transactivated
o . protein 9
83 1592546837 1375224 at Phida3 Pleckstrin homology-like domain,
. 7 ) family A, member 3
72 16.3017568 1373035.at - -
66 16.62012551 1390109.at - -
64" 16.80319643 1373908.at - -
60 16.96481687 1371782t Nipsnap3a’ Nipsnap homolog 3A (C. elegans)
54° 17.20576138 1373504.at Glipr1 GLI pathogenesis-related 1 {glioma)
43 179919912 - 1379957 at " Sifn8 Schiafen 8
27 .°19.2586905- . 1388900.at . RGD1566118_predicted RGD1566118 (predicted)
22 12017177218 1390839.at “Pqlc3 PQ loop repeat containing 3
41 -18.40682675 1372911at. . - Transcribed locus :
46 =17.76332084 13769132t - - - Transcribed locus: |
91 -15.59722933 1378292t - Transcribed locus
76 16.20156037 1385190.at - - Transcribed locus
74 . 16.23557955 1377994.at - Transcribed locus
63 16.82551948- 1397769.at - Transcribed locus
48 - 17.48169748 1393252.at = Transcribed locus
37 18.59863244 1376109t - - Transcribed focus
11 . 7209365083 1377092.at . - Transcribed locus
"8 22.29041324 1391106.at ~ Transcribed locus
6 ' 23.16631514 1390659.at - Transcribed locus

values by the variance of the log-ratio value of the control sam-
ples calculated for each arbitrary range of the expression values.
Then, the expression values of the control samples were pooled
for each compound and time point {n=3). Among the 92 genes,
83 genes were significantly up-regulated, and 9 genes were down-
regulated in most of the positive samples (Fig. 1, Table 3). Most of
the genes involved in tissue remodeling, the immune/inflammatory
response, cell adhesion/proliferation/migration, and metabolism
were up-regulated. Several up-regulated genes were also involved
in membrane transport, signal transduction, apoptosis, and some
of the other genes that were probably related to reconstruction
of the kidney tissues (e.g., structural constituent of cytoskele-
ton). In particular, genes involved in tissue remodeling and the

immune/inflammatory response had many well-known biomarker
candidates for renal tubular injury, as described by Wang et
al. (2008) (8/10 and 2/10, respectively). Down-regulated genes
participated in cell adhesion/proliferation/migration, membrane
transport, and signal transduction.

Most of the 10 genes that participated in tissue remodeling
were strongly up-regulated (Z-score>2.5) in most of the posi-
tive samples (Fig. 1a). On day 4, a lot of genes already had been
up-regulated after treatment with vancomycin hydrochloride, 2-
bromoethylamine hydrobromide, phenylbutazone, cyclosporine
A, thioacetamide, K17, triamterene, allopurinol, ethionine, N-
phenylanthranilic acid, cisplatin, phenacetin, captopril, enalapril,
and indomethacin. With the exceptions of 2-bromoethylamine
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Fig. 1. The gene expression profile of the feature genes, Rows - genes, columns - sample groups. Each color represents the Z-score of the log-ratio to the mean expression
value of the corresponding control samples (same compound and time point). Up-regulated genes (Z-score > 2.5) are represented by red colors, and down-regulated genes
{Z-score < —2.5) are represented by blue colors. Each sample group is labeled with the compound abbreviation on day 4. The columns of each compound are ordered in
time (from day 4 to day 29). (a) Tissue remodeling, (b) immune/inflammatory response, {c) cell adhesion/proliferation/migration, and (d) the others (membrane transport,
metabolism, signal transduction, apoptosis). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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hydrobromide, phenacetin, captopril, enalapril, and indomethacin,
histopathological findings had been observed in the animals
treated with the above 10 compounds on day 4 (Table 2).
In the case of 2-bromoethylamine hydrobromide, phenacetin,
captopril, enalapril, and indomethacin, the histopathological find-
ings were observed after day 8; therefore, these feature genes
had been up-regulated before histopathological changes (in 2-
bromoethylamine hydrobromide, slight dilatation of the cortex
was observed in 1 of 5 animals). The animals treated with gen-
tamicin sulphate and nitrofurantoin had histopathological findings
on day 4, but predominant up-regulation of tissue remodeling-
related genes was not observed. Puromycin aminonucleoside-,
lomustine-, cyclophosphamide-, carboplatin-, hexachlorobenzene-
, and doxorubicin hydrochloride-treated samples had neither
histopathological findings nor induction of tissue remodeling-
related genes on day 4 (in puromycin aminonucleoside, a slight
hyaline droplet in the cortex was observed in 1 of 5 animals).
Although, except for puromycin aminonucleoside, predominant
up-regulation of the feature genes related to tissue remodeling
was observed before the histopathological changes. On the other
hand, nitrofurantoin-treated animals did not exhibit predomi-
nant induction of the genes at any of the time points examined.
Ethionine-treated animals had histopathological findings on day
4, but recovered from pathological status on day 15, which is the
same as nitrofurantoin-treated animals. In contrast to nitrofuran-
toin, predominant up-regulation was found in the animals treated
with ethionine on days 4, 8, and 15, but the up-regulated genes
gradually decreased in a time-dependent manner, While some of

the feature genes were also up-regulated in some of the negative )

samples, the extent of up-regulation of these genes was weak com-
pared to those in the high-dose groups of the positive compounds.

Although the immune/inflammatory response-related genes
were not universally induced in the positive samples as compared
to tissue-remodeling related genes, predominant up-regulation
was observed in most of the positive compounds (Fig. 1b). The
animals treated with 2-bromoethylamine hydrobromide exhib-
ited predominant up-regulation on day 4, and some of the genes
were up-regulated in phenacetin, captopril, and indomethacin
before histopathological changes in a similar manner seen in tissue
remodeling. nitrofurantoin- and enalapril-treated animals did not
exhibit predominant up-regulation of the genes at any of the time
points. In the case of thioacetamide and ethionine, predominant up-
regulation was only found on day 4, despite the histopathological
findings observed after day 4.

