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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

BIOMARKER DATA ARE BECOMING INCREASINGLY important in
evaluating the impact of human environmental and occupational exposure
to pesticides. In this volume, we distinguish between two basic types of
biomarkers: first, residue analysis (of parent compound or metabolites)
in easily sampled matrices, and second, endpoints that represent interac-
tions between the xenobiotic and endogenous components (e.g., enzyme
inhibition, protein adducts, receptor complexes, antibody—antigen com-
plexes, and mutation). Both types are used in biomonitoring studies to
more fully assess exposure, and both are addressed in the chapters in this
book.

Exposure assessment typically has been a weak link in the assessment
of risk for all chemicals, including pesticides. Exposure biomarkers are
important for two general reasons. These endpoints provide evidence
that exposure has occurred, resulting in absorption by the body; also these
endpoints provide the data that may be compared to exposure measure-
ments and analyzed through pharmacokinetic modeling to estimate target
tissue dose and risk. In addition, biomarkers provide a measure of
integrated exposure, that is, exposure that occurs by all routes into the
body. Our capabilities in effectively using biomarker data are in their
infancy, but advancing. We now recognize that in most cases, biomoni-
toring data are not an end in themselves for estimating exposure, but they
complement relevant environmental measurements. Biomonitoring data
will be valuable in making associations with health effect and risk of
adverse outcome.

The symposium on which this book is based focused on the range of
activities needed to bring an exposure biomarker full circle in its useful-
ness. In this volume, the molecular basis for particular biomarker
methods is characterized, including structure—activity relationships, to
gain the basic understanding of the marker required before it can become
tested in the field. Some of the biomarker measurement methods that are
currently being addressed and applied by the research community are sur-
veyed. Finally, methods for biomarker data analysis and the application
of these methods to risk assessment are discussed.
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Chapter 1
Biomonitoring for Pesticide Exposure

C. H. Nauman!, John A. Santolucito?, and Curtis C. Dary!

IExposure Assessment Research Division, Environmental Monitoring
Systems Laboratory, U.S. Environmental Protection Agency, P.O. Box
93478, Las Vegas, NV 89193-3478
2Harry Reid Center for Environmental Studies, University of Nevada, Las
Vegas, NV 89154—4009

The biological monitoring of pesticide residues and
metabolites is becoming increasingly important in the
surveillance of occupationally and environmentally
exposed individuals. Detection of these compounds in the
body indicates that an exposure has occurred; that the
pesticide is bioavailable, having been absorbed; and that
a dose to critical tissues may have been incurred.
Biomarker methods such as for adducted proteins or
nucleic acids are being investigated for some pesticides.
However, the chemical analyses of readily sampled
matrices, such as urine and blood, for parent compound
and/or metabolite(s) remain the standard tools of the
trade. Methods are becoming more sensitive as advances
are made in analytical instrumentation systems. Immuno-
chemical methods are being developed and emphasized
for screening purposes, as well as for an enhanced
sensitivity and the potential to detect parent compound
and multiple metabolites through selective cross-reactivi-
ty. When initiating the biomonitoring component of an
exposure assessment for pesticides an array of decisions
must be made, primarily based on what is known about
the metabolism of the pesticide of interest. Detectability
of pesticide exposure depends upon selecting the most
appropriate biological matrix, the dominant analyte(s) in
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2 BIOMARKERS OF HUMAN EXPOSURE TO PESTICIDES

that matrix, and the timing of sample collection relative
to exposure. Useful analytical results are dependent on
proper handling and storage of biological samples, as well
as the availability of sensitive analytical methods. These
factors, currently known biomonitoring approaches, and
the results of selected recent biomonitoring studies are
presented.

Biological monitoring, the routine analysis of human tissues or excreta for direct or
indirect evidence of exposure to chemical substances (I), increasingly is being
employed for all classes of compounds, including pesticides. Biomonitoring data
complement occupational and environmental monitoring data (e.g., personal exposure
measurements, ambient and microenvironmental measurements, as well as human
activity pattern information) in reducing the uncertainty inherent in any assessment of
exposure or risk. The U.S. Environmental Protection Agency’s Office of Research and
Development, under the Human Exposure and other planning issues, currently is
emphasizing the collection and use of biomonitoring data in field monitoring programs.

The critical piece of information provided by biomonitoring data for any
pesticide (or other) exposure situation is that of the bioavailability of the compound of
concern -- i.e., the completeness of absorption of a substance from environmental
media (2). Bioavailability can be documented only if the index of exposure (parent
compound, metabolite, adduct, enzyme, etc.) can be measured at a level that is
significantly above any background level occurring in the body.

Background or reference levels of pesticides are known to be elevated in human
tissues and fluids (3,4). This is especially true for pesticides to which exposure is
continuous, such as pentachlorophenol (PCP), and for pesticides that bioaccumulate and
are excreted slowly, e.g., hexachlorobenzene (HCB) and dichlorodiphenyltrichloroet-
hane (DDT). The potential for bioaccumulation for a pesticide can be predicted from
its Log K, value (5,6).

As with other classes of compounds that are ubiquitous in our environment, the
distinction between occupational and environmental (nonoccupational) exposure to
pesticides is being blurred: homeowners increasingly are using pesticides outside the
home (7), and are being exposed to pesticides used inside the home for insect control
(8). Other environmental sources may be more significant than previously imagined:
numerous insecticides and herbicides have been detected in fog, and in the rain falling
on both agricultural and urban locations (9, 10), indicating that significant volatilization
of these compounds occurs following application. Recent studies with a variety of
classes of common, high-use pesticides indicate that volatilization can be highly
significant, and is dependent upon temperature and the type of tillage employed (11-
13). Additionally, the general population is exposed, more or less, to pesticides used
on home lawns and gardens, at public golf courses, from roadside applications to
maintain utility line access, etc. Although environmental exposure to pesticides for the
general population appears low relative to occupational exposures (I4), multiple
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1. NAUMAN ET AL.  Biomonitoring for Pesticide Exposure 3

sources are now known to contribute to background levels that may be measured in all
humans. Data from the Second National Health and Nutrition Examination Survey
(NHANES 1II; samples collected 1976-1980) indicate almost universal exposure of the
general population to certain pesticides such as DDT, and that most people are not
occupationally exposed (15).

In instances where reference levels are exceeded, and no other exposure data
are available, biomonitoring data are useful in documenting only that (excess) exposure
has taken place at some time. However, often pharmacokinetic (PK) modeling
approaches can be used to analyze biomonitoring data. PK models potentially can be
used to estimate what the exposure level has been, especially if the exposure regimen
(e.g., continuous over a known time period) is known (6, 16, 17), or if the half-life
in the body is known (18). Development of this capability is of critical importance,
and will greatly enhance the value of biomonitoring data. Biomonitoring data also may
be evaluated via PK models to estimate dose of the parent compound or metabolite in
other tissues (19). If these are critical or target tissues, the data may be more closely
associated with adverse effect, and thus useful in estimating health risk.

Classification and Use of Pesticides

A classification of pesticides that represent past or present significant usage is
presented in Table I. All major classes include pesticides that have been and/or are
of interest for biomonitoring. This classification scheme is instructive as similar
analytical procedures and protocols for the analysis of parent compound or metabolite
tend to be applicable within various groupings of pesticides.

Uses of pesticides classified by this scheme are not indicated; however, useful
generalizations can be made. Organophosphorus and organochlorine compounds tend
to be insecticides; some organochlorines serve as fungicides. There are significant
numbers of both insecticidal and herbicidal carbamates, with a few having use as
fungicides. The chlorophenoxy and related acids all are herbicides. Among the
miscellaneous pesticides listed in the table, most are herbicides (acetanilide, amide,
bipyridyl, carboxylic acid, dinitroaniline, diphenyl ether, imidazolinone, phenylurea,
phosphonic acid, sulfonylurea, triazine, triazole). Most benzonitriles also are
herbicides, but one (chlorothalonil) is a fungicide. The pyrethroids, inorganic and
organic fumigants, and formamidine are insecticides, while the organometallic and
phthalimides are fungicides.

Some of those in the miscellaneous category represent the most heavily used
compounds. For example, in recent years Atrazine and Alachlor have been the two
most heavily used herbicides in the United States (20); herbicides are much more
heavily used in the United States than either insecticides or fungicides (21).

