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Abstract

A simple and rapid method has been developed for herbicides in water using temperature-responsive liquid chromatography (L.C) and
a column packed with poly(N-isopropylacrylamide) (PNIPAAm), a polymer anchored on the stationary-phase surface of modified silica.
PNIPAAm reversibly changes its hydrophilic/hydrophobic properties in water in response to temperature, The method was used to determins
five sulfonylurea and three urea herbicides. Separation was achieved with a 10 mM ammonium acetate (pH 3.0) isocratic aqueous mobile
phase, and by changing the column temperature. The analytes were extracted from water by off-line solid-phase extraction (SPE) with an
N-vinyl-pyrrolidone polymer cartridge. The average recoveries of the eight herbicides from spiked pure water, tap water and river water were
70-130% with relative standard deviations (RSDs) of <10%. The limits of quantitation {LOQ) of the eight herbicides were between 1 and

4pglt,
© 2005 Elsevier B.V. All rights reserved.

Kepwords: Poly(N-isopropylacrylamide); LC; Temnperature-responsive chromatography; Sulfonylurea herbicides; Urea herbicides

1. Introduction

Herbicides are used in rice paddies, golf courses, and other
types of fields. They are transported by aquifers in ground-
water and are widely distributed in the environment, Sul-
fonylurea herbicides are labile, weakly acidic compounds,
Sulfonylurea and urea herbicides are used at lower concen-
trations, and are more rapidly degraded in soil than older her-
bicides. Therefore, parts-per-billion concentrations of these
herbicides are to be expected in the water supply. These herbi-
cides have been analyzed in water by liquid chromatography
(LC) with UV detection [1,2), capillary electrophoresis with
UV [3], LC with mass spectrometry (MS) [4,5], immunoas-
say [6], bioassay [7] and radio immunoassay [1].

* Cormresponding author. Tel.; +81 3 5400 2657, fax: +81 3 5400 1378,
E-mail address: kanazawa-hd@kyoritsu-ph.ac.jp (H. Kanazawa).

0021-9673/$ - see front matter £ 2005 Elsevier B.V. All rights reserved.
doi:10.1016/.chroma.2005.01.100

Recently, various polymers have been developed which
change their structure in response to surrounding conditions,
such as the pH, electric field, and temperature. Such polymers
have been widely utilized in drug delivery systems [8], cell
culture dishes [9], cell sheets [10] and bioconjugates [11].
Poly(N-isopropylacrylamide) (PNIPAAm) is one of these; it
exhibits a thermally reversible phase transition in response
to temperature changes across a lower critical solution tem-
perature (LCST) of 32 °C in aqueous solution {12]. In water,
the polymer chains of PNTIPAAm hydrate and expand below
this LCST, while they dehydrate to form a compact confor-
mation above it. We previously reported a considerable and
reversible change in the hydrophilic/hydrophobic properties

of PNIPA Am-grafted surfaces in response to a change in tem-

perature. Taking advantage of this characteristic, we devel-
oped an L.C column packed with PNIPAAm to selectively
separate analytes by controlling the external column temper-
ature {13-17).
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Temperature-responsive chromatography is a method with
little load on the environment, because no organic solvent is
used in the mobile phase, Urea herbicides in environmen-
tal water have been widely studied by Hogenboom and co-
workers [2,18,19] and very rapid analyses were made by us-
ing a single short column for both SPE and analytical separa-
tion. However, there are fewer reports on sulfonylurea herbi-
cides [5]. The aim of this study was to achieve the separation
of both groups of herbicides by temperature-responsive LC
with an aqueous mobile phase.

2. Experimental
2.1. Chemicals

Analytical-grade standards of bensulfuron-methyl
(95.7%), imazosulfuron (99.7%), pyrazosulfuron-ethyl
(99.9%), halosulfuron-methyl (100%), siduron (98.9%),
daimuren (100.0%) and diuron (100.0%) were pur-
chased from Wako Pure Chemical Industries, Osaka,
Japan. Analytical-grade flazasulfuron (59.9%) was pur-
chased from Hayashi Pure Chemical Industries, Osaka,
Japan. The structures of these herbicides are shown in
Fig. 1. N-isopropylacrylamide (NIPAAm) was kindly
provided by KOHIJIN, Tokyo, Japan and was purified
by recrystallization from n-hexane. 3-mercaptopropionic
acid (MPA), 2,2'-azobisisobutyronitrile (AIBN), NN-
dimethylformamide (DMF), ethyl acetate, 1,4-dioxane, N,N'-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide,

Sulfonylurea herbicides

HPLC-grade tetrahydrofran (THF) and ammonium acetate
were purchased from Wako Pure Chemical Industries.
Aminopropyl silica beads (average diameter, 5 um; pore
size, 120 A) were purchased from Nishio Industries, Tokyo,
Japan. The pure water used for sample preparation and
the LC mobile phase was prepared using a Milli-Q water
purification system (Millipore, Bedford, MA, USA),

The synthesis of PNIPAAm and a modification of amino-
propyl silica with the NIPAAm polymer were carried out by
radical polymerization, as previously reported [13,20].

2.2, Temperature-responsive LC

A PNIPAAm-grafted silica beads were packed into a
stainless-steel column (150 mm x 4.6 mm i.d.). LC was car-
ried out on an Agilent 1100 series {Agilent, Waldbronn, Ger-
many) instrument equipped with a UV detector and a Rheo-
dyne Model 7750 injector. The column oven was a product of
Shodex AO-30C (Showa Denke, Tokyo, Japan). The mobile
phase was 10 mM ammonium acetate (pH 3.0). The thermore-
sponsive elution behavior of the herbicides was monitored at
240 nm at a flow rate of 1.0 ml min~! at various temperatures.
The injection volume was 20 pl.