Among the 14 cell adhesion/proliferation/migration-related
genes, 2 genes were predominantly down-regulated, and 12 genes
were predominantly up-regulated in most of the positive com-
pounds (Fig. 1c). In 2-bromoethylamine hydrobromide, cyclophos-
phamide, hexachlorobenzene, captopril, enalapril, indomethacin,
and doxorubicin hydrochloride, some of the feature genes were
induced before histopathological changes. In nitrofurantoin and
ethionine, some of the feature genes were induced after histopatho-
logical findings disappeared. Gtpbp4 (GTP-binding protein 4) was
down-regulated in most of the positive compounds and up-
regulated in a lot of negative compounds.

Genes in other functional categories were also induced (Fig. 1d).
Seven genes related to metabolism were up-regulated. Among
them, Gpx2 (glutathione peroxidase 2) was not only up-regulated
in most of the positive compounds, but also in some of the
negative compounds. The other xenobiotic metabolic enzyme,
Gstm5 (glutathione S-transferase, mu 5), was not induced in
some of the positive compounds. Most of the genes related to
metabolism (probably involved in secondary compensatory mech-
anism of cell toxicity) were strongly up-regulated in the positive
compounds that exhibited histopathological findings through-
out chronic administration. On the other hand, Asns (asparagines

synthetase) was also induced in nitrofurantoin, thioacetamide, cap-
topril, and enalapril, which exhibited histopathological findings
only at the beginning or after long-term administration. Abcc2
(ATP-binding cassette, sub-family C, member 2), which act as a
multi-drug transporter, was also up-regulated in nitrofurantoin,
thioacetamide, captopril, and enalapril. But, these two genes were
also predominantly induced in the negative compounds (clofibrate
or omeprazole), In surnmary, the same as for the other functional
categories, the late-onset compounds (e.g., cyclophosphamide,
captopril, enalapril) did not tend to predominantly induce the genes
of the above functional categories at the early stage of adminis-
tration, and the recovered compounds (e.g., 2-bromoethylamine
hydrobromide, nitrofurantoin, and ethionine) did not induce these
genes at the late stage. It seems that the expression profiles of the
feature genes were not necessarily correlated to the severity of the
histopathological findings at the time point; rather, they were cor-
related to the time-dependent profile of histopathological changes.

3.2.3. Prediction of the external test compounds

Middle-dose groups of all 41 compounds and high-dose groups
of 10 compounds (and also high-dose groups of the remaining 31
compounds at the time points without histopathological findings),
which had not been used as the training set, were used as the test
set for further external validation of the classifier. As a result, 11 of
14 (78.5%) compounds of the middle-dose groups with histologi-
cal lesions were correctly classified into the positive group of renal
tubular injury, when we used SVM positive probability of 0.5 as the
threshold (Table 4). Among them, captopril and enalapril exhib-
ited predominant induction of tissue remodeling-related genes and
some.of the other genes (e.g., Gtpbp4, Gpx2, Abcc2) and were pre-
dicted as positive before any signs of tubular damage had occurred.
The middle-dose group of LS on day 29 was classified into the pos-
itive group without the presence of tubular damage (the high-dose
groups of the compound exhibited tubular damage). On the other
hand, allopurinol, nitrofurantoin, and N-phenylanthranilic acid,
which had histopathological findings at the middle-dose groups,
were classified into the negative group. Although, in the case of
allopurinol and N-phenylanthranilic acid, many feature genes were
induced and had comparatively higher SVM probabilities.

Among 23 tubular toxicants, the high-dose groups of 11
compounds exhibited late onset of the histopathological find-
ings. Seven of these 11 compounds (63.6%) were predicted as
positive before histopathological changes (2-bromoethylamine
hydrobromide, phenacetin, carboplatin, hexachlorobenzene, cap-
topril, enalapril, and indomethacin). We also calculated SVM
probabilities for the high- and middle-dose groups of 10 potential
tubular toxicants and predicted 5 of the 10 compounds as posi-
tive (ethiny! estradiol, monocrotaline, acetaminophen, imipramine
hydrochloride, and acetazolamide). In most of the compounds pre-
dicted as positive without histopathological findings at the early
stage of drug-administration or at the lower dosage, a lot of feature
genes of most of the functional categories had been already induced
(especially tissue remodeling).

4. Discussion

In the present study, we identified 98 genomic biomarker
candidates (92 genes) and successfully constructed a highly accu-
rate classifier for the concurrent diagnosis of renal tubular injury
using diverse groups of nephrotoxicants and hepatotoxicants. We
first compared different types of gene selection and classifica- -
tion algorithms to select the best analytical methods (SVM+IBMT;
Supplementary figures). Then, the external test sets were randomly
generated 100 times to validate the classifiers. Most of the previous

reports that executed a toxicogenomics analysis of renal tubular
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injury did not use an external test set or used only one external
test set. These approaches were not statistically robust or biolog-
ically appropriate, because the prediction accuracy was possibly
differentiated and deviated depending on how the whole dataset
was split into the external test set and the training set. Because
we used a variety of compounds, it was especially important to
randomize the external test set for our analysis to avoid statistical
deviations. Furthermore, we validated their prediction accuracies
using middle-dose groups of all 41 compounds and the high-dose
groups of 23 compounds that were not used in the training of
the classifier. The classifier constructed by the genomic signatures
exhibited a higher sensitivity than the histopathological findings
in detecting renal tubular damage at lower doses and at earlier
time points (Table 4). Our large-scale, high-quality toxicogenomics
database and algorithms for gene selection and classification have
higher statistical power than any of the previous studies and are
very useful for robust biomarker selection and the prediction of
drug-induced toxicities.