Multianalyte methods are available for some of the classes indicated. For
example, the organochlorines often can be picked up in a single GC run (22, 23), as
can most of the dialkylphosphorus metabolites of the organophosphorus pesticides (24,
25). However, many compounds require individual efforts, and many of the recently
recognized metabolites demand analysis via LC due to thermal instability.
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Table I. General Classification of Pesticides

Organophosphorus Compounds
- Phosphate esters (P=0) -- e.g., Dicrotophos,
Methamidophos, Mevinphos, Phosphamidon
- Phosphorothiocate esters (P=S) -- e.g., Chlorpyrifos,
Diazinon, Malathion, Terbufos

Carbamates -- e.g., Carbaryl, Chlorpropham, Propoxur
- Thiocarbamates -- e.g., Butylate, Thiobencarb
- Dithiocarbamates -- e.g., Metham-sodium, Thiram
- Ethylenebisdithiocarbamates -- e.g., Maneb, Metiram

Organochlorines

- Dichlorodiphenylethanes (and analogs) -- e.g., DDT,
Dicofol, Chlorobenzilate, Methoxychlor

- Cyclodienes -- e.g., Chlordane, Dieldrin, Endrin,
Heptachlor, Toxaphene

- Chlorinated benzenes and cyclohexanes -- e.g., Hexa-
chlorobenzene (HCB), Pentachlorophenol (PCP),
Hexachlorocyclohexanes (HCHs)

- Caged structures =-- e.g., Chlordecone, Mirex

Chlorophenoxy Acids -- e.g., 2,4-D, Diclofop, MCPA, Silvex

Miscallaneous
Acetanilides -- e.g., Alachlor, Metolachlor
Amides -- e.g., Monalide, Propanil
Benzonitriles -- e.g., Bromoxynil, Chlorothalonil
Bipyridyls -- e.g., Diquat, Paraquat
Carboxylic acids -- e.g., Chlorthal, Dicamba
Dinitroanilines -- e.g., Pendimethalin, Trifluralin
Diphenyl ethers -- e.g., Bifenox, Diclofop
Formamidines -- e.g., Chlordimeform
Imidazolinones -- e.g., Imazethapyr
Inorganic fumigants -- e.g., Phosphine
Organic fumigants -- e.g., 1,3-Dichloropropene
Organometallics -- e.g., Agrosan
Phenylureas -- e.g., Diuron, Linuron
Phosphonic acid -- e.g., Glyphosate
Phthalimides -- e.g., Captan, Folpet
Pyrethroids -- e.g., Permethrin, Cypermethrin
Sulfonylureas -- e.g., Chlorsulfuron, Metsulfuron
Triazines -- e.g., Atrazine, Cyanazine
Triazoles -- e.g., Amitrole, Triadimefon
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1. NAUMAN ET AL.  Biomonitoring for Pesticide Exposure 5

General Biomonitoring Considerations

In planning the biomonitoring component of any pesticide study, decisions must be
made regarding several pertinent options. These considerations are noted in Table II.

Table II. Biomonitoring Considerations

Most appropriate biological matrix.

Timing of sample collection relative to exposure.
Most appropriate analyte(s).

Sample handling and storage.

Most appropriate analytical method(s).

SRR

The first three of these considerations reflect the importance of an understand-
ing of pesticide pharmacokinetics in planning any biomonitoring study. Initial planning
also should include a full consideration of the quality assurance needed in all aspects
of the anticipated study, which is reflected across the last two above considerations.

Biological Matrix. Urine and/or blood have been the media of choice in most field
studies. Urine, of course, is the most easily obtained, although it must be refrigerated
quickly after voiding to prevent biological and/or chemical degradation of analytes of
interest, and it can impose matrix interference effects during analysis. Many studies
have used grab samples of urine (e.g., first morning void), as a matter of convenience,
and as a way of potentially obtaining the highest concentration of desired analyte. A
complete twenty-four hour sample will provide more information concerning the
amount of exposure encountered, and this type of information will be much more
useful in any assessment of exposure or intake (dose), or risk that may be needed.

The choice of matrix may be influenced by the practicalities of when samples
may be obtained, as discussed below. Blood is an excellent medium for monitoring
the parent compound of (especially the lipophilic organochlorine) pesticides.
Depending largely on the chemical class of pesticide, partitioning of analytes may be
predominantly to plasma/serum, to formed elements, or both. Thus a decision is
required regarding the handling of blood samples shortly after drawing the blood and
prior to preservation and shipment to the analytical laboratory. In a practical sense,
analysis of whole blood samples is problematic due to the interferences introduced by
red cells. In practice, plasma or serum is almost always the medium of choice,
although significant amounts of some lipophilic analytes are known to partition to red
cells (26).

Adipose tissue is an appropriate matrix for lipophilic pesticides, although
difficult to obtain except from cadavers. Many organochlorine compounds partition
to the fat stores, and are released to the blood over time. In some cases we now know
the kinetics of this process in humans. For example, the concentration of one
representative organochlorine, chlordecone (mirex), in a controlled clinical study with

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch001

September 8, 2012 | http://pubs.acs.org

6 BIOMARKERS OF HUMAN EXPOSURE TO PESTICIDES

chemical workers who had been occupationally exposed, has been found consistently
in blood at approximately one-seventh of its concentration in adipose tissue (27, 28).
Studies with other organochlorines comparing blood and biopsy adipose samples from
25 patients indicate adipose/blood ratios that vary from 9 to greater than 800 (29).

Through the National Human Adipose Tissue Survey (NHATS), measures of
concentrations of organochlorines have been made on samples taken in the late 1970s
and early 1980s (30, 3I). Many of these samples still are archived. Recent
recommendations from the Committee on Monitoring of Human Tissues of the National
Research Council (2) are that, at least for the purposes of determining levels of
exposure of the general population, the NHATS be replaced with a blood monitoring
program as the primary method of measuring toxic substances in human tissue. For
this and other reasons it may be more advisable to concentrate on measurements in
blood.

For the reasons discussed, blood and urine may remain the matrices of choice
for definitive exposure monitoring studies. However, other matrices such as saliva,
perspiration, and tears are more easily obtained and should be given continued
consideration, particularly to screen for negative samples. These matrices will assume
greater importance with continued development of more cost-effective immunoassay-
and biosensor-based analytical methods.

Timing of Sample Collection. This consideration is critical for episodic exposure to
pesticides that are rapidly eliminated from the body. For those compounds that are
stored in adipose tissue and released slowly and continuously to the blood (e.g., many
of the organochlorines), sampling time is not critical. However, if exposure is periodic
or intermittent, sampling time is critical: all classes of pesticides tend to be cleared
rapidly (within hours) from blood, either to the urine (with or without being
metabolized) or through the feces.

In general, those pesticides and their metabolites that are not sequestered in fat
are cleared from the blood within a few hours, often not being detectable after 12
hours or less. The analysis of blood samples taken after that time will be a waste of
time and money. Exceptions may occur when exposure is predominantly dermal vs
inhalation or ingestion, possibly delaying peak accumulation in blood by as many as
18 hr (e.g., see 32). Clearance of parent compound or metabolite from the urine
usually peaks within 24-48 hr or less, depending on the analyte, and may be detectable
for several more days (33, 34). Again, dermal exposure typically results in delayed
urinary excretion relative to other exposure routes (33). Chances of detection beyond
5 days post exposure are diminishingly small, unless exposure to the pesticide is
ongoing.

If the biomonitoring effort includes physiological or biochemical biomarkers,
the expression of these may indicate a similar or a longer delay after exposure before
sample collection. Biomarker endpoints such as the measurement of cholinesterase
depression; an inducible enzyme such as one of the P-450’s; a gene-tox endpoint such
as sister chromatid exchange, micronucleus formation, chromosome aberration, or
mutation; and nucleic acid or blood protein adduct, are examples of those that may be
expressed optimally at later times.
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1. NAUMAN ET AL.  Biomonitoring for Pesticide Exposure 7

Appropriate Analytes. Selection of appropriate analyte(s) requires a knowledge of
the metabolism of the particular pesticide of interest. In most cases the parent
compound is the predominant analyte encountered in blood. Metabolism of the parent
compound occurs mostly in the liver with elimination through urine or feces, with no
or very low levels of metabolites occurring in blood. In some cases the parent
compound also is excreted unchanged in the urine (e.g., phenoxyacid herbicides), or
in the feces (e.g., organochlorines), but for many pesticides metabolites are the
predominant species encountered in the urine (e.g., alkyl phosphates from organophos-
phorus compounds, or mercapturates from acetanalides). Lipophilic pesticides such
as the organochlorines are excreted largely through the feces. Naturally, the chances
of documenting exposure through biomonitoring are enhanced if one is aware of the
chemical species that will appear in highest concentration in the most appropriate
biological medium, and is able to measure that compound.