2.3. Preparation of standard solutions

Stock solutions (1000 mg1~1) of each analytical standard
were prepared in THF. Next, working standard mixtures were
prepared by diluting each berbicide stock solution with THF.
These stock solutions were stored at 4 °C. Standard solutions
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Fig. L. Structures and common names of the eight herbicides. 1. bensulfuron-methy); 2, flazasulfuron; 3, pyrazosulfuron-ethyl; 4, halosul furon-methyl; 5,

imazosulfuron; 6, diuron; 7, daimuron; and 8, siduren.
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were prepared by diluting the stock solution with THF, The
standard solutions were used for calibration plots and spiking
of the water samples.

2.4. Water samples

Three types of water were analyzed: pure water, tap water
and river water. The tap water was from a tap in the labora-
tory. L(+}-Ascorbic acid sodium salt (Wako Pure Chemical
Industries) was added to the tap water at 0.005% (w/v), which
eliminated chlorine that could react with and degrade some
of the compounds of interest, The river water was collected
from the Tama River near Tokyo; it was filtered through a
glass-fiber filter before use.

2.5. Analytical methods

For recovery studies, three water samples (0.5 | each) were
spiked with 1 mlof2mg1~! (except for0.5 mg1~! diuronand
daimuron) of the composite standard. Then, the spiked water
samples were passed through a SPE cartridge to extract the
analytes [5]. SPE was performed with cartridges prepacked
with N-vinyl-pyrrolidone polymer resin (Qasis HLB Plus
Extraction Cartridges) from Waters (Milford, MA, USA).
The SPE cartridges were equilibrated with 5 m] of methanol
and then Sml of pure water. The water samples were ex-
tracted at a 10 mlmin—! flow rate. Then, the cartridges were
washed with 10m! of pure water at a SmImin~! flow rate
and dried with air passed through the cartridge for 40min,
The herbicides were eluted from the cartridges with 3ml
of methanol at a speed of 1-2 dropss~1, After evaporating
the samples to near-dryness under a gentle nitrogen stream,
the materials were dissolved te a final volume of 1.0ml
in THF.
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3. Results and discussion
3.1, Sulfonylurea herbicides

Sulfonylurea herbicides were separated based on their
temperature-controlled hydrophilic/hydrophobic properties
by using an LC system connected to a column packed
with PNIPAAm-medified silica beads. Fig. 2(a) shows van't
Hoff plots for sulfonylurea herbicides separated using a
PNIPAAm-modified column in 10 mM ammonium acetate
(pH 3.0). The linearity in the van’t Hoff plots is com-
monly observed for commercially available reversed-phase
columns under standard chromatographic conditions. On the
PNIPA Am-modified column, however, a deviation from lin-
earity was found between In & values and the reciprocal tem-
perature (1/7). Interestingly, the slope of the van't Hoff plots
of each analyte on the PNIPA Am-modified column changed
markedly at the LCST boundary (Fig. 2 (2)). This corresponds
to a phase transition of the polymer modified on the surface,
Typical chromatograms for the standards of the five sulfonyl-
urea herbicides using the PNIPAAm-modified column at 10
and 50 °C are shown in Fig. 3.

The log P values of these herbicides are given in Table 1.
log P values were calculated by the CAChe system (Fu-
jitsu, Japan), We reported in previous papers that the order
of separation on a temperature-responsive-polymer-modified
column depends on the hydrophobicities, corresponding to
increasing log P values [13], In this study, the retention
time of the strongly hydrophobic imazosulfuron was remark-
ably increased, compared with four other sulfonylurea herbi-
cides. When trying to separate the same herbicides on an
ODS column using an aqueous/organic solvent, the three
peaks of bensulfuron-methyl, flazasulfuron and imazosul-
furon overlapped, and the two peaks of pyrazosulfuron-ethyl
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Fig. 2. van’t Hoff plots of (a) sulfonylurea and (b) urea herbicides. For LC conditions, see Section 2, For peak numbers, see Fig, 1.
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Fig. 3. LC-UV of standards using a PNIPAAm-modified silica column at
(2} 10°Cand (b) 50 °C. For LC conditions, see Section 2. For peak numbers,
see Fig. 1.

and halosulfuron-methyl also overlapped (data not shown).
In contrast, upon raising the column temperature of the
temperature-responsive system, these five sulfonylurea her-
bicides could be separated from each other with an aqueous
mobile phase.

In this study, the mobile phase was adjusted to pH
3 which was lower than the pK, values of these her-
bicides, bensulfuron-methyl (pK, 5.2), flazasulfuron (pK;
4.37) and imazosulfuron (pK, 4.0), in order to suppress
their jonization and effect their interaction with the sur-
face of the stationary phase. With increasing temperature,
the temperature-responsive surface of the stationary phase
changed from hydrophilic to hydrophobic, the retention
time increased as a result of hydrophobic interaction, and
the separation of the five sulfonylurea herbicides markedly
improved.

Table 1
Calibration, LOD end log P data for the eight hetbicides
Compound Calibration equation® &2 LOD log P
{mgl™!)
Bensulfuron-methyl  y=12.493x+0.6557 1.000 0.5 1.49
Flazasulfuron »=9.8272x -~ 05951 0998 0.5 1.93
Pyrazosulfuron-ethyl »=8976x—1.1398 0997 0.5 0.65
Halosulfuron-methyl y=12.011x—-13876 0.998 0.5 1.21
Imazosulfuron y=16043x— 0951 1000 0.5 215
Diuron F= 20.209x+0.6761 0.996 0.5 2.15
Daimuron y=11.74x - 02518 0995 02 3.61
Siduron y=13.661x-0.2925 0999 0.2 2.86

' y=area; x=concentration (mg1}).
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Fig. 4. LC-UV of standards using PNIPAAm-modified silica column at (2)
and {¢) 10°C, and (b) and {d) 50 °C. For LC conditiong, see Section 2. For
peak numbers, see Fig. 1.