The feature genes that could be biomarker candidates for
drug-induced renal tubular injury include several well-known
biomarker candidate genes, such as Kimi1, Cp, Clu, Timpl, and
Sppl. We also identified several genes that were not frequently
reported in previous studies but are included in functional cate-
gories thought to be mechanistically related to tubular toxicity, and
the expression levels of these genes were correlated to the sever-
ity of the histopathological findings (Fig. 1). Wang et al. (2008)
recently conducted a literature survey to collect tubular injury
biomarkers that were described in multiple published studies,
and they validated these biomarkers by using RT-PCR. Our gene
list contains 11 of 24 validated genes (Table 3). Among the 11
genes, 8 genes are involved in tissue remodeling, and 2 genes
are involved in the immune/inflammatory response. All of tis-
sue remodeling and immune/inflammatory response-related genes
were up-regulated, as described in the previous studies. These
genes are thought to be related to secondary compensatory mech-
anisms of renal tubular injury (Huang et al,, 2001). Eight of 10
tissue remodeling-related genes were consistent with the genes
reported by Wang et al,, and most of these genes were strongly
up-regulated in most of the positive samples. The genes that partic-

ipated in these two functional categories were strongly suggested

as genomic biomarker candidates for drug-induced renal tubular
injury.

We found that.the up-regulation of tissue remodeling
and immunefinflammatory-related genes was most prominently
induced and roughly consistent with or induced earlier than the
histopathological findings (Fig. 1a and b). Up-regulated genes also
participated in metabolism, cell adhesion/proliferation/migration,
apoptosis, membrane transport, and signal transduction (Fig. 1c
and d). Two xenobiotics metabolism-related genes (Gpx2, Gstm5)
were up-regulated, probably in response to oxidative stress
(Rokushima et al., 2008). Asns (Asparagine synthetase) is crucial
for asparagine synthesis and may be important for progression
through the G1 phase of the cell cycle (Hutson and Kilberg,
1994). A3galt2 (alpha-1,3-galactosyltransferase 2) is involved in the
synthesis of the isoglobo-series of glycosphingolipids, which are
suggested to be involved in apoptosis. Psplal (phosphatidylserine-
specific phospholipase A1) stimulates histamine release and,
therefore, may be involved in the inflammatory response (Hosono
et al., 2001). Some membrane transporters including the multi-
drug transporter were up-regulated and probably are commonly
induced by the toxicities of the diverse class of nephrotoxicants. Up-
regulated genes related to cell adhesion/proliferation/migration
and apoptosis also would be related to secondary compensatory
mechanisms, the same as for genes related to tissue remodeling
and the immune/inflammatory response. Several of these genes
have been reported as genomic biomarkers of renal tubular injury.

Down-regulated genes participated in cell adhesion/
proliferation/migration, membrane transport, and signal trans-
duction (Fig. 1c and d). The down-regulation may be a response
to drug-induced toxicity or an adverse effect and may serve to
maintain a low cellular energy status to minimize further damage -
(Safirstein et al., 1990). Down-regulation occurs during the acute
phase of tubular damage induced by nephrotoxicants and acute
ischemic renal injury (Amin et al, 2004; Hu et al,, 2000; Huang
et al, 2001). Representative down-regulated genes observed in
our analysis were Cacng5 (calcium channel, voltage-dependent,
gamma subunit 5) and Gcgr (glucagons receptor). Calcium chan-
nels transport calcium ions in cell cytoplasm to the outside and
maintain their gradient of concentration. Down-regulation of
Cacng5 ray be a consequence of lower energy status or the
perturbation of calcium homeostasis. Glucagons are peptide
hormones that suppress glycolysis and accelerate gluconeoge-
nesis. Therefore, down-regulation of Gcgr probably suppresses
gluconeogenesis. Our results show that the down-regulation of
energy-consuming processes is also observed in chronic renal
tubular injury. ’

In summary, our results support previous studies that described
correlations between well-known biomarker candidate genes or
their functional categories and renal tubular injury. We used not
only typical compounds that cause renal tubular injury but also
a lot of compounds that have diverse effects and different pat-
terns of histopathological changes with multiple time points and
dosages. Our results suggest that well-known biomarkers and their
functional categories for renal tubular injury are also induced by
a wide variety of nephrotoxicants. On the other hand, we also
found inconsistent and novel analytical results and heterogeneities
between compounds that have different patterns of histopatho-
logical changes. It is thought that our gene list preferentially
contains genes concerning secondary compensatory mechanisms
rather than drug toxicity because of the diversity of the com-
pounds used in our analysis. The feature genes were highly and
commonly induced in the compounds, thus, the feature genes
are highly statistically reliable and useful as genomic biomark-
ers during the drug-development process. On the other hand, it
is also important to investigate the differences in gene expression
profiles corresponding to the toxicity between diverse classes of
compounds.

We used middle-dose groups and high-dose groups, which

“had not been used in the training set, as a further external test

set for our classifier constructed from 98 top-ranked genomic
biomarkers. Eleven of 14 compounds (78.5%) with histopatho-
logical findings at middle-dose groups were correctly classified
as positive (Table 4). Also, some of these compounds were pre-
dicted as positive at the time points before the emergence of the
tubular injury. These results indicate that genomic biomarkers
are more sensitive than histopathological findings. On the other
hand, although the middle-dose groups of allopurinol, nitrofu-
rantoin, and N-phenylanthranilic acid exhibited histopathological
findings, these compounds were predicted as negative. In the case
of high- and middle-dose nitrofurantoin, renal tubular necrosis had
been already observed within 24 h after administration (data not
shown) and recovered after day 15. We found that most of our 98
genomic biomarker candidates were not significantly induced at .
the middle-dose groups of nitrofurantoin (Supplementary figure).
Instead, the high-dose groups of nitrofurantoin exhibited gene
expression changes in some of the 92 genes, and were predicted
as positive (day 29). Therefore, it is thought that the gene expres-
sion profiles of middle-dose nitrofurantoin may reflect the recovery
from tubular injury, even though the histopathological findings
were still observed. In the case of N-phenylanthranilic acid, 3 of
5 animals sacrificed on day 29 did not exhibit any histopatholog-
ical changes. In the case of allopurinol and N-phenylanthranilic
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acid, many feature genes were induced and had comparatively
higher SVM probabilities. These samples should be included in the
training set to construct better classifiers, or heterogeneity may
exist.