Sample Handling. Urine samples should be quickly refrigerated after collection to
prevent bacterial or chemical degradation of target analytes. Freezing of urine samples
at minus 20° C prior to shipment to the analytical laboratory is preferred. Storage at
minus 70-80° C at the laboratory is needed if significant time will elapse prior to
analysis.

Blood is collected in tubes with or without anticoagulant. Handling of these
tubes consistently should follow prescribed protocols, depending on which fractions
(serum, plasma, red cells) are needed. Freezing usually is indicated prior to shipment.
If whole blood is needed, as for the analysis of certain cytogenetic or biochemical
endpoints, the whole blood should be refrigerated and shipped on ice.

Shipment should take place with frozen samples packed in enough ice or dry
ice to ensure that all samples will arrive at the analytical laboratory at the starting
temperature. Proper chain of custody practices and documentation should accompany
any shipment. This is one aspect of quality assurance that is especially critical if data
from the analyses will be used in litigation or in regulatory decision making.
Appropriate chain of custody documentation ensures not only that samples were not
compromised through tampering, but that their physical state has not been altered, thus
precluding degradation of analytes.

Reduction of sample handling is important because the associated costs are high
and because sample handling provides additional opportunity for the introduction of
error. Consideration must be given to reducing sample handling by carrying out
analytical procedures on site using methods which will provide results in real-time.
Continued development of immunoassay- and biosensor-based methods will make this
increasingly possible.

Analytical Methods. Few validated methods exist for pesticide analyses for biological
media. Methods for environmental matrices have been adapted to the analysis of
biological samples. Unless these methods are up and running in an analytical
laboratory, an up-front developmental effort will be necessary so that the laboratory
may validate the method for the target analytes in urine or blood.

Often some variation of the method of Shafik et al., 1973 (24) has been applied;
for example, see Holler et al., 1989 (35). Depending on the structure of the target
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8 BIOMARKERS OF HUMAN EXPOSURE TO PESTICIDES

analyte, this method may include hydrolysis, extraction, derivatization, cleanup and
analysis via GC, with confirmation by mass spectrometry. The beauty of this
procedure is that unanticipated metabolites can be picked up during the GC run and
identified. Compounds not stable enough for the GC may require analysis via LC.
Thermospray and electrospray mass spectroscopy are useful in the analysis of polar
metabolites.

Immunoassay kits currently are available for a few pesticides and/or their
metabolites. These kits have been developed for environmental matrices such as water;
adapting them to the analysis of biological samples typically is not easy, requiring a
substantial investment of time and financial resources. If the immunoassay incorpo-
rates polyclonal antibodies, the cross-reactivity incurred may prove advantageous in
that both parent pesticide and metabolites are registered simultaneously. Immunoassays
presently are viewed as being most useful as screening tools, although quantitation of
analyte levels is possible. Incorporated in biosensor devices, they offer the potential
for rapid and cost-effective analyses.

Biomonitoring Methods

Perhaps the most notable recent review of currently available pesticide biomonitoring
methods (analytes, analytical methods) that have been used by others is that of Coye
et al., 1986 (36), although others have provided less extensive reviews (3, 30, 37).
A review of the more recent literature, as well as selected older literature is included
in Table III. As more analytes are identified, often through advances in chemical
analytical methods, more pesticides are proving to be candidates for biomonitoring.
General descriptions of some aspects of major pesticide groups follow.

Organochlorines. Organochlorine pesticides as a group are persistent in human fat
stores of the general population. This was recognized early-on as evidenced by the
publication about a decade ago of papers which analyzed the data on organochlorines
in blood and urine samples collected in NHANES II (15, 31), and in adipose samples
from NHATS (30). Papers have continued to be published in recent years which
further analyze the NHANES II data for organochlorines (and other pesticides) in blood
(99) and (primarily PCP) in urine (37). The literature regarding organochlorine
pesticide levels measured in human adipose tissue has been summarized recently (100).

This early work has been followed in recent years by a continuing worldwide
interest in documenting the body burdens of organochlorine residues in human adipose,
milk, blood, and urine. Studies published in the past five years include those in Table
Iv.

One common theme throughout these studies is that concentrations of
organochlorines increase in blood and adipose tissue with the age of individuals
monitored (99, 106, 107, 112), reflecting accumulation over longer exposure periods.
Comparison of these more recent biomonitoring results with blood, adipose, and milk
measurements from older studies reveals that body burden concentrations are
decreasing with time over the past 20 years (106, 110, 111, 113, 114), reflecting the
controls that have been placed on usage of some organochlorine pesticides. However,
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Table III. Biomonitoring Methods'

Class, Analyte Matrix Anal. Ref.
Compound (Speciesﬁ Method
Acetanilides
Alachlor DEA, HEEA Urine HPLC 38
Alachlor mercap- Urine HPLC 39
turate (Monkey)
Alachlor mercap- Urine HPLC 40
turates (2) (Monkey)
Cysteinyl conjugate
Glucuronide
Thioacetic acid
conjugate
DEA, Alachlor Urine HPLC, 41
equivalents Urine ELISA
Amides
Propanil 3,4-Dichloroaniline Urine LC 42
3.4-Dichloroaniline Urine UNSP 43
Bipyridyls
Paraquat Paraquat Urine UNSP 44
Carbamates
Benomyl MBC, 4-OH MBC, Urine HPLC 45
5-OH MBC
Carbaryl 1-Naphthol Urine GLC 46, 47
Carbofuran Carbofuran phenol, Urine UNSP 48
3-Ketocarbofuran 30
EPTC Mercapturic acid, Urine GLC 49
Cysteinyl conjugate
Maneb, Mancozeb ETU Urine HPLC 50-52
Propoxur 2-Isopropoxyphenol Urine GLC 53
Chlorophenoxy acids (& related)
2,4-D 2,4-D Plasma, GLC 54
Urine
2,4-D Urine GLC S5
2,4-D Urine RIA 56
2,4,5-T 2,4,5-T Urine GLC 57
MCPA MCPA Urine HPLC 58
MCPA Plasma, GLC 59
Urine
MCPA Urine GLC 60
Silvex Silvex Urine GLC 57
Dicamba Dicamba Urine GLC 57
Diazoles
Etridiazole Mercapturic acid Urine GLC 61
Diphenyl Ethers
Bifenox Bifenox acid Urine GLC 45
Diclofop Diclofop Urine GLC 62
Formamidines
Chlordimeform Chlordimeform, Urine GLC 63
4-Chloro-o-toluidine
4-Chloro-o-toluidine Urine HPLC 64

Continued on next page

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch001

September 8, 2012 | http://pubs.acs.org

10 BIOMARKERS OF HUMAN EXPOSURE TO PESTICIDES

Table III. Biomonitoring Methods (Continued)