3.2. Urea herbicides

The urea herbicides were separated using conditions sim-
ilar to those for the sulfonyulurea herbicides, Fig, 2(b) shows
van’t Hoff plots for urea herbicides using a PNIPAAm-
modified column. For urea herbicides, the Ink values in-
creased markedly above the LCST {or lower 1/T values),
indicating a hydrophobic interaction between the analyte
molecules and the hydrophobized stationary phase surface
of the column, The difference in retention behavior of
the sulfonylurea and urea herbicides reflects differences in
their physicochemical properties. Typical chromatograms for
the standards of the two urea herbicides, and siduron us-
ing the PNIPAAm-modified column at 10 and 5¢°C are
shown in Fig. 4. Siduron gave two peaks corresponding
to its cis/trans isomers. The retention times of urea herbi-
cides also increased with the log P values. An increase in
the retention times with increasing temperature was clearly
observed.

3.3. Analytical performance

The calibration plots of all eight herbicides using
temperature-responsive LC at 50°C were linear. The con-
centrations range of the five sulfonylurea herbicides were
0.2-10mgi~! (six data points in triplicate), those of diuron
and daimuron were 0.2-2.0mg 17! (four data points in trip-
licate), and those of siduron were 0.5-10.0mg1~! (five data
points in triplicate). In all cases, the 82 values were at least
0.995 (Table 1). Because siduron has two isomers, the area of
the two isomer peaks was calculated and summed to give the
total amount of siduron. The LODs of the eight herbicides
were 0.2-0.5mg|~! (Table 1),
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Table 2
Performance data for extracting five sulfonylureas and three ureas from pure water, tap water and river water
Compound Pure water Tap water River water

Recovery* (%} RSD (%) LOQ Recovery* (%) RSD(%) LOQ Recovery® (%) RSD(%) LOQ

(ngl™") (817" {g1"")

Bensulfuron-methy] 91 36 4 94 2.2 1 88 6.4 4
Flazasulfuron 96 1.9 1 86 1.7 1 72 9.7 4
Pyrazosulfuron-ethyl 93 1.6 1 08 2.5 1 100 5.0 4
Halosulfuron-methy} 90 2.7 1 98 11 1 97 45 4
Imazosulfuron 86 1.8 1 98 1.8 1 &9 6.7 4
Diuron 91 4.5 1 84 6.8 1 g7 4.5 1
Daimuron 127 28 1 100 5.3 1 94 6.0 1
Siduron 93 25 1 87 32 4 100 6.0 4

* Mean values from three individual samples.
3.4. Application

Water samples were prepared by adding 4 pgl™! (f-
nal concentration) of all herbicides, except for diuron and
daimuron, which were added at a final concentration of
1pgl™! to pure water, tap water, or river water. Then, 0.5
1 of each sample was concentrated 500-fold by SPE, Using
temperature-responsive chromatography, these eight herbi-
cides were detected with acceptable recoveries and precisions
(70-130% and relative standard deviation, RSD <10%, re-
spectively) (Table 2).

4. Conclusions

Temperature-responsive LC with an aqueous solution
without organic solvents asmobile phase can be used to deter-
mine sulfonylurea and urea herbicides. Combined with off-
line SPE, trace levels of the herbicide can be quantified in
real-life samples.

In temperature-responsive LC, analyte behavior is con-
trolled merely by the temperature, without any changes in
the mobile-phase composition.

Acknowledgement

This study was supported by a grant from the Ministry of
Health, Labour and Welfare of Japan,
References

(1] EW, Zahnow, J. Agric. Food Chem. 33 (1985) 479.

[2] A.C. Hogenboom, UK Malmqvist, K. Nolkrantz, J.J. Vreuls,
U.A.Th. Brinkman, J. Chromatogr. A 759 (1997) 55.

{3] G. Dinelli, A. Vicari, A. Bonetti, P. Catizone, J. Agric. Food Chem.
45 (1997) 1940,

[4] N. Wang, W.L. Budde, Anal. Chem. 73 (2001) 997.

[5] E. Ayano, H. Kanazawa, M. Ando, T. Nishimura, Anal, Chim. Acta
507 (2004) 211,

(6] LF. Brady, J. Turner, D.H. Skinner, J, Agric. Food Chem, 43 (1995)
2542,

[7) S.L. Sunderland, P.W. Santelmann, T.A. Baughmann, Weed Sci. 39
(1951) 256,

[8) Y.H. Bae, T. Okano, S.W. Kim, J. Polym. Sci. Polym. Phys. 28
(1990) 923,

{9} T. Ckano, N. Yamada, H. Sakai, Y. Sakurni, J. Biomed. Mater. Res.
27 (1993) 1243,

(10} T. Shimizu, M. Yamato, A. Kikuchi, T. Okano, Tissue Eng, 7 (2001)
141,

[11] M. Matsukata, T. Aoki, K. Sanui, N, Ogata, A. Kikuchi, Y. Sakurai,
T. Ckano, Bioconjugate Chem. 7 (1996) 96.

[12] M. Heskins, J.E. Guillet, E. James, J. Macromol. Sci. Chem. A2
(1968) 1441,

[13] H. Kanazawa, X. Yamamote, Y. Matsushima, Y. Takai, A. Kikuchi,
Y. Sakurai, T. Okano, Anal. Chem, 68 (1996) 100.

f14] H. Kenazawa, T. Sunamoto, E. Ayano, Y, Matsushima, A. Kikuchi,
T. Okano, Anal. Sci, 18 (2002) 45,

[15] K. Yamamoto, H. Kanazawa, Y. Matsushima, K. Oikawa, A. Kikuchi,
Y. Sakura, T. Okano, Environ. Sci. 7 {2000) 47.

[16] H. Kanazawa, T. Sunamoto, Y. Matsushima, A. Kikuchi, T. Okano,
Anal, Chem. 72 (2000} 5961,

[17] C. Sakamoto, Y. Okada, H, Kanazawa, E. Ayano, T. Nishimurs,
M. Ando, A, Kikuchi, T. Okano, J. Chromatogr. A 1030 (2004)
247, .

[18] A.C. Hogenboom, W.M.A, Niessen, U.A.Th. Brinkman, J. Chro-
matogr. A 754 (1998} 201.