We also used the high-dose groups of 10 potential tubu-
lar toxicants as the test set. These compounds exhibited no
histopathological findings of renal tubules (necrosis, degeneration,
and regeneration), but the induction of renal tubular injury and/or
other nephrotoxicities have been described in previous reports.
Five of the 10 compounds (ethinyl estradiol, monocrotaline,
acetaminophen, imipramine hydrochloride, and acetazolamide)
were predicted as renal tubular injury positive. Monocrotaline-
and ethinyl estradiol-treated animais had no tubular injury, and
these compounds have not been reported as tubular toxicants.
But, these compounds had anisonucleosis and/or vacuolization
at cortex/proximal tubules. Acetaminophen was reported as a
tubular toxicant. Therefore, it is reasonable that these three com-
pounds were predicted as renal tubular toxicants. Imipramine
hydrochloride- and acetazolamide-treated animals had no tubular
injury, and these compounds have not been reported as tubu-
lar toxicants; thus, these may be false positives. However, in
the high-dose group of imipramine hydrochloride on day 15,
many of the feature genes, such as Cp, Igfbp1, Fcgr3, and Cd14,
were induced. In the middle-dose group of acetazolamide on
day 8, most of the genes related to tissue remodeling were
strongly up-regulated, including Kim1, Clu, Timp1, Cp, and Sppl.
Although these changes may reflect the early onset of nephro-
toxicity, the possibility of false positives cannot be completely
excluded.

The classifier constructed from multiple feature genes had
much better prediction accuracy than classifiers constructed from
any of the single or multiple well-known genomic biomarkers
described above, histopathological findings, and any previous study
(Fig. 3, Supplementary figure). Toxicogenomics and the large-
scale database would be very useful in drug discovery and also
helpful in risk estimation of nephrotoxicity. But, our analytical
results suggest that there still exists unknown heterogeneity of
gene expression between compounds that have different patterns
of histopathological changes (times, severity, type of histopatho-
logical findings, etc.), even though the gene expression changes
are concurrent with the histopathological findings. Also, further

work is needed to adapt these genes into a toxicity screen by

validating their reversibility and developing robust and conve-
nient assays. We are now preparing experimental validation of our
genomic biomarkers for concurrent diagnosis and gene expres-
sion analysis of further compounds. Accumulation of knowledge
about various types of toxicities is very useful and important
not only to identify specific biomarkers for an arbitrary toxicity,
but alse to understand mechanisms of drug-inducible toxici-
ties.
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ABSTRACT: Rats were treated by gavage once daily with 2,4-dinitrophenol (DNP) at 0 (control), 3, 10, or
30 mg/kg bw. Males were dosed for 46 days, beginning 14 days before mating, and females were dosed
for 40-47 days, from 14 days before mating to day 3 of lactation. No deaths were observed in males and
females of any group. A significant decrease in body weight gain and significant increase in liver weight
were found in males and females at 30 mg/kg bw/day. The number of five pups on postnatal days (PNDs)
0 and 4, live birth index, and body weight of live male and female pups on PNDs 0 and 1 were significantly
lowered at 30 mg/kg bw/day. External and internal examinations of pups revealed no increased incidence
of malformations in DNP-treated groups. On the basis of these findings, we concluded that DNP has gen-
eral and reproductive/developmental toxicity, but not teratogenicity, under the present conditions. The
NOAEL of DNP is considered to be 10 mg/kg bw/day in rats. © 2008 Wiley Periodicals, Inc. Environ Toxicol 24:

74-81, 2009, :

Keywords: 2,4-dinitrophenol; reproductive/developmental toxicity; rat

INTRODUCTION

24-Dinitrophenol (DNP; CAS No. 51-28-5) is one of the
six different isomers of dinitrophenols, and the most com-
mercially important isomer. Commercial dinitrophenol, a
mixture of DNP and smaller amounts of 2,3- and 2,6-dini-
trophenol, is used in the synthesis of picric acid and pic-
ramic acid, and for making dyes, wood preservatives, pho-
tographic developers, explosives, and insecticides (ATSDR,
1995). The production volume of DNP exceeded 1 million
pounds/year in the U.S. (Scorecard, 2007) and was around
1000 tons in Japan in 2005 (METI, 2006). DNP is used for
the same purposes as dinoseb, 2-sec-butyl-4,6-dinitrophe-
nol, which was registered as a herbicide and insecticide.
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DNP was once taken extensively as a weight reduction
drug in the 1930s (Simkins, 1937a,b). Thereafter, adverse
effects, including cataracts, renal damage, and death due to
hyperthermia, were noted in people who took DNP (Bein-
hauer, 1934; Epstein and Rosenblum, 1935; Goldman and
Haber, 1936; Simkins, 1937a,b). DNP was banned for use
for this purpose by authorities in the U.S. in 1938 (Para-
scandola, 1974; Kurt et al., 1986); however, it can be still
illicitly purchased in the U.S. as a diet pill via commercial
web sites, and incidents, including deaths, have been
reported (Miranda et al., 2006). DNP is released into the
environment primarily during its manufacture and use, and
from waste disposal sites that contain DNP (ATSDR,
1995), and can also form in the atmosphere from the reac-
tion of benzene with NOx in ambient air (Nojima et al.,
1983). General population and occupational exposures may
occur primarily through the inhalation of ambient air
(ATSDR, 1995). According to TRIO! (U.S. EPA, 2001),
total on- and off-site release was around 100 000 pounds in
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the U.S. in 2001. IPCS (1996) noted that this substance
may be hazardous to the environment and special attention
should be given to aquatic organisms. )

The toxicity of DNP in mammals is relatively well
understood and is summarized by ATSDR (1995). DNP is
an uncoupler of oxidative phosphorylation from electron
transport in mitochondria, resulting in the release of energy
as heat and in increased metabolism of lipids (ATSDR,
1995). Although the areas of reproductive and developmen-
tal toxicology are becoming an increasingly important part
of the overall toxicology profile of chemicals, only limited
reports are available on the reproductive and developmental
toxicity of DNP. Only maternal hyperexcitability and hyper-
thermia were observed at 38.3 mg/kg bw/day in mice given
DNP by gavage on gestation days (GDs) 10-12, the suscepti-
ble period for dinoseb-induced malformations (Gibson,
1973). In a study to develop a teratogenicity screen (Kavlock
et al., 1987), no adverse effects on parturition, survival or
growth of offspring were reported even at 125 mg/kg bw/day
in mice treated DNP by gavage on GDs 8-12. Decreased via-
bility of pups was found in rats given DNP by gavage twice
daily at 20 mg/kg bw beginning 8 days prior to mating and
throughout pregnancy and lactation (Wulff et al., 1935). A
human clinical study revealed that direct action of DNP was
involved because the menstrual changes were striking and
occurred soon after DNP treatment before any significant
weight loss (Simkins, 1937a,b).