Class, Analyte Matrix, Anal. Ref.
Compound (Species”) Method
Organic Fumigants
1,3-dichloropropene Mercapturic acids Urine GLC 65-67
68
69, 70
Organochlorines
Aldrin Dieldrin Serum GLC 31
Chlorbenzilate 4,4-Dichlorobenzo- Urine GLC 71
phenone 72
Chlordane Heptachlor Serum GLC 31
DDT DDT Serum GLC 73
Blood GLC 74
DDE Serum GLC 73
Serum GLC 75
Blood GLC 74
DDA Urine GLC 73
Urine GLC 76
Urine GLC 77
p-Dichlorobenzene 2,5-Dichlorophenol Urine GLC 78
m-Dichlorobenzene 2,4-Dichlorophenol Urine GLC 78
HCB HCB Plasma GLC 79
Heptachlor Trans-nonachlor, Serum GLC 31
Oxychlordane,
Heptachlor epoxide
Lindane Lindane Plasma GLC 80
Trichlorophenols Urine GLC
PCP PCP Urine GLC 24
22
Organophosphorus Compounds
Any OP containing Dialkyl-phosphorus, Urine GLC 36
these molecules -thiophosphorus, or 81
-dithiophosphorus
Acephate Acephate Urine GLC 82
Chlorpyrifos 3,5,6-Trichloro-2- Urine GLC 83
pyridinol 84
Ethion Ethion Saliva GLC 85
Malathion Malathion DCA Urine GLC 86
Malathion MCA 87
37
Parathion p-Nitrophenol Urine GLC 48
EPN p-Nitrophenol Urine GLC 88
Phenyl Ureas
Diuron 3,4-Dichloroaniline Urine HPLC 42
Linuron 3,4-Dichloroaniline Urine HPLC 42
Phthalimides
Captan THPI Urine GLC 89
THPI Urine GLC 90
TTCA Urine HPLC 90
Propanocates
Haloxyfop Haloxyfop-methyl Urine GLC 91
Pyrethroids
Cypermethrin cis & trans-DCVA Urine GLC 92-94
3PBA, 4O0H3PBA Urine GLC 94
a-Cypermethrin cis-DCVA Urine GLC 93
Deltamethrin Deltamethrin Urine GLC 95
Fenvalerate Fenvalerate Urine GLC 95
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Table III. Biomonitoring Methods (Continued)

Class, Analyte Matrix Anal. Ref.
Compound (Speciesﬁ Method
Triazines
Atrazine Desisopropyl atrazine Urine GLC 96
Didesalkyl atrazine
Atrazine Urine GLC 97
Desethyl atrazine Urine ELISA 98

Desisopropyl atrazine
Atrazine mercapturate

Triazoles
Triadimefon p-Chlorophenol Urine UNSP 43
Bitertanol p-Phenylphenol Urine UNSP 43

'Abbreviations: HPLC, high performance liquid chromatography; DEA, 2,6-
diethyl-aniline; HEEA, 2-(1l-hydroxyethyl)-6-ethylaniline; ELISA, enzyme linked
imm-unosorbent assay; LC, liquid chromatography; UNSP, unspecified; GLC, gas-
liquid chromatography; MBC, methyl 2-benzimidazolecarbamate; 4-OH MBC, 4-
hydroxy MBC; 5-OH MBC, S5-hydroxy MBC; EPTC, S-ethyl dipropylthiocarbamate;
ETU, ethylenethiourea; 2,4-D, 2,4-dichlorophenoxyacetic acid; 2,4,5-T; 2,4,5-
trichlorophenoxyacetic acid; MCPA, 2-methyl-4-chlorophenoxyacetic acid; RIA,
radioimmunoassay; DDT, dichlorodiphenyltrichloroethane; DDD, tetrachloro-
diphenylethane; DDE, dichlorodiphenyldichloroethylene; DDA, dichlorodiphenyl-
acetic acid; HCB, hexachlaorobenzene; PCP, pentachlorophenol; DCA, dicarbox-
ylic acid; MCA, monocarboxylic acid; EPN, ethyl p-nitrophenylthionobenzene-
phosphonate; THPI, tetrahydrophthalimide; TTCA, thiazolidine-2-thione-4-
carboxylic acid; DCVA, 3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane carbox-
ylic acid; 3PBA, 3-phenoxybenzoic acid; 4O0H3PBA, 4-hydroxy-3-phenoxybenzoic
acid

’If other than human.
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Table IV. Recent Studies Documenting Worldwide Occurrence of Organochlorine
Pesticides in Tissues and Fluids from the General Population

Number of
Tissue Nation Year Ref
Samples Analytes Publ
Analyzed Detected

Urine 197 7 USA 1989 78
Blood 34 1 USA 1989 101
Urine 143 1

Milk 29 3 Yugoslavia 1990 102
Blood 52 4 Finland 1991 103
Fat 23 13 USA 1991 104
Milk 8 8 Kenya 1992 105
Blood! 11 8

Blood? 11 8

Fat 11 8

Fat 168 3 Spain 1992 106
Blood 135 3 Germany 1992 107
Blood 31 14 India 1992 108
Blood 52 9 India 1992 109
Urine 52 9

Blood 25 20 Canada 1992 29
Blood 90 1 USA 1992 110
Milk 20 13 France 1993 111
Blood 383 3 Japan 1993 112
Milk 51 11 Spain 1993 113
Blood 97 5 Croatia 1993 114
Milk 41 2 New Guinea 1993 115
Milk 128 5 Australia 1993 116
Blood! 31 3

Blood? 31 3

Fat 128 5

e

! Maternal blood
2 Umbilical cord blood
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body burdens may be increasing in or near developing countries where usage continues

105).

Organophosphorus Compounds. The organophosphorus (OP) pesticides are
phosphate or phosphorothioate esters that do not accumulate in the body, but rather are
quickly metabolized through the action of esterases to their respective dialkyl
phosphorus metabolites, which are detectable in urine. Due to the rapid metabolism
and clearance of OPs, the parent compound is not readily detectable in blood unless
a massive dose has been received. Analytical methods for detecting dialkyl metabolites
are rather tedious, requiring derivatization. However, methods recently have been
developed for these metabolites that are more rapid (25).

Cholinesterase (ChE) depression has been used for years as a means to
document exposure to organophosphorus compounds and insecticidal carbamates. Since
there are considerable interindividual differences in ChE levels, one or more
preexposure values should be determined for each person being monitored; these are
the values to which comparison of postexposure measurements are made. ChE
depression is most useful as a measure of acute exposure; it is a less sensitive indicator
of chronic exposure than dialkylphosphorus metabolites in urine (81), which often are
detectable at exposure levels that will not depress ChE (117). ChE continues to find
use as an indicator of higher level occupational exposures, as evidenced by continuing
and recent usage (118-120.)

Herbicides. Biomonitoring of humans for herbicide exposure is a rapidly advancing
area. Studies distributed in time produce results that are complementary, and at times
can appear contradictory. Atrazine is an interesting example of this phenomenon.

Early animal studies indicated that N-dealkylation accounts for the sum of
metabolites produced following exposure to triazine herbicides (/21). Later human
studies showed that two metabolites (the didealkylated atrazine, 2-chloro-4,6-diamino-s-
triazine, and desisopropyl atrazine, 2-chloro-4-amino-6-(ethylamino)-s-triazine)
predominated and appeared in equal amounts in urine shortly after exposure of workers
spraying atrazine from a railway car (96). Unchanged parent atrazine has been found
in workers exposed during the manufacture and packaging of atrazine in a production
plant (97). The authors of this study acknowledge that unchanged compound accounts
for only a very minor part of the total absorbed dose. Parent atrazine in urine thus is
not a good biomarker for exposure, potentially being detectable only in samples from
highly exposed workers.

Later studies utilizing an ELISA assay indicate that while the above noted
metabolites are detectable in human urine, the major human urinary metabolite is the
mercapturate conjugate of atrazine (98). This mercapturate was found in concentra-
tions at least ten times that of any of the N-dealkylated products or the parent
compound from workers applying atrazine. In this assay, over 80% of immunoreactive
material in urine was mercapturate of atrazine, while the parent compound accounted
for less that 1% of the response; the parent and N-dealkylated compounds accounted
for about 10% of the immunoreactive response.

A similar interest has developed for the heavily-used herbicide, alachlor.
Recent studies with mice, rats, and monkeys have indicated substantial interspecies
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differences in pertinent pharmacokinetic parameters of alachlor; these species excreted
14C alachlor metabolites in urine and feces in the ratios of 1:2 (mice), 1:1 (rats), and
10:1 (monkeys) (40). Initial human studies (38) monitored diethyl aniline (DEA) and
a hydroxyethyl-ethyl aniline (HEEA) following base-pressure hydrolysis of alachlor
metabolites. Only DEA was found in human urine. Both anilines were found in
monkey urine (in a DEA:HEEA ratio of 4:1), as were mercapturates and other
conjugates (40).

Most recently, diethylaniline-yielding metabolites have been detected in human
urine (as DEA) by HPLC and compared to values (alachlor equivalents) determined via
the adaptation of an ELISA kit designed for the analysis of alachlor in water (4I).
This ELISA technique for alachlor was at least 50 times more sensitive than the HPLC
method; this sensitivity is speculated to be due to cross-reactivity of the anti-alachlor
antibodies with putative thioether metabolites in human urine. Work remains to
definitively identify these human metabolites; however, this technique has the potential
of being particularly valuable for human screening, especially if human excretion
kinetics for alachlor parallel those of the monkey.