[19) A.C. Hogenboom, W.M.A. Niessen, U ATh. Brinkman, J. Chro-
matogr. A 841 (1999) 33,

{20] K. Yamamoto, H. Kanazawa, Y. Matsushima, N. Takai, A, Kikuchi,
T. Okano, Chromatography 209 (2000} 21,



REVIEW ARTICLE

Congenital Anomalies 2004, 44, 51-59 51

Principles of risk assessment for determining the safety of
chemicals: Recent assessment of residual solvents in drugs

and di(2-ethylhexyl) phthalate

Ryuichi Hasegawa', Mutsuko Koizumi', and Akihiko Hirose?
Divisions of 'Medicinal Safety Science and *Risk Assessment, National Institute of Health Sciences, Tokyo, Japan

ABSTRACT  Risk assessment of chemicals is
essential for the estimation of chemical safety, and animal
toxicity data are typically used in the evaluation process,

which consists of hazard identification, dose-response -

assessment, exposure assessment, and risk characteriza-
tion. Hazard identification entails the collection of all
available toxicity data and assessment of toxicity end-
points based on findings for repeated dose toxicity, car-
cinogenicity or genotoxicity and species-specificity. Once
a review is compiled, the allowable lifetime exposure level
of a chemical is estimated from a dose-response assess-
ment based on several measures. For non-carcinogens
and non-genotoxic carcinogens, the no-observed-
adverse-effect-level (NOAEL) is divided by uncertainty
factors (e.g. with environmental pollutants) or safety fac-
tors (e.g. with food additives) to derive a tolerable daily
intake (TDI) or acceptable daily intake (ADI), respec-
tively. These factors include interspecies and individual
differences, duration of exposure, quality of data, and
nature of toxicity such as carcinogenicity or neurotoxic-
ity. For genotoxic carcinogens, low dose extrapolation is
accomplished with mathematical modeling (e.g. linear-
ized multistage model) from the point of departure to
obtain exposure levels that will be associated with an
excess lifetime cancer risk of a certain level. Data for
levels of chemicals in food, water and air, are routinely
used for exposure assessment. Finally, risk characteriza-
tion is performed to ensure that the estahblished ‘safe’
level of exposure exceeds the estimated level of actual
exposure. These principles have led to the evaluation of
several existing chemicals, To establish a guideline for
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residual solvents in medicine, the permitted daily expo-
sure (PDE), equivalent to TDI, of N,N-dimethylforma-
mide was derived on the basis of developmental toxicity
(malformation) and of N-methylpyrrolidone on the basis
of the developmental neurotoxicity. A TDI for di(2-
ethylhexyl)phthalate was derived from assessment of
testicular toxicity,

Key Words: chemical risk assessment, DEHP, guideline for
solvents in medicine, risk assessment

INTRODUCTION

Theophrastus Bombastus von Hohenheim (Philippus Aure-
olus, 1493-1541), better known as Paracelsius, wrote ‘dosis
sola facit venenum': all substances are poisons; there is none
which is not a poison’. In other words, all chemicals can
produce a toxic effect at some level and duration of exposure;
however, the point at which toxicity may occur is unknown
for the majority of chemicals that are utilized in society. The
prediction of health effects of chemicals on the basis of
available toxicity information is called risk assessment.

In the case of pharmaceutical development, candidate
medicines must be tested in healthy volunteers and patients,
and adverse events (toxicity) as well as efficacy must be
thoroughly evaluated before any approval is given. However,
chemicals can not be tested in humans for toxicity evalua-
tion. Therefore, human health effects of agents such as
pesticides, food additives, drug excipients, environmental
chemicals and industrial chemicals must be estimated on the
bases of the results mostly from animal toxicity studies. In
the article presented here, principles of chemical risk assess-
ment are briefly described, and two examples of actual risk
assessment (residual solvents in medicines and a major plas-
ticizer) are introduced, focusing especially on malformations
due to exposure.
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Hazard Identification
Toxicity data collection
Data evaluation

g

Dose-Response Assessment
Derivation of allowable levels for
humans such as TDI, ADI or VSD

JL

Risk Characterization
Risk estimation with present exposure
levels by comparison between
allowable dose and dailv intake

Exposure Assessment
Exposure data collection

Estimation of daily intake

Fig. 1 Process of risk assessment. ADI, acceptable daily intake;
TDLI, tolerable daily intake; VSD, virtually safe dose.

Chemical risk assessment methodology

Risk assessment of chemicals is essential for the estimation
of chemical safety for public health. The process consists of
hazard identification, dose-response assessment, exposure
assessment, and risk characterization (NRC 1983; Faustman
& Omenn 2001). Toxicity assessment (hazard identification
and dose-response assessment) and exposure assessment
are generally conducted independently, and are merged at
the final step, risk characterization (Fig 1). These practices
include data collection, evaluation, and assessment, but are
not necessarily the conduct of laboratory experiments, When
the information is insufficient for risk assessment, additional
research may be recommended.

Hazard identification

The first step entails the collection and evaluation of the
available toxicity data. All information should be obtained
from peer reviewed articles and if available, from pertinent
reviews. Major toxicity endpoints such as short-term and
long-term repeated dose toxicity, carcinogenicity, genotox-
icity and reproductive/developmental toxicity are assessed.
Other toxicity-related information, such as acute effects, irri-
tation (in the eyes and skin), skin sensitization, toxicokinet-
ics (absorption, distribution, metabolism and excretion),
structure-activity relationships, and mode of action are also
important to understand the toxicity profile of chemicals,
Based on the available data, a no-observed-adverse-effect-
level (NOAEL) or a lowest-observed-adverse-effect-level
{LOAEL) for each endpoint is established, and judgment of
genotoxicity andfor carcinogenicity is concluded. The fol-
lowing two important issues should be taken into account.