These toxicology reports on DNP were determined to be
inadequate to assess the chemical, because they did not fol-
low Good Laboratory Practice (GLP) or did not totally com-
ply with specific testing guidelines (Klimisch et al., 1997,
OECD, 2005); therefore, DNP was selected as a target sub-
stance for the Safety Examination of Existing Chemicals in
Japan (MHLW, 2001) to obtain reliable information on the
possible toxic effects in compliance with the OECD Test
Guideline and in accordance with the principles of GLP. A
reproduction/developmental toxicity screening test of DNP
was performed in rats, and the results of this study are
reported in this article.

MATERIALS AND METHODS

This. study was performed in 2005 at the Safety Research
Institute for Chemical Compounds (Sapporo, Japan) in
compliance with the OECD guideline 421 Reproduction/
Developmental Toxicity Screening Test (OECD, 1995) and
in accordance with the principles for GLP (MHLW/METI/
MOE, 2004) and “Guidance for Animal Care and Use” of
the Safety Research Institute for Chemical Compounds.

Animals

SPF Crl: CD (SD) rats were used in this study. This strain
was chosen because it is most commonly used in toxic stud-

ies, including reproductive and developmental toxicity
studies, and historical control data are available. Males and
females at 8 weeks of age were purchased from Atsugi
Breeding Center, Charles River Japan (Yokohama, Japan).
The rats were acclimated to the laboratory for 14 days prior
to the start of the experiment. Male and female rats found
to be in good health were selected for use. Vaginal smears
of each female were recorded and only females showing a
4- to 6-day estrous cycle were used in the experiment. Male
and female rats were distributed on a random basis into
four groups of 12 males and 12 females each. Rats were
housed individually, except during the acclimation, mating,
and nursing periods. From day 17 of pregnancy to the day
of sacrifice, individual dams and litters were reared using
wood chips as bedding (White Flake; Charles River Japan).

Animals were fed on a sterilized basal diet (CRF-1; Ori-
ental Yeast, Tokyo, Japan) and tap water ad libitum, and
maintained in an air-conditioned room at 22°C = 3°C, with
a relative humidity of 50% * 20%, a 12-h light/dark cycle
and ventilation with 10-15 air changes per hour.

Chemicals and Dosing

DNP is a yellow, odorless solid, very sparingly soluble in
cold water and soluble in alcohol, benzene, and aqueous
alkaline solution. Its melting point is 112-114°C and mo-
lecular weight is 184.1. DNP was obtained from Tokyo
Chemical Industry (Tokyo, Japan). The DNP (Lot No.
FGHO1) .used in this study was 84.1% pure (15.9 w/w %
moisture content, 99.7% pure after dried) and it was kept in
a cool, dark place. The purity converted using the moisture
content and stability of the chemical were verified by analy-
sis before the study. DNP was suspended in 1 w/v %
methylcellulose solution. The stability of formulations had
been confirmed for up to 14 days. During use, the formula-
tions were maintained for less than 14 days, and the con-
centration was confirmed to be 92.0 to 104.0% of the target.
Rats were dosed once daily by gastric intubation with DNP
at a dose of 0 (control), 3, 10, or 30 mg/kg bw. Dosage lev-
els were determined based on the results of a 28-day repeat

- dose oral toxicity test in rats given DNP by gavage at 0, 3,

10, 30, or 80 mg/kg bw/day. Deaths occurred at 80 mg/kg
bw/day and decreased locomotor activity and salivation
were observed at 30 mg/kg bw/day and more, but no
adverse effects were detected at 3 and 10 mg/kg bw/day
(Koizumi et al., 2001). Males were dosed for 46 days, be-
ginning 14 days before mating, and females were dosed for
40-47 days, beginning 14 days before mating to day 3 of
lactation throughout mating and gestation. The volume of .
each dose was adjusted to 10 mL/kg bw based on the latest
body weight during the administration period in males and
during the premating and mating period in females or the
body weight on day O of pregnancy in females after copula-
tion. Control rats were given | w/v % methylcellulose solu-

_tion only.

Envirommental Toxicology DOI 10.1002/tox
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Observations

All rats were observed daily for clinical signs of toxicity.
The body weight and food consumption were recorded on
days 0, 1, 4, 6, 9, and 13 of the premating period and then
once a week in males, and on days 0, 1, 4, 6, 9, and 13 of
the premating period, on days 0, 1, 3, 5, 7, 10, 14, 17, and
20 of pregnancy, and on days 0, 1, and 4 of lactation in
females. The rats were euthanized by exsanguination under
anesthesia on the next day of the last administration in
males and on day 4 of lactation in females. The external
surfaces of the rats were examined. The abdomen and tho-
racic cavity were opened, and gross internal examination
was performed. The brain, heart, liver, kidneys, spleen, ad-
renal gland, thymus, testes, epididymides, and ovaries were
weighed. The numbers of corpora lutea and implantation
sites were recorded in females. The testes and epididymides
were fixed with Bouin’s solution and preserved in 70%
ethanol, and other internal organs were stored in 10% neu-
tral-buffered formalin. In control and 30 mg/kg bw/day
groups, histopathological evaluations were performed on
tissue sections of the testes, epididymides and ovaries, and
the stages of spermatogenesis were observed.