Conclusions / Use of Biomonitoring Data

Biomonitoring methods are becoming available for a greater variety and number of
pesticides. Data generated through measurements of pesticides or their metabolites in
biological matrices now are regarded as complementary to environmental measurement
data in the assessment of exposure and risk, and in regulatory decision making (e.g.,
see Lunchick et al., 1989 (122)). Environmental exposure data such as ambient
monitoring, personal monitoring, microenvironmental measurements, and questionnaire
information provide clues to the sources of exposure -- while biomonitoring
measurements integrate exposure (as dose) to the human receptor, the compound of
concern having traveled through all environmental pathways (air, water, soil, food) and
passed into the body through all portals of entry (lung, gut, skin).

Biomonitoring data are being used to validate questionnaires as meaningful
indicators of exposure, and are useful in reducing exposure misclassification in
epidemiology studies. However, biomonitoring data are difficult to interpret, and
currently there are no guidelines for their interpretation. The lack of human
pharmacokinetic data for many pesticides impedes efforts to estimate external exposure
or target organ dose. The relationship between internal exposure and health effect
most often is unknown, thus frustrating health practitioners who would like to be able
to more effectively use exposure and early effect biomonitoring and biomarker data in
a preventive context. These factors notwithstanding, biomonitoring data are an
increasingly important component of exposure assessment, and as these limitations are
overcome will become more important in the assessment of exposure and health
impacts.
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Chapter 2

Modeling Cytochrome P-450 Mediated Acute
Nitrile Toxicity Using Theoretical Linear
Solvation Energy Relationships

George R. Famini!, Leland Y. Wilson2, and Stephen C. DeVito3*

!Development and Engineering Center, U.S. Army Chemical Research,
Aberdeen Proving Ground, Aberdeen, MD 21010
2Department of Chemistry, La Sierra University, Riverside, CA 92515
30ffice of Pollution Prevention and Toxics (TS—779), U.S. Environmental
Protection Agency, Washington, DC 20460

A theoretical linear solvation energy relationship (TLSER)
model for predicting acute nitrile toxicity was developed
using molecular volume, dipolarity/polarizability, hydrogen
bond (molecular orbital) acidity, and electrostatic basicity
terms as descriptors. It was observed that molecular orbital
acidity was the most important descriptor in the model,
followed by molecular volume. The predictive quality of the
TLSER model appears to be equal to that of a recently
reported model that uses octanol-water partition coefficients
and estimated rates of a-hydrogen atom abstraction as
descriptors. Previously reported TLSER models of toxicity
have largely been confined to predicting non-specific
toxicity. The results of this study suggest that TLSER
models may be useful in predicting specific (mechanism-
based) toxicity.

Biochemical Basis of Cyanide Release from Nitriles

Nitriles represent a large class of compounds which have wide
industrial application as solvents and chemical intermediates. Studies
have shown that exposure of humans (I, 2) and experimental animals
(3-11) to certain nitriles has resulted in cyanide release and subsequent
acute toxicity. Ohkawa et al. (5) suggested that cyanide release from

nitriles results from cytochrome P450 catalyzed hydroxylation of the o-

carbon to form a cyanochydrin intermediate, which undergoes rapid
nonenzymatic decomposition to the carbonyl derivative with the

4Corresponding author
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simultaneous release of cyanide. Other investigators have since
demonstrated the role of cytochrome P450 oxidation in the release of
cyanide from various nitriles (6-15). It is now known that cytochrome
P450 catalyzed hydroxylation includes substrate binding, oxygen
activation, hydrogen atom abstraction, recombination of the resulting
hydroxy radical equivalent with substrate, and dissociation of the
hydroxylated product. The overall reaction sequence of cytochrome P450
mediated hydroxylation of nitriles is illustrated in Scheme I.

| P 1
ey _P450 N P450 N
Ry f, C=N T R4 i: C=N W Ry f\C:N """'R/C\R
Rz R2 Rz ! + 2
Ry= Ry, H, alkyl or aryl HCN

Scheme L. Cytochrome P450-Mediated Cyanide Release From Nitriles

Structure-Toxicity Relationships of Nitriles. Several investigators have
reported similar structure-toxicity relationships for the acute toxicity of
a variety of nitriles (6-14). Tanii and Hashimoto (9) observed a parabolic
relationship in mice between acute toxicity and hydrophobicity,
expressed as log P, for phenylalkyl nitriles and primary and secondary
nitriles containing chloro- or unsubstituted alkyl groups of three
carbons or less (r = 0.96, n = 13). They concluded that acute toxicity of
these nitriles is largely a function of hydrophobicity with respect to
susceptibility to hepatic biotransformation to release cyanide. However,
nitriles containing alkyl substituents of four carbons or larger follow a
linear relationship with log P (9). Release of cyanide from these nitriles
is much slower and hence their acute toxicity is not believed to be due to
cyanide release, but rather the parent compounds (9, 10). They later
reported that dinitriles do not follow any relationship with log P, and
they attributed the acute toxicity of dinitriles to a combination of cyanide
release and the parent compound (11).

In a recent retrospective analysis of nitrile acute toxicity (LDso) data,
DeVito and Pearlman pointed out that many nitriles have the same
hydrophobicity but differ greatly in acute toxicity, and that use of log P
alone as a descriptor in predicting acute toxicity of nitriles may not
always be sufficient. They hypothesized that the acute toxicity of nitriles

depends largely on the relative stability of the a-carbon radical formed
from cytochrome P450 o-hydrogen atom abstraction (16). Nitriles that

form tertiary or benzylic radicals on the a-carbon atom are generally
much more acutely toxic than nitriles that form secondary radicals,
which are more toxic than nitriles that form primary radicals.
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Mechanism-Based Model for Predicting Nitrile Toxicity. Using the
hypothesis of DeVito and Pearlman (16), a mechanism-based model for
quantitative prediction of acute nitrile toxicity was developed by Grogan
et al. using octanol-water partition coefficients (log P) and estimated
relative rates of a-hydrogen atom abstraction (kycorr) as descriptors of
hydrophobicity (lipophilicity) and cyanohydrin formation (oxidation),
respectively (17). This model (equation 1) is very useful for estimating
the acute toxicity of structurally diverse nitriles, including amino-
substituted nitriles, dinitriles, and nitriles containing long and short
alkyl substituents;

log(1/LDsg) = -0.16(og P)2 + 0.22(log P) + 0.11(Ink yeorr) + 5.67

(0.05) (0.10) (0.20)
n=26 r=0.85 1

The number of nitriles used is represented by n, r is the correlation
coefficient, and the numbers in parentheses are the standard errors of

the coefficients (95% confidence level). The relative rates of o-hydrogen
atom abstraction were calculated from electronic considerations only,
and did not include steric effects involving enzyme-substrate association
(17). 1t was assumed, however, that since the nitriles used in the study
are relatively small molecules, differences in rates arising from steric
considerations may be less important. The octanol-water partition
coefficient (log P) is a measure of relative solubility in lipid/aqueous
phases (hydrophobicity), and as such is often used as a descriptor of a
compound's ability to penectrate biological membranes in modeling
biological response (18, 19). Removal of the log P term from equation 1
moderately reduced the predictive quality of the model; r = 0.76 (17).

Linear Solvation Energy Relationships

We were interested in identifying other approaches to model acute
nitrile toxicity, by investigating the usefulness of established methods
used for quantitative correlation of structure-property and structure-
activity relationships. A very successful approach for structure-
property/activity estimation is the Linear Solvation Energy Relationship
(LSER) model of Kamlet, Abboud and Taft (20). The basic tenent of the
LSER model is that a given property can often be defined by a linear
relationship of three different types of terms which describe steric,
polarizability/dipolarity and hydrogen bonding effects. The generalized
LSER model is shown in equation 2.

log property = steric + polarizability/dipolarity + hydrogen bonding (2)

Kamlet, Abboud and Taft (20, 21), and later Park and co-workers
(22), developed a series of empirically developed parameters describing
each of the terms in equation 2. These terms were originally denoted
the solvatochromic parameters because Kamlet and Taft developed
them from UV-visible spectral shifts, however similar scales have been
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developed through gas chromatography measurements (22). Using the
LSER model, Kamlet, Taft and co-workers demonstrated that many
types of chemical properties depend on solute-solvent interactions.
Octanol-water partitioning (23-26), aqueous solubility (27-31), solubility
in and partitioning between blood and body organs (32-36), and non-
specific toxicity (37-39) are examples of some of these properties. The
versatility of the LSER approach for structure-property and structure-
activity estimation is evident by the successful correlation of more than
200 biological and physical properties (40, 41).