Evaluation of carcinogericity in humans

Epidemiological information is the most important data
source for assessment of human health, and is mainly
derived from the following three kinds of studies:

R. Hasegawa et al,

1 Cross-sectional studies (relationship analysis between
exposure and disease at a single time point in a specified
population);

2 Cohort study (prospective examination of disease inci-
dence in exposed and nonexposed populations); and

3 Casc-control study (retrospective examination of exposure
in disease-bearing and non-bearing populations).

Based on this information, in addition to animal carcinoge-
nicity data, the IARC (International Agency for Research on
Cancer) classifies chemicals into the following groups:

Group 1: Carcinogenic to humans;

Group 2A: Probably carcinogenic to humans;

Group 2B: Possibly carcinogenic to humans;

Group 3: Not classifiable as to its carcinogenicity to
humans; and

Group 4: Probably not carcinogenic to humans,

The US EPA (Environmental Protection Agency) and the
EC (European Commission} also have their own classifica-
tions into Groups A, B, C, D and E; and Categories 1, 2 and
3, respectively.

Such official conclusions regarding human carcinogenesis
should be considered as key elements in hazard identifica-
tion, in addition to separate full data analyzes of both epide-
miological and animal carcinogenicity studies,

Animal toxicity cannot always be extrapolated to humans
Toxicity observed in some specific animal may not occur in
humans. If the toxic mechanism was evidenced not to take
place in humans, it could preclude the extrapolation to
humans. Three typical examples are described below,

1 Rodents (rats and mice) are much more sensitive to
peroxisome proliferators (fibrates, phthalates, etc.) than pri-
mates (cynomolgus monkeys and marmosets) and guinea
pigs (JARC 1995). Peroxisome proliferation takes place via
binding to a PPAR-o (peroxisome proliferator activated
receptor-o) and no liver tumors have been induced by strong
peroxisome proliferators in PPAR-& knockout mice (Peters
etal, 1997; Ward et al. 1998). The m-RINA expression of
PPAR-¢ in the livers of humans and guinea pigs is much
lower than in the livers of rats and mice. Based on recent
results from molecular biological studies the JARC re-clas-
sified di(2-ethylhexyl) phthalate (DEHP) from Group 2B to
Group 3 in 2000 (IARC 2000).

2 o,y-Globulin-related renal damages and tumors are
male rat specific (Schnellman 2001). The protein is only
produced in the male rat liver, appears in the blood and is
excreted via the urine. When a chemical that can bind to -
globulin is present in the blood, complexes are formed and
reabsorbed to proximal epithelial cells in the kidneys after
glomerular filtration. In epithelial cells, they become incor-
porated into lysosomes and accumulate over time due to



Chemical risk assessment and recent examples 53

retarded degradation, leading to proximal tubular necrosis
and finally tumors. Antibody-immunostaining can confirm
this toxic mechanism. The most typical examples are
unleaded gasoline, 2,2 4-trimethylpentane, d-limonene, lin-
dane and 1,4-dichlorobenzene.

3 It is generally considered that thyroid hormone levels
in humans are insensitive to chemical exposure, whereas in
animals, especially male rats, they are extremely sensitive
(Capen 2001). There are at least two major reasons. First,
humans, monkeys and dogs have thyroxine-binding globulin
in the blood, whereas rats, mice and chickens do not. Thus,
rapid reduction of thyroid hormone levels in the blood can
occur in the latter group, stimulating the release of thyroid
hormone and leading to thyroid hypertrophy when hepatic
metabolizing enzymes are induced. Secend, thiourea and
aniline derivatives inhibit thyroperoxidase in the thyroids of
rats, mice and dogs, but not in humans, non-human primates
and chickens.

Dose-response assessment

It is generally believed that there are two types of dose-
response profiles. In one, toxic effects do not occur below a
certain dose (i.e. threshold). In another, effects occur until
the dose level reaches zero (i.e. non-threshold). Allowable
lifetime exposure levels to a chemical at which no apprecia-
ble heatth risk would be expected over a lifetime are esti-
mated via the different approaches for threshold and non-
threshold cases.

For threshold cases, the NOAEL is divided by uncertainty
factors (UF) or safety factors (SF) to derive a tolerable daily
intake (TDI) or acceptable daily intake (ADI), respectively,
as follows:

NOAEL

=TDI/ADI
UF/SF /

Usually, UF and TDI are used for undesirable chemicals,
such as environmental pollutants and industrial chemicals,
whereas SF and ADI are applied for permissible chemicals
such as pesticides and food additives. However, UF and SF,
TDI and ADI have basically the same meanings. UF/SF
includes 5 variation components: interspecies differences;
individual (intraspecies) differences; duration of exposure;
quality of data; and nature of toxicity.

Interspecies differences

A factor of 10 or a body surface correction is used. Although
it is generally difficult to compare toxicity levels between
humans and experimental animals, information 1is available
derived from cases in which anticancer drugs have been used
for chemotherapy because they are administered up to dose
levels, at which severe toxicity (the maximum tolerable)
appears in patients. Data on 18 anticancer drugs in humans
and from experiments with animals (rats, mice, hamsters,

dogs and monkeys) showed that dose levels that induced the
maximum tolerable effects were the same in humans and
animals when the doses were expressed as mg/m’ body sur-
face area (Freireich ef al. 1966). According to the following
formula, the differences of body surface area/body weight
between humans and animals are given as (human body
weight)!”/(animal body weight)"? (Freireich et al. 1966) as
shown below:

Bedy Surface _ K ( 2/ )
Body Weight 10° x w2 /&
Animal (surface/weight) _Wh"?
Human (surface/weight) ~ Wa'?

K is the correction factor (approximately the same in humans
and animals); W is body weight (g); Wh is human body
weight; and Wa is animal body weight.

For example, the human dose by body surface correction
can be derived by dividing the animal dose {mg/kg body
weight) by 11.4 (60000'°/40'®) for mice, 5.6 (60000'%/350'%)
for rats, 2.7 (60000**/3000"%) for monkeys, and 1.8 (60000"%/
10000'®) for dogs, when the body weights are 60 kg for
hurnans, 40 g for mice, 350 g for rats, 3 kg for monkeys, and
10 kg for dogs.

Individual differences
A factor of 10 has been commonly used from empiric
findings.

Duration of exposure

Concerning the lifetime exposure, a 2-year period for rat and
mouse studies for repeated dose toxicity is required. For
shorter periods, factors of 2 for 1 year, 5 for 6 months and
10 for 3 months are applied.