Daily vaginal lavage samples of each female were eval-
uated for estrous cyclicity throughout the premating period.
Each female rat was mated overnight with a single male rat
of the same dosage group until copulation occurred or the
mating period, 2 weeks, had elapsed. During the mating pe-
riod, daily vaginal smears were examined for the presence
of sperm. The presence of sperm in the vaginal smear and/
or a vaginal plug was considered evidence of successful
mating. Once insemination was confirmed, the females
were checked daily for signs of parturition at 9:00, 13:00,
and 17:00 from day 21 of pregnancy. Females were allowed
to deliver spontaneously and nurse their pups until postnatal
day (PND) 4. The day on which parturition was completed
by 9:00 was designated as PND 0. Litter size and the num-
bers of live and dead pups were recorded. Live pups were
sexed and grossly examined on PND 0, and individually
weighed on PNDs 0, 1, and 4. The pups were euthanized by
carbon dioxide inhalation and gross external, including pal-
ate, and internal examinations were performed on PND 4.

Data Analysis

Statistical analysis of pups was carried out using the litter
as the experimental unit. The body weight, body weight
gain, food consumption, absolute and relative organ
weights, length of estrous cycle, numbers of corpora lutea,
implantation sites, pups delivered and live pups on PNDs 0
and 4, and implantation, delivery, live birth and viability
indexes were analyzed with Bartlett’s test for homogeneity
of variance at the 5% level of significance. If homogeneous,
data were analyzed using one-way analysis of variance and
Dunnett’s multiple comparison test to compare the mean of
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the control group with that of each dosage group. If not,
data were analyzed using the Kruskal-Wallis test and
Mann—Whitney U-test to compare the mean of the control
group with that of each dosage group. The numbers of Ser-
toli cell, germ cells and germ cells per Sertoli cell in vari-
ous stages of spermatogenesis were analyzed using the
Mann-Whitney U-test. Copulation, fertility, gestation and
nursing indexes, and sex ratio of pups were analyzed with
the Chi-square test and/or Fisher’s exact test. The 5% level
of probability was used as the criterion of significance.

RESULTS

No deaths were observed in males and females of any
group. At 30 mg/kg bw/day, salivation was occasionally
observed in three males during the administration period
and in one female during pregnancy.

The body weight gains of male and female rats given
DNP are shown in Table 1. Significant decreases in body
weight gain were found on days 0-6, days 13-20, and days
0-45, the whole period of the administration period, in
males at 30 mg/kg bw/day. At this dose, ‘a significant
decrease in body weight gain was found on days 0-4 during
lactation in females. There was no significant difference in
food consumption between the control and DNP-treated
groups.

Table II shows the organ weight of rats given DNP. The
relative weight of the liver in males and absolute and rela-
tive weights of the liver in females, the relative weights of
the kidneys in males and females, and the relative weight of
the heart in females were significantly increased at 30 mg/
kg bw/day. The absolute and relative weights of the testes
and relative weight of the epididymides were significantly
increased at 3 mg/kg bw/day. In females, the weight of ova-
ries was not affected in DNP-treated groups.

Severe atrophy of seminiferous tubules in the testis, and
sperm decrease and luminal cell debris in the epididymis
were observed on only the right side of one male at 30 mg/
kg bw/day. Slight atrophy of seminiferous tubules in the
testes was shown in another male at 30 mg/kg bw/day and
in one male of the control group. The number of spermato-
gonia at 30 mg/kg bw/day was significantly, but slightly,
decreased only in stage IX-XI, but not in other stages of
spermatogenesis. No changes in the numbers of Sertoli cell
and germ cells per Sertoli cell in various stages of sperma-
togenesis were detected between the control and the DNP-
treated group. No histopathological changes in the ovaries
were detected at 30 mg/kg bw/day.

Reproductive findings are shown in Table ITI. There
were no significant differences in the length of the estrous
cycle, male and female copulation, fertility, gestation and
nursing indexes, and gestation length between the control
and DNP-treated groups.
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TABLE I. Body weight gains of male and female rats given DNP

Dose (mg/kg bw/day) 0 (Control) 3 10 30
-No. of males 12 12 12 12
Initial body weight (g)* 3733 £ 199 3739 = 16.9 375.2 +20.2 375.2 £ 18.1
Body weight gain during dosing (g)*
Days 0-6 25949 21.8 94 242 %63 174 =92*
Days 6-13 28.1+ 85 215260 270x63 228x76
Days 13-20 264+ 6.6 231 %49 21.6 £ 8.1 18.6 = 8.9%
Days 20-27 232*54 276 1.7 27.8+49 216 £ 6.2
Days 27-34 25.5*45 233x73 26.8 £ 6.6 193+ 64
Days 3441 19.0£5.6 178 £43 215 7.1 18.3 £ 88
Days 4145 11.1x50 13.0 57 113£52 8477
Days 045 159.2 * 26.0 1482+ 21.6 160.0 = 33.6 126.5 * 34.7*
No. of females 12 12 12 12
Initial body weight (g)* 2298 +99 2294 +11.9 2283 = 8.0 2289 + 13.8
Body weight gain during pre-mating (g)*
Days 0-6 14872 169 x90 149 7.1 [2.6 263
Days 6-13 113275 13.8+79 13.0x77 76 *6.2
Days 0-13 26.1 £ 115 30.7+58 27.9 * 107 202 +96
Body weight gain during pregnancy (g)*
Days 0-7 414 x 8.0 42.8 + 84 40.5 £ 8.5 478x175
Days 7-14 383 7.6 452+ 10.6 407+79 40.5 =58
Days 14-20 77.8 = 103 83.4 + 10.0 76.6 = 144 748 £ 6.6
Days 0-20 157.6 = 17.6 171.4 = 160 1579 =236 163.1 = 10.0
Body weight gain during lactation (g)*
Days 04 ’ 324+ 163 2713x170 23.8 = 10.1 [5.5 £ 12.0%*

During pregnancy and lactation, data from females treated with 3, 10 or 30 mg/kg bw/day were obtained from only 11 females because one female in

each group did not become pregnant.
* Significantly different from the control group, p < 0.05.
** Significantly different.from the control group, p < 0.01.
“Values are the mean * SD.