A major limitation of the LSER approach, however, is that it
requires empirical (measured) values for each descriptor term.
Although LSER descriptor values for many chemical substances (or
predictive relationships for their estimation) are available, LSER values
for complex molecules are not easily obtainable. Hence the difficulty in
obtaining LSER values has greatly discouraged the application of the
LSER model for use in quantitative structure-property/activity
relationships. However methods for estimating LSER descriptor values
for complex molecules have recently been reported (42-44), and may
make use of the LSER model more feasible.

Theoretical Linear Solvation Energy Relationships (TLSERs). In the
past theoretical chemistry has been used to provide descriptors for
quantifying structure-property and structure-activity relationships.
Representative work in this arca is described by Loew and co-workers
(45), Pedersen (46), and Chastrette and co-workers (47). Lewis has
compiled an extensive summary on molecular orbital calculations
applied to quantifying structure-activity relationships (the so called MO-
QSAR) for a variety of biological properties (42). Other examples of
theoretical descriptors, in addition to classical molecular orbital
descriptors, include the molecular connectivity index of Kier and Hall
(48). Ford and Livingstone point out the advantages of computationally
derived descriptors over extra-thermodynamic parameters (49). They
are typically not restricted to closely related compounds as is often the
case with group theorectical and topological descriptors. In addition, the
theoretical parameters describe clearly defined molecular properties,
and are mutually orthogonal.

In an effort to combine the successful LSER approach with
theoretical chemistry methods, the LSER approach has been extended to
utilize descriptor values obtained soley from computational (theoretical)
methods, and as such is known as the Theoretical Linear Solvation
Energy Relationship (TLSER) model (50, 51). A primary advantage of
the TLSER model over the LSER model is that the TLSER model does not
require empirically determinced descriptor values, TLSER descriptor
values for complex molecules are obtained using theoretical methods.

Basis for Using the TLSER Model in Predicting Nitrile Toxicity. We
were interested in testing the usefulness of the TLSER model in
predicting the acute toxicily of nitriles. Several considerations
suggested the feasibility of using the TLSER model for this purpose.
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First, recent advances in computational power have enabled rapid and
accurate calculation of the TLSER descriptors (50). Second, the TLSER
descriptors have been successfully employed to predict log P (51), an
important parameter of nitrile toxicity. Third, excellent relationships
have been observed in correlating the TLSER descriptors to non-specific
(562) and specific (63, 54) toxicities. Because of the high degree of
correlation of the TLSER descriptors with log P, the high correlation to
non-specific toxicities is expected. However, the TLSER descriptors
describe fundamental attributes of a molecule, and good correlation
with specific (receptor-based) biological responses should also result as
long as the specific activity is related to one or more of the TLSER terms
(55). In the present study, we have evaluated the usefulness of the
TLSER descriptors in predicting the acute toxicity of 26 structurally
diverse nitriles.

Methods

The nitriles used in this investigation were identical to those used in a
previous study (17). Mouse oral acute toxicity (LDsg) data obtained from

the literature (1, 9, 11, 56) were used. Log P data and relative rates of o-
hydrogen atom abstraction statistically corrected for oxidation at other
positions (kycory) Were obtained from a previous study (17).

All geometries were optimized using the MNDO algorithm (57) as
contained within MOPAC v6.0 (58). All calculations were carried out on
a Kubota Pacific Titan superworkstation. Structure entry and
visualization were performed using the in-house developed Molecular
Modeling Analysis and Display System (MMADS) molecular modeling
package (59). Multiple linear regressions were computed, using the
Minitab statistical package (60).

Calculation of the TLSER Descriptors. The TLSER descriptors for each
nitrile were taken directly from the MNDO calculations. These
descriptors consist of six molecular parameters that attempt to describe
the important features involved in solute-solvent interactions (equation
2). The steric term is represented by molecular volume (Vy,), and was
calculated using the method of Hopfinger (61). The polariz-
ability/dipolarity term is the polarization volume, and was calculated
using the procedure of Dewar and Stewart (62) but divided by the V. to
remove any cross-correlation between these two terms. The resulting
polarizability index (r;) is a volume independent measure of the ability of
the electrons to move (or be polarized) throughout the molecule. The
hydrogen bonding interactions are represented by four terms, two
defining hydrogen bond basicity and two defining hydrogen bond acidity.
The two hydrogen bonding basicity terms are represented by a

molecular orbital term, g (the magnitude of the difference between the

highest occupied molecular orbital (HOMO) of the substrate and the
lowest unoccupied molecular orbital (LUMO) of water), and a
electrostatic basicity term, q. (the absolute value of the formal charge of
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the most negative site in the substrate). Analogously, the hydrogen bond
acidity is represented by a molecular orbital acidity term, g, (the

magnitude of the difference between the LUMO of the substrate and the
HOMO of water), and a electrostatic acidity term, qH+ (the formal
charge of the most positive hydrogen in the molecule). Because of how

the €, and eg terms are defined, acidity or basicity is inversely related to

€y or €, respectively. In typical correlations, some of these descriptors
will have little bearing on the relationship and are dropped from the
equation (based on the ¢ score at the 95% confidence level). The overall
TLSER equation is described in its general form in equation 3;

log property = C; (Vinc/100) + Ca(ni=10) + Cs(ep) + Cy(q.) + C5(ey/10) +
Ce(qH+) + C7
3)

whereC ;-Cg are regression coeffficients which reflect the relative
contribution of each parameter to the property, and C7 is the intercept.

Results

The mouse acute toxicity data of the nitriles in Table I were initially
correlated with the entire set of TLSER descriptors in equation 3.
Descriptors €g and qH+ were found to have no usefulness, and were
removed from further regression analyses. The numerical values of the
molecular volume (V,), polarizability (r;), molecular orbital acidity (g,)
and electrostatic basicity (q.) terms are given in Table I, and were used
to predict LD5g values for the 26 nitriles in Table I. The correlation is
shown in equation 4;

log(1/LDso) = -0.66(Vm/100) - 12.37(n;x10) - 0.38(e,/10) - 3.81(q.) + 7.34
n=26, r=0.78, s=0.437, F=8.04 4)

where n is the number of compounds used, r is the correlation
coefficient , s is the standard deviation (95 % confidence level), and F is
the Fisher-test for significance of the equation. Three compounds, 2-
methylbutyronitrile, 11, chloroacetonitrile, 17, and 3-hydroxypropio-
nitrile, 26, had residuals greater than two standard deviations.
Inclusion of the estimated corrected rate constant of a-hydrogen atom
abstraction (kycorr) descriptor in the regression moderately improved the
correlation (equation 5), although compounds 17, and 26 still had
residuals greater than two standard deviations.
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log(1/LDsg) = -0.50(Vno/100) - 9.02(m;+10) - 2.98(e,/10) - 2.86(q.) +
6.41(Ink gcorr/100) + 5.32

n=26, r=0.84, s=0.387, F=951 (5)

Compounds 17 and 26 were removed from the data set because, in
addition to being statistical outliers, the acute toxicity of these
compounds is not believed to be due to cyanide release (9, 10). Equation
6 is the correlation of the nitrile LD 5o values with the TLSER descriptors

only, excluding compounds 17 and 26. The ¢ scores of the coefficients of
equation 6 are represented in parentheses directly under the
coefficients. Table I shows the experimental, predicted and residual
values of log(1/LD35g) for the nitriles used in equation 6. The graphical
output of the best fit of individual compounds to the equation is depicted
in Figure 1. The bisecting line of the graph represents an ideal fit to the
equation. Using the log P , k,corr model for these same nitriles gave

essentially the same regression (equation 7; r = 0.86) as equation 6.

log(1/LDsg) = -1.05(Vim¢/100) - 1.97(nix10) - 5.22(e,/10) - 2.83(q.) + 10.35
(4.45) (3.58) (4.81) (3.77)

n=24, r=087, s=0332, F=142 ®

log(1/LDs) = -0.13(log P)2 + 0.14(log P) + 0.11(Inkcorr) + 5.65

n=24,r=0.86 @)

Inclusion of the corrected rate constant (k,corr) descriptor into equation 6
resulted in a minor improvement in the model (equation 8).

log(1/LDso) = -0.89(Vinc/100) - 1.64(m;«10) - 4.43(e,/10) - 2.22(q.) +
0.05(Ink yc0rr/100) + 8.50
n=24, r=090, s=0.293, F=159 ®
Removal of compound 11 from equation 6 marginally improved the
correlation (equation 9).
log(1/LDsg) = -1.04(Vi,o/100) - 1.86(w;«10) - 5.41(e/10) - 2.56(q.) + 10.38

n=23, r=0.90, s=0.288, F=183 9)
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Figure 1. Experimental versus predicted log (1/LD50) for
nitriles in Table I (without 17 and 26), obtained from
multiple regression of Vi 7 , €4, and q. with LD5o data.
See equation 6 for regression coefficients.