Quality of data

If there is insufficient data for a NOAEL to be established,
a lack of sufficient information in the literature, or a small
number of animals, a factor of up to 10 is applied on the
judgment of toxicological experts.

Alternatively, a benchmark dose approach might be used
if a NOAEL is not established (Crump 1984). Figure 2 illus-
trates the benchmark dose approach for a 10% response.
First, a dose-response curve is obtained by the application
of curve-fitting technology (mathematical dose-response
model) to experimental data. Second, an estimated dose for
a certain incidence of toxicity or a certain percentage change
in a toxicity parameter, and the lower confidence limit dose
with 90-99% confidence are obtained. The latter value is a
benchmark dose. A 5% incidence is usually applied for devel-
opmental toxicity and a 10% change (increase or decrease)
is applied for other toxicity parameters mostly with 95%
confidence limits. Advantages of the benchmark dose
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Fig. 2 Illustrated benchmark dose (BMD).

approach are: (1) its comparability to NOAEL (Farland &
Dourson 1992; Allen et al. '1993); (ii) inclusion of the full
dose—response curve and variability (number of animals and
confidence limit); and (iif) generation of a realistic value
because it is within the experimental range versus extrapo-
lation from a high to a low dose. Regarding disadvantages,
the benchmark dose approach is not generally applied to
pathological changes because these may appear with various
levels of severity and the diagnosis may change as the disease
progress. The computational program compiled by US EPA
can be dewnloaded from http://www.epa.gov/ncea/bmds.htm

Nature of toxicity

A factor of 10 is used for non-genotoxic carcinogenesis,
neurotoxicity with pathological changes and malformations
without maternal toxicity.

For non-threshold cases (genotoxic carcinogenesis), low
dose extrapolation is accomplished with mathematical mod-
eling (e.g. linearized multistage model) from the point of
departure to obtain exposure levels that will be associated
with an excess lifetime cancer risk of a certain level (gener-
ally 1 in 100 000). Usually, the lower confidence limit (95%)
for the estimated dose level is called the virtually safe dose
(VSD).

Exposure assessment

Measurement data for chemicals in food, water and air, are
routinely used for exposure assessment. A ‘market basket’
methodology is often applied for estimating exposure
through the food in the general population. Chemical anal-
ysis of outdoor and indoor air can be conducted, but it is
very difficult to obtain constant and reliable values because
winds can cause large fluctuations, and target sites and rooms
can differ. Although chemical contents in drinking water can
be determined in an easy and stable manner, the exposure
altocation compared to other media is generally very low
except with high contamination for a specific reason.

R. Hasegawa et al,

Occupational exposure might provide the highest levels
where sufficient protection is not in place, although the expo-
sure data may not be generally available because they are
not in the public domain.

Risk characterization

Finally, risk characterization is performed to ensure that the
allowable lifetime exposure level exceeds the estimated level
of exposure. Generally, practical safe levels of chemicals in
food, air, water and household materials are established by
regulatory authorities on the basis of TDI, ADI or VSD, If
the estimated/measured levels exceed the safe level, regula-
tory action may be conducted case by case, concerning the
excess and duration. This action is not a part of risk assess-
ment but rather risk management.

Risk assessment is not simple because several complicat-
ing factors may be present and the political situation may
interfere with the results. As recent international activities,
Toxic Equivalent Factors (TEFs) and a TDI of dioxins have
been established {van den Berg et al. 1998; WHO 1998;
JECFA 2002) and revision of the WHO drinking water qual-
ity guideline is now in its final stages (WHO 2003). With
these toxicity assessments, the above principles were used.
New approaches such as subdivision of uncertainty factors
into kinetics and dynamics (EHC 1994; Renwick & Lazarus
1998), application of benchmark dose for extrapolation of
carcinogenesis assessment (US EPA, 2003) instead of math-
ematical models (such as a linearized multistage model), and
margin of exposure or safety (Faustman & Omenn 2001),
however, are also now being applied. As for Japanese risk
assessment activities, we have contributed to the establish-
ment of a Japanese drinking water standard (MHLW Japan
2003), with a proposal for risk assessment for drinking water
contaminants (dichioroacetic acid, 3-chloro-4-(dichlorome-
thyl)-5-hydroxy-2{5H)-furanone [MX], formaldehyde and

_methyl tertiary-butyl ether [MTBE]) (Hasegawa et al. 1999;

Hirose et al. 1999, 2001, 2002), and establishment of a TDI
for dioxins (Hirose ef al. 1998) and phthalates (Koizumi
et al. 2000, 2001b, 2002b). We have also conducted infant
toxicity studies on 18 chemicals to compare toxicity levels
and profiles between infants and young animals, We have
already reported outcomes of detailed evaluation of data for
four chemicals (Kotzumi et al. 2001a, 20024, 2003) and are
now processing the other data that has been obtained. These
analytical] conclusions should provide valuable information
on what UF/SF is sufficient or appropriate for dose~response
assessment in view of child health.

Example 1: Derivation of permitted daily exposure
(PDE) of residual solvents in drug materials

and products

As one activity of ICH (International Conference on Harmo-
nization of Technical Requirements for Registration of
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Table 1 Key permitted daily exposure derivation and overall assessment for N,N-dimethylformamide

Teratogenicity study data (Hass er al., 1994) and PDE derivation

Method
period.
Results

Russian rabbits were given 46.4, 68.1 or 200 mL/kg during the organogenic

There was no increase in uterine deaths but decreased fetal weight was noted

at 200 ml/kg along with hydrocephalus at 68.1 and 200 mL/kg, as well as
umbilical hernia at high dose.
No maternal effects at 68.1 mL/kg

NOAEL

PDE calculation

46.4 mL/kg

PDE =

46.4 mL/kg = 46.4 x 0.9445 = 43.8 mg/kg
43.8 x50

=8.76 mg/day

2.5x10x1Ix10x1

N F1: 2.5 used for species differences from rabbits
F4: 10 used for malformations without maternal toxicity

Overall assessment
IARC
Genotoxicity
Carcinogenicity (no tumors)
Reproductive/developmental toxicity

Not classifiable as to its carcinogenicity to humans (Group 3)

Negative results in in vitro studies (six reports)

Rat PDE (oral} = 30 mg/day

Rabbit PDE (gavage) = 8.8 mg/day, rabbit PDE (skin) = 400 mg/day, rat

PDE (skin) = 1200 mg/day

General toxicity
Human data
Conclusion

Rat PDE (djet) = 14.1 mg/day, rat PDE (ip) = 56.7 mg/day
No chronic data available
PDE = 8.8 mg/day based on generation of malformations

IARC, International Agency for Research on Cancer; NOAEL, no-observed-adverse-effect-level; PDE, permitted daily

exposure.