The developmental findings in rats given DNP are pre-
sented in Table I'V. There were no significant differences in
the implantation, delivery and viability indexes, numbers of
corpora tutea and pups delivered, and sex ratio and body
weight on PND 4 of live pups between the control and
DNP-treated groups. At 30 mg/kg bw/day, significant
decreases were noted in the number of live pups on PNDs 0
and 4, live birth index, and body weight of live male and
female pups on PNDs 0 and 1. The number of implantation
sites was significantly high at 3 mg/kg bw/day. Extermnal
and internal examinations of pups revealed dilatation of the
cerebral ventricle of one pup in the control group.

DISCUSSION

In the present study in rats, DNP was given to males during
the premating and mating periods and to females during the
premating, mating, pregnancy, and early lactation periods.
As stated above, DNP was used as a weight-reduction
agent in the 1930s (Simkins, 1937a,b). Weight loss was

achieved because energy was released as heat by uncou-

pling of electron transport from ATP synthesis (ATSDR,

1995). The decreased body weight gain unaccompanied
with decreased food consumption observed at 30 mg/kg
bw/day seems to be consistent with the action of DNP as a
metabolic activator. Higher relative weight, but not abso-
lute weight, of the heart in females. at 30 mg/kg bw/day is
considered to be secondarily due to the lowered body
weight on the day of scheduled sacrifice, not to the direct
effects of DNP. In the present study, the increased relative
kidney weights were observed in both sexes at 30 mg/kg
bw/day. In our previous 28-day repeat dose toxicity study
of DNP, renal mineralization at the corticomedullary junc-
tion was found in rats of both sexes given at 80 mg/kg bw/
day (Koizumi et al, 2001). The renal damages were
reported in humans took DNP (Beinhauer, 1934; Goldman
and Haber, 1936; Simkins, 1937a,b). We concluded that the
kidney is one of the target organs for DNP toxicity, and
increased kidney weight might be due to the test substance
treatment. Liver weights at 30 mg/kg bw/day increased
regardless of the absolute and relative weights and sex in
the present study. These data indicate that the NOAEL for
the general toxicity of DNP is 10 mg/kg bw/day+

In the present study, atrophy of seminiferous tubules in
the testis and slight change in the number of spermatogonia

Environmental Toxicology DOi 10.1002/tox
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TABLE Il. Absolute and relative organ weights of male and female rats given DNP

Dose (mg/kg bw/day)
0 (Contro}) 3 10 30
No. of males 12 12 12 2
Body weight (g 537.7 £39.1 526.2 * 34,6 537.3 £ 509 502.9 £ 50.7
Liver - {g) 19.01 = 2.06 18.62 + 213 18.85 + 2.57 19.96 = 2.92
(%) 353024 3.54 £ 0.25 3.50 = 0.19 3.95 & 0.23%*
Kidneys © 357 £0.53 3.74 £0.30 3732043 3.78 £0.52
(%) 0.66 = 0.08 0.71 £0.05 0.70 + 0.04 0.75 = 0.05%*
Heart (& 1.50 = 0.15 144 + 0.10 1.51 = 0.17 1.44 + 0.16
(%) 0.28 = 0.02 0.27 = 0.02 0.28 =+ 0.02 0.29 + 0.01
Testes (g) . 334 = 0.27 3.58 = 0.28* 346 + 0.14 3.29 = 0.49
(%) 0.62 + 0.05 0.68 = 0.05* 0.65 = 0.06 0.66 = 0.10
Epididymides (® 1.34 £ 0.13 143 = 0.12 1.42 +0.07 127 +0.18
(%) 0.25 + 0.02 0.28 = 0.02* 0.27 = 0.03 0.25 + 0.04
No. of females 12 . 11 1 1
Body weight () 3513%213 3487 + 15.3 3458 + 17.2 338.2 + 19.0
Liver (g) 14.84 *+ 1.69 1482 + 1,10 14,54 + 1.35 1630 = 1.21%
(%) 4.22 +£0.33 425+024 421 +0.38 4.83 + 0.30%
Kidneys (@ 224 +0.20 2.25 + 0.20 228 +0.24 2.39 +0.14
(%) 0.64 + 0.03 0.65 £ 0.05 0.66 + 0.06 0.71 + 0.05%
Heart ® 1.05 + 0.09 1.07 = 0.07 1.06 = 0.08 1.09 = 0.11
(%) 0.30 £ 0.02 0.31 £ 0.02 0.31 = 0.02 1 0.32 £ 0.03%
Ovaries (mg) 116.5 = 18.7 109.7 + 133 110.7 = 18.3 110.8 £ 12,5
(1072 %y 33.05 = 4.02 31.58 = 461 32.11 £5.70 3277 +3.18

Weight values are the mean * S.D.
* Significantly different from the control group, p < 0.05.
** Significantly different from the control group. p < 0.01.

*One female in each of the 3, 10, and 30 mg/kg bw/day groups did not become pregnant.

only in the limited stage were observed at 30 mg/kg bw/
day. These changes are likely to be spontaneous, because
the incidence of atrophy was very low, the atrophy was also
observed in the control group, and no changes were
detected in the numbers of Sertoli cells and germ cells per

TABLE L. Reproductive findings in rats given DNP

Sertoli cell. We previously noted that dinoseb, a dinitrophe-
nol herbicide, caused a decrease in sperm motility, and an
increase in the rates of sperm with abnormal tail and head
following administration by gavage for 42 days at 7.0 mg/
kg bw/day in rats (Matsumoto et al., 2007). Takahashi et al.

Dose (mg/kg bw/day)

0 (control) 3 10 30
No. of rats (inale/female) 12/12 12/12 12/12 12/12
Length of estrous cycle (days)® ©39%03 4.0+ 0.1 41203 40x00
Copulation index {(%)® male, female 100, 100 100, 100 100, 100 100, 100
Fertility index (%)° 100 92 92 92
Gestation index (%)" 100 100 100 100
Gestation length (days)® 227+05 22.7*0.S5 227*05 227+035
Nursing index (%)° 100 100 100 100

“*Values are the mean + SD.

®Number of animals with successful copulation/number of animals mated X j00.
“Number of pregnant females/number of females with successful copulation X 100.