Discussion

Tanii and Hashimoto reported that, with the exception of dinitriles, the

acute toxicity of nitriles is largely a function of hydrophobicity (log P)
with respect to susceptibility to hepatic biotransformation to release
cyanide (9,10,11). Using Tanii and Hashimoto's data sets, DeVito and
Pearlman reported a correlation coefficient of 0.59 in a model that used
only log P as a descriptor of acute toxicity for nitriles 1-26 (16). DeVito
and Pearlman hypothesized that the propensity of nitriles to release
cyanide as a result of cytochrome P450 metabolism is also a function of

relative ease of a-hydrogen atom abstraction (16). That is, nitriles which
form more stable a-carbon radicals tend to be more acutely toxic than

nitriles which form less stable radicals. In collaboration with other
investigators, DeVito and Pearlman later reported a mechanism-based
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model (equation 1) for prediction of acute toxicity for nitriles 1-26 that
was developed using log P and statistically corrected rates of a-hydrogen
atom abstraction, expressed as kycorr, as descriptors (17). The kycorr
descriptor considers rates of oxidation at multiple sites with respect to

oxidation at the o-carbon, and, as such, describes the influence of
cytochrome P450 oxidation at other carbon atoms on the rate of oxidation
at the o-carbon atom. The k,.orr descriptor is based on electronic
considerations only, and does not take steric interactions into account.
Removal of either the log P or kycorr descriptors from equation 1 reduced
the predictive quality of the model (17).

Our original intent in this research was to investigate the
usefulness of applying the TLSER model in predicting the acute toxicity
of structurally diverse nitriles. Initial application of the TLSER
descriptors in correlating the LDso values of nitriles 1-26 resulted in a
model (equation 4) that predicts acute nitrile toxicity almost as well as
the model that uses log P and k .o+ as descriptors (equation 1) for the
same nitriles. The moderate improvement in the predictive quality of
the model following inclusion of the kgcorr term (equation 5) appears to

be due to consideration of hydrogen atom abstraction from the a-carbon.
It is interesting to note that the predictive quality of the TLSER model
represented by equation 4 is very similar to that of the model reported by
Grogan et al. (17) that uses only kycorr as a descriptor (r = 0.76) in
predicting acute toxicity for the same nitrile data set. Although the
kocorr term is directly representative of cytochrome P450 oxidation of the

o-carbon (while taking into account oxidation at other positions), the
relative closeness in the predictive qualities of equations 4 and 5
suggests that the TLSER descriptors may be considering overall
cytochrome P450 oxidation as well.

In addition to being statistical outliers, there may be biochemical
reasons that justify removal of chloroacetonitrile (17) and 3-
hydroxypropionitrile (26) from the data set. Administration of 17 to mice
pretreated with CCly; (which attenuates cytochrome P450 activity)
results in decreased cyanide liberation, but the acute toxicity of this
compound increases (9,10). These observations suggest that normal
hepatic metabolism of 17 is a detoxifying process, and that the acute
toxicity of this compound 1is not cyanide-dependent. 3-
Hydroxypropionitrile (26) can be excluded on the basis of the premise
that nitriles hydroxylated at positions other than the a-carbon are not
metabolized by cytochrome P450 enzymes to release cyanide but are
eliminated (63). Removal of compounds 17 and 26 from the data set
moderately improved the TLSER model (equation 6). 2-
Methylbutyronitrile (11) is also a statistical outlier, and removal of this
compound from the TLSER model represented by equation 6 slightly
improved the correlation (equation 9). However removal of 11 from the
data set solely for statistical reasons may not be valid since the acute
toxicity of this compound is known to be due to cytochrome P450-
mediated cyanide release (9,10).
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The apparently equal ability of the TLSER model represented by
equation 6 to that of the log P, k,corr model (equation 7) for predicting the
acute toxicity of the same nitriles implies that the TLSER model is
taking into account both hydrophobicity and a-hydrogen atom
abstraction. This is supported by the observation that inclusion of the
kocorr term into the TLSER model (equation 8) results in only a slight

improvement over that of the TLSER model itself (equation 6).
Hydrophobicity can be viewed as the combined effects of a number of
other molecular properties following the interaction of a solute with its
environment. The TLSER terms, molecular volume (Vp),

dipolarity/polarizability (=;), hydrogen bond acidity (¢, and qH+) and

hydrogen bond basicity (eg and q.) are very useful for defining
intermolecular interactions of solute molecules with other molecules,
and are known to be important descriptors in modeling hydrophobicity
and biologic response (50-55).

Unlike hydrophobicity, explaining any direct relationship between
kocorr and the TLSER terms is a more difficult task since the TLSER
terms describe steric, polarizability/dipolarity and hydrogen bonding
properties of a given molecule and not of a particular atom within the
molecule. However the coefficients, signs and ¢ scores of each of the
TLSER terms reflect their relative importance to nitrile toxicity, and, as
such, may offer insight with respect to their importance in predicting
cytochrome P450-mediated oxidation of nitriles. For equation 6, the ¢
scores indicate that molecular orbital acidity (g,) is the single most
significant descriptor. The sign and coefficient of ¢, indicate that

greater toxicity is directly related to greater acidity (smaller values of €,
indicate higher acidity). This result also reinforces the regression
model represented by equation 1, which is based largely on the
hypothesis that increased ease of a-hydrogen atom abstraction is
consistent with greater toxicity (16,17). While the TLSER does not
specifically include a term that can be related directly to radical
formation, it is well known that substituents which stabilize anions
following deprotonation also stabilize radicals following hydrogen atom
abstraction. This may explain the importance of the ¢, descriptor in
equation 6 analogously to the importance of the k,corr descriptor to
equation 1, and why the TLSER models that include the kycorr descriptor
(equations 5 and 8) do not greatly increase predictability over the TLSER
models themselves (equations 4 and 6, respectively).

It is noteworthy however that the acute toxicity of individual
nitriles cannot be qualitatively estimated from their g, values alone, as
is possible with their kycor values. Compounds 6, 8, and 11 for example

have very similar ¢, values, but 6 (which has the lowest ¢, value of the
three and hence is the most acidic) is less toxic than 8 or 11 by
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approximately two orders of magnitude. However, comparison of the
kgcorr values of 6, 8, and 11 shows a very clear relationship between the
magnitude of the ko term and toxicity (the larger the & jcorr value the
more toxic the compound). Similar examples can be seen in comparing
€4 OT Ryeorr values of other nitriles in Table L.

The volume term, Vy,., appears to be the second most important
term of the TLSER with respect to nitrile toxicity (equation 6). The
negative value of the coefficient for V. indicates that smaller nitriles
are generally more toxic, implying that smaller sized nitriles are
sterically more favorable for cytochrome P450 oxidation than larger
nitriles. This is consistent with Tanii and Hashimoto's findings that
cyanide release from nitriles 4-7, 9, and 10 (the larger nitriles) is much
slower and as a group these nitriles are considerably less toxic (9,10).