Pharmaceuticals for Human Use), a guideline for residual
solvents in drug materials and products was established on
the basis of PDE derivation (Connelly et al. 1997) and is
presently in the process of maintenance. To derive a PDE, a
TDI approach in chemical risk assessment has been used
because there is no risk assessment concept for medicines
and genotoxic materials are not basically permitted for use
in humans. The following equation is applied with a modi-
fying factor (MF) instead of a UF.

NOAEL x Body Weight
MF

MF consists of F1 (interspecies differences), F2 (individual
differences), F3 (duration of exposure), F4 {nature of toxic-
ity) and FS (quality of data). For F1, only a body surface
correction is applied. For F4, a factor of 1 is applied to
reproductive toxicity with maternal (general) toxicity, 5 to
reproductive toxicity without maternal toxicity and malfor-
mations with maternal toxicity and 10 to malformations
without maternal toxicity. The benchmark dose approach is
not applied to F5. 50 kg is employed as the body weight for
patients.

PDE = (mg/day)

As one example of 52 PDEs established in 1997, Table 1
shows PDE derivation for N,N-dimethylformamide from the
data of developmental toxicity study (Merkle & Zeller
1980). Because malformation (hydrocephalus) without
maternal toxicity was observed in a rabbit study, factors of
2.5 and 10 were used for F1 and F4, respectively. From the
overall assessment, the PDE was concluded to be 8.8 mg/
day, as the lowest of all calculated values.

A maintenance process has been used since 1999 for
unrecognized or new information to established PDE or new
solvents. In late 1999, reproductive/developmental toxicity
data for two solvents were submitted to and assessed by the
ICH expert working group, and one PDE was revised (Con-
nelly et al. 2003). Table 2 gives an assessment summary of
newly submitted data for N-methylpyrrolidone. A rat devel-
opmental inhalation study showed a lowering of body
weight in offspring up to 5 weeks after birth and impairment
of higher cognitive functions at 150 p.p.m. (Hass efal.
1994). This study was conducted at only a single dose level
but sufficient neurotoxicity examinations were performed.
The toxicity is potentially serious because it is unclear if it
is permanent or reversible. Furthermore, it is not determined
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Table2 Assessment of developmental neurotoxicity for N-methylpyrrolidone

Items Developmental toxicity study data (Hass er al., 1994) and permitted daily exposure derivation

Method Wistar rats were exposed by inhalation to 150 p.p.m. for 6 h/day, daily from days 7-20 of gestation and
were then allowed to litter.

Toxicity No maternal toxicity was detected and litter size was unaffected by the treatment.

Abnormalities No physical abnormalities were described. The offspring were reduced in body weight, the difference
being statistically significant up to week 5 after birth.

Development Pre-weaning development was impaired as was higher cognitive function related to solving of difficult
tasks. Basal function of the central nervous system was normal and there were no effects on
learning of low grade tasks.

NOAEL Not established.

. x%99.3
PDE calculation 150 ppm = 1524—45— =608.16 mg/m? = 0.608 mg/L
.608
For continuous dosing = 0.608x6 24x 6 =0.152mg/L
152
Daily dose = 0.152 250 =133.58 mg/kg
0.33
58 % 50
PDE = —222 =5.3 mg/day

T Sx10X1x5%5

F4: 5 used for impairment of only higher cognitive function of offspring
F5: 5 used for NOAEL not being established

NOAEL, no-observed-adverse-effect-level, PDE, permitted daily exposure.

if the delayéd development could be due to the lower body
weight of the pups. However, the expert working group
decided to be cautious in its interpretation and safety
decision.

Ethylene glycol is a solvent that induces renal toxicity at
low dose, and malformation and acute toxicity at high dose.
Although a PDE of 6.2 mg/day on the basis of malformation
was established in 1997, a higher value was proposed on
metabolic consideration. The metabolic pathway described
in Fig. 3 shows that the step from glycolic acid to glyoxylic
acid catalyzed by lactate dehydrogenase is rate-limiting,
meaning that high dose induce accumulation of glycolic
acid, leading to skeletal malformation. In fact, glycolic acid
may accumulate above 200 mgkg BW for mice and
1000 mg/kg BW for rats, which were related with the
increased incidences of skeletal malformation in mice and
rats, respectively. (Neeper-Bradley et al. 1995; Frantz er al.
1996). However, there is a possibility of higher sensitivity
of lactate dehydrogenase to glycolic acid in humans than
mice and we were therefore not able to accept a proposal of
a higher PDE. If sufficient evidence for an inhibitory profile
in humans were provided, metabolic consideration could be
taken into account for risk assessment. This is an example
of risk assessment for malformations concerning metabolic
characteristics.

Aleohel dehydrogengse Aldehyde dehydrogenase

Ethylene glycol —— Glycoaldehyde s—————» Glyoxal (Jabile}

Oxidation Rapid
Lactate dehydrogenase
Formic acid e Glyoxylit acid Glyeolic acid
(labile} rate limiting step
at 200 - 1060 mg/kg
COa Onalic acid
Malformation
Nephrotexicity as calcium oxalate Acute toxicity

Fig.3 Metabolic pathway of ethylene glycol.