4Number of females with live pups/number of pregnant females X 100.

“Number of females with live pups on lactation day 4/number of females with live pups delivery X 100,

Environmental Toxicology DO 10.1002/t0x
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Dose (mg/kg bw/day)
0 (control) 3 10 30

No. of litters 12 11 It 11
No. of corpora lutea® 15517 168 = 1.2 15528 163 £1.6
No. of implantation sites* 148 x 1.5 16.6 = 1.1* 147+ 1.8 154+ 1.3
Implantation index (%)° 95.9 99 95.6 94.8
Delivery index (%)° 95.8 929 94 91.1
No. of pups delivered” 143 +20 155+ 1.6 139x23 140x13
PND 0

No. of live pups® 143 %20 15318 136 £24 111 & 3.2%*

Sex ratio of live pups (male/female) 83/88 80/88 87/63 61/61

Live birth index (%) 100 98.8 97.8 79.7%%*
PND 4

No. of live pups® 141+20 15217 135%£23 10.9 = 3,2%*

Viability index (%)° 98.8 - 995 98.7 98.4
Body weight of male pups (g)*

PND O 6.89 + .067 691 £0.72 6.57 = 0.62 6.09 = 0.69*

PND 1 7.54 = 0.78 7.63 = 0.88 7.25 £0.79 6.61 = 0.92*

PND 4 11.18 £ 1.21 10.86 = 1.39 . 10.74 = 1.23 9.87 £ 1.53
Body weight of female pups (g)*

PNDO 6.49 = 0.72 6.51 = 0.66 6.23 % 0.57 5.76 * 0.73*

PND 1 7.09 = 0.86 7.20 £ 0.83 6.94 + 0.68 6.21 = 0.99*%

PND 4 10.54 £ 1.37 10.29 = 1.38 10.18 = 1.12 9.16 £ 1.64
Morphological examinations of pups on PND 4

No. of pups (litters) examined 169 (12) 167(11) 148 (1D 12011

Dilatation of cerebral ventricle ) 1 (X (1)) 0(0) 0

PND, postnatal day.

* Significantly different from the control group, p < 0.05.

** Significantly different from the control group, p < 0.01.

*Values are the mean * SD. .

®Number of implantation sites/number of corpora lutea X 100.

¢ Number of live pups born/number of implantation sites X 100.
¢Number of live pups on lactation day O/nuraber of pups born X 100.

¢ Number of live pups on lactation day 4/number of live pups on lactation da& 0 X 100.

(2003, 2004) compared the testicular toxicity of dinitrophe-
nolic compounds, dinoseb, 4,6-dinitro-o-cresol (DNOC)
and DNP. In the in vitro rat Sertoli-germ cell coculture sys-
tem, DNP decreased germ cell viability only at the highest
concentration of 10™* M (Takahashi et al., 2003). In rats
given DNP by gavage at 30 mg/kg bw/day for 5 days, DNP
caused a slight increase in the incidence of tailless sperm
(Takahashi et al., 2004). The authors noted that the sperma-
totoxicity of DNP was very weak compared with that of
dinoseb and DNOC; however, the mode of action of DNP
toxicity closely resembled that of dinoseb and DNOC
(Takahashi et al., 2004). It is suggested that the induction
of sperm toxicity by dinitrophenolic compounds is involved
in the uncoupling effect (Linder et al., 1982; Takahashi
et al., 2004). The uncoupling action of DNP is weaker than
that of dinoseb and DNOC in liver mitochondria in vitro
and their toxicities tend to increase with increasing uncou-
pling potency (Ilivicky and Casida, 1969); therefore, it
appears that a lack of sperm toxicity of DNP is due to the
weak uncoupling potency of this compound.

With regard to reproductive parameters, no effects of
DNP on estrous cyclicity, length of gestation, copulation,
fertility and nursing indexes, and reproductive organ
weights were observed. As for developmental parameters,
decreases in the live birth index, and the numbers of live
pups on PNDs 0 and 4, and body weights of live pups on
PNDs 0 and 1 were detected at 30 mg/kg bw/day; however,
there was no increased incidence of pups with malforma-
tions in DNP-treated groups. These findings indicate that
DNP is toxic to the survival and growth of offspring during
the pre- and postnatal periods, and has developmental tox-
icity, but not teratogenicity, at 30 mg/kg bw/day. In the
present study, maternal adverse effects were observed dur-
ing early lactation, as evidenced by decreased body weight
gain at 30 mg/kg bw/day, and these phenomena might
affect the survival and growth of offspring. Koizumi et al.
(2001) noted that DNP directly gavaged to pups on PNDs
4-21 caused decreased body weight gain and death at 20
and 30 mg/kg bw/day, respectively, although the exposure
levels of DNP to pups after direct administration is thought

Environmental Toxicology DO 10.1002/tox
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to be much higher than to offspring after maternal adminis-
tration. Consideration of these findings suggests that
adverse effects on the survival and growth of offspring are
due to a combination of direct effects of DNP and/or its
metabolites and altered maternal physiology.

DNP produced dose-related hyperthermia resulted from
the uncoupling of oxidative phosphorylation action (Tainter
and Cutting, 1933; Pugh and Stone, 1968; ATSDR, 1995).
Hyperthermia is known to be teratogenic and embryolethal
in rats (Cockroft and New, 1978; Germain et al., 1985), and
rectal temperature at 41.0°C, an elevation of 2.5°C, for 1 h
was the threshold combination for teratogenic potential
(Germain et al., 1985). In the present study, intrauterine
death of offspring, as evidenced by a lowered live birth
index, increased at 30 mg/kg bw/day, but no pups with mal-
formations were found in DNP-treated groups. The possi-
bility that elevation of body temperature participates in the
developmental toxicity of DNP persists. Further studies are
needed to clarify the relationship between increased body
temperature and developmental toxicity of DNP,

In conclusion, DNP shows general and reproductive/de-
velopmental toxicity, but not teratogenicity, under the pres-
ent study conditions. The NOAEL of DNP for general and
reproductive/developmental toxicity was 10 mg/kg bw/day
in rats.
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