Example 2: Establishment of a TDI for di(2-ethylhexyl)

phthalate (DEHP) based on reproductive/developmental

toxicity

Many kinds of phthalate esters have long been used as plas-
ticizers. Among them, DEHP is the highest production vol-
ume chemical, found in various kinds of media. In 2001, the
Division of Food Testing at our Institute reported extremely
high amounts of phthalate esters, especially DEHP, to be
present in certain cooked foods from convenience stores
(Tsumura et al. 2001). Because the average amount of
DEHP was 1700 g in one Japanese style lunch package, the
cause of contamination was examined. As the result, polyvi-
nyl chloride gloves containing DEHP used in the final stage
of food packing in factories were implicated.



Chemical risk assessment and recent examples 57

It has been clearly shown that DEHP has two major tox-
icities, causing hepatic tumors and reproductive/develop-
mental toxicity, at least in rodents. Hepatic tumors are
excluded from the derivation of TDI, as the JARC (2000}
concluded that hepatic tumor due to DEHP in rodents is
not relevant to other animal species, including humans
(Class 2B to 3), because of the association with peroxi-
some proliferation. Other toxic effects of DEHP can be
divided into four regarding endpoints: (i) changes in male
reproductive organs; (ii) alteration in female reproductive
organs; (iii) reproduction toxicity; and (iv) developmental
anomalies. As for male reproductive organs, the most criti-
cal toxicity data in rat testes give a NOAEL of 3.7 mg/kg/
day in juveniles (Poon et al. 1997). It was reported that
suppression of ovulation, disruption of estrus cycle and low
plasma 170-estradiol concentration occurred only at high
dose level of DEHP in a single dose study (Davis ef al.
1994), A NOAEL of 419 mg/kg/day for female reproduc-
tive organ toxicity was provided by Poon etal. 1997
Among a series of reproductive studies with continuous
breeding in US NTP, a CD™' mouse study showed the low-
est NOAEL of 14 mg/kg/day (Lamb et al. 1987). Malfor-
mations such as hydrocephalus, cleft palate and skeletal
malformation were found (Shiota etal. 1980) and a
NOAEL of 44 mg/kg/day for developmental toxicity was
apparent (Tyl et al. 1988).

The TDI was derived from dividing the NOAEL by a UF
of 100 because the experimental conditions were sufficient
for quality of data in all four cases, values for each endpoint
being derived as follows:

1. Male reproductive organ toxicity

NOAEL: 3.7 mg/kg/day — TDI: 40 pg/kg/day
2. Female reproductive organ toxicity

NOAEL: 419 mg/kg/day — TDI: 4.2 mg/kg/day
3. Reproduction toxicity

NOAEL: 14 mg/kg/day — TDI: 140 pg/kg/day

4. Effect on Development
NOAEL: 44 mg/kg/day — TDI: 440 pg/kg/day

As to specific characteristics of DEHP, it is well known that
there are strong species differences regarding testicular tox-
icity. DEHP caused severe seminiferous tubular atrophy of
testes in rats and guinea pigs, and weak seminiferous tubular
atrophy in mice, but none in hamsters (Gray e al. 1982). In
two studics using marmosets and cynomolgus monkeys, no
testicular toxicity was apparent (Kurata er al. 1998, Pugh
et al. 2000). Considering these species differences, the Jap-
anese government concluded a TDI of DEHP ranging from
40 to 140 pg/kg/day because it was unclear why the com-
pound did not induce testicular toxicity in monkeys and
whether this was relevant to humans (Koizumi et al. 2000,
2001b). As the exposure level of DEHP (118 pg/kg/day) in
the worst case scenario exceeded the TDI, it was decided to
ban the use of polyvinyl chloride gloves containing DEHP
for food treatment.

At the same time, Gray et al. (2000) reported abnormali-
ties of male reproductive organs to be observed in male
offspring with exposure to several phthalate esters (500 or
750 mg/kg/day), but not to dimethyl or diethyl phthalates,
from day 14 of pregnancy to lactation day 3 (Table 3). A
NOAEL of 50 mg/kg/day for only di(n-butyl) phthalate was
established from dose-response experiments (Mylchreest
et al. 2000) before the establishment of any TDI for DEHP
in Japan. Then, the 42nd Annual Meeting of the Society of
Toxicology, Gray et al. (2003) described that slight antian-
drogenic effects such as shortening of the anogenital dis-
tance and lowering of reproductive organ weights were
observed at even 11 mg/kg/day of DEHP with maternal
exposure from day 8 of pregnancy to post natal days 63-65.
These seem more critical parameters than juvenile testicular
toxicity. However, Gazouli et af. (2002) reported that DEHP
can lower testosterone production in vive via reduction of
peripheral-type benzodiazepine receptor (PBR) expression

Table3 Effects of phthalate esters on male offspring with exposure between late gestation to early lactation

Chemicals Dose (mg/kg/day) Effects on reproductive organs of male offspring Reference
DMP 500 or 750 No effects Gray et al. (2000)
DEP 500 or 750 No effects Gray et al. (2000)
DBP 50 No effects Mylchreest et al. (2000)
DBP 100~ Areola and nipple appearance Mylchreest et al. (2000)
DBP 250~ Hypospadias, cryptorchidism and atrophy of accessory organs ~ Mylchreest e al. (2000)
DBP 500 or 750 Abnormal reproductive organs and cryptorchidism Gray et al. (2000)
DEHP 500 or 750 Abnormal reproductive organs and cryptorchidism Gray er al. (2000)
BBP 500 or 750 Abnormal reproductive organs and cryptorchidism Gray et al. (2000)
DINP 750 Slightly abnormal reproductive organs Gray et al. (2000)

BEP, n-butylbenzyl phthalate; DBP, di(n-butyl) phthalate; DEP, diethyl phthalate; DINP, di(iso-nonyl) phthalate; DMP,

dimethy] phthalate.
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in Leydig cells of the wild type mouse testis but it did not
exert this effect in PPARa knockout mice. Therefore, there
is a possibility that this antiandrogenic effect is rodent spe-
cific and would not take place in humans. The possible
mechanisms underlying species differences should be clari-
fied by further research. _

As described above, species differences should need to be
carefully considered for DEHP risk assessment, taking spe-
cial account of appropriate mechanistic information.
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