Although the TLSER descriptors are not specific to a particular
chemical class or biologic mechanism, it appears from this study that
the TLSER model may be useful in supporting proposed toxicologic
mechanisms of specific classes of compounds through analysis of the
presence (or absence) of descriptors, and their relative significance to
the regression model. While correlation of non-specific toxicity is fairly
common with many different descriptor sets, the correlation with
receptor-based or mechanism specific toxicity has been less studied.
The fact that the TLSER model, which has no information containing
specific mechanisms, is able to generate a correlation for acute nitrile
toxicity as efficiently as a regression model which contains a descriptor
unique to the mechanism of nitrile toxicity provides an example of the
usefulness of the TLSER in modeling specific toxicity.
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Chapter 3

Changes in Biochemical and Molecular
Biological Parameters Induced by Exposure
to Dioxin-Type Chemicals

Alan Blankenship and Fumio Matsumura

Department of Environmental Toxicology and Environmental Health
Sciences Center, University of California, Davis, CA 95616—8588

The XB cell hyperkeratinization assay was further developed as
an in vitro bioassay tool that can be utilized for estimating
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) equivalents (TEQ)
in a complex mixture of halogenated aromatic hydrocarbons. A
spectrophotometric method was developed to quantitate
hyperkeratinization. The hyperkeratinization response was

found to be dose-dependent for 2,3,7,8-TCDD and 3,4,3",4"-
tetrachlorobiphenyl (TCB), a toxic congener with dioxin-type
activity; however, 2,5,2°,5'-TCB, a relatively non-toxic
congener, failed to cause hyperkeratinization. Our results
indicate that this bioassay can be used to screen complex
mixtures for dioxin-type activity and act as an important
complement to chemical analysis. To facilitate future
developments of bioassay approaches and eventually
“biomarker” technologies, various biochemical changes
occurring as specific lesions of dioxin-type chemicals were
examined in our laboratory. A few of these biochemical
changes may be viewed as potential indicators of the specific
effects of dioxin-type chemicals. Particularly promising are the
changes that we have observed in glucose transporter titers in
adipose tissue which appear to be sensitive, unique,
reproducible, and reliable, indicating their group specific toxic
action.

Halogenated aromatic hydrocarbons (HAHs) contain several distinct groups of
toxic chemicals which are known to act through a very similar toxic action
mechanism (/). They are chemically classified as polychlorinated dibenzo-p-
dioxins (PCDDs), dibenzofurans (PCDFs), naphthalenes (PCNs), biphenyls
(PCBs), azo- and azoxybenzenes, etc. (2). From an analytical point of view,
these groups of chemicals present a tough challenge, since each group consists
of many isomers, derivatives, and homologous compounds (i.e., congeners)
as well as contaminants (3). From a toxicological viewpoint, they are even
more problematic in terms of assessing their hazards, as toxicological potencies
of those congeners vary greatly even within one group. Furthermore, their
toxic manifestations are affected by the presence of other congeners, some
acting as antagonists, some as inducers of metabolic systems, and some as
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synergists. For instance, within the group of PCBs alone, several components
have been identified that induce one type of cyochrome P450 (phenobarbital
type), whereas others induce another type of cytochrome P450 (3-
methylcholanthrene type) and clearly act as dioxin-type chemicals. Still other
PCBs have been identified that block the action of 2,3,7,8-TCDD, the most
toxic congener of the polychlorinated dibenzo-p-dioxin family, probably
because these PCBs act as weak agonists for the Ah receptor, the cytosolic
receptor to which dioxin-type chemicals bind (4).

Presently, the most sensitive and specific indicator of overexposure to
TCDD-type chemicals in humans is chloracne (/), a skin condition
characterized by epidermal hyperkeratinization. Chloracne has been observed
in connection with the manufacture of several pesticides: 2,4,5-trichlorophenol
(5), 2,4,5-T (6,7), pentachlorophenol (8), methazole (9), hexachlorobenzene
(10), and technical hexachlorocyclohexanes (/1). In these cases, chloracne
probably resulted from exposure to complex mixtures of PCDDs, PCDFs, as
well as to chlorinated azo- and azoxy-benzenes that were present as by-
products in the synthesis of these pesticides.

Past Attempts to Assess Dioxin-Type Toxic Expression

The assessment of environmental effects of these chemicals is further
complicated by their differences in persistence, transport, bioaccumulation, etc.
Yet there is a great need for assessing toxicological significance of these
chemicals as they are ubiquitously present in various biota. One important
source of input of this type of chemical to the environment is incineration,
particularly those involving municipal wastes (3). In the past, various
congeners of polychlorinated dibenzo-p-dioxins and dibenzofurans have been
identified, but recently polychlorinated naphthalenes as well as other HAHs
have also been found in some samples. The major problem is that even under
controlled experimental conditions of the composition and the rate of
incineration, formation of these HAHs vary greatly from one run to another.

Over the past several years, various scientists have made attempts to
assess the toxicity of industrially formed and artificially created mixtures,
extracts, and naturally present forms (4). The emerging consensus for the best
way to approach the problem has been to (a) use 2,3,7,8-TCDD (TCDD) as the
prototype and standard unit, (b) adopt a biochemical or toxicological parameter
which distinctly represents a “dioxin-type” effect qualitatively, and (c) select a
most sensitive parameter or parameters which can be readily tested and
validated in the laboratory under controlled conditions. When adopting TCDD
as the standard, the toxic potency of a mixture is usually expressed in terms of
“TCDD-equivalent” (TEQ), meaning that the toxicity of a mixture is presumed
to be equal to the sum of TCDD equivalencies of individual components of the
mixture (/2-14).

The biochemical parameters most frequently selected have been induction
of cytochrome P4501A1 and P4501A2 hemoproteins and their associated
microsomal monooxygenases, which include aryl hydrocarbon hydroxylase
(AHH) and ethoxyresorufin O-deethylase (EROD) activities. Such an
approach is a wise choice, since there is no question about its uniqueness and
high sensitivity to dioxin-type chemicals and, furthermore, by using an
appropriate substrate, the titer of this enzyme component may be assessed with
relative ease (4). On the other hand, the main problems of this approach are (a)
the induction phenomenon is reversible, (b) high backgrounds are often
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encountered, and (c) while P450 induction is undeniably a sensitive response
to TCDD exposure, P450 induction by itself has not been shown to be related
to the direct toxic effects of TCDD, except in the cases where other chemicals
might be converted by these enzymes to reactive metabolites (15). Moreover,
there is a lack of correlation between induction of certain cytochrome P450-
mediated enzyme activities and toxicity in vivo in different species (15). For
example, the EDsg for AHH induction is similar in rats, mice, and hamsters,
even though their LDsgs are very different (/6). Guinea pigs, the most
susceptible species to TCDD toxicity, show little or no induction of many
enzymes and proteins, including cytochrome P450s, that are normally induced
by TCDD in other species (/7). On the other hand, hyperkeratinization of XB
cells is an irreversible phenomenon, backgrounds are usually low because
these cells do not spontaneously hyperkeratinize, and the assay is a good model
for chloracne, a well-known toxic effect of TCDD in humans.

Use of Hyperkeratinization of Epithelial Cells as Indicators of
Dioxin-Type Actions

In view of the pressing need to develop a reliable assay system which
accurately indicates the toxic potential of unknown mixtures of polycyclic
aromatic hydrocarbons (PAHs), we have selected keratinizing epithelial cells as
the potential indicators of dioxin-type toxic actions. The major reasons for
such a decision are (a) in humans, skin lesions (“chloracne”) are the only
acknowledged toxic manifestation very specific to this group of chemicals, (b)
hyperkeratinization is a phenomenon associated with cell differentiation in these
cells and, therefore, an irreversible parameter, (c) hyperkeratinization signals
are clearly distinguishable from those for cell proliferation (e.g, phorbol esters
cause only the latter phenomenon while TCDD and epidermal growth factor
(EGF) cause the former changes (18-20), (d) these cells are very sensitive to
TCDD and other HAHS, and (e) hyperkeratinization is very easy to measure, is
stable, and under in vitro conditions variations are minimal.

Other scientists have already made valuable contributions to ascertain the
usefulness of keratinizing epithelial cells for mechanism of toxic action studies
and estimation of toxic equivalency factors (/8-21). The uniqueness of this
paper is the better quantitation of the assay. Our intention here is to make
further efforts to use these cells for a bioassay system designed specifically to
assess the toxic potential of mixtures of chemicals from a viewpoint of dioxin-
type toxic expressions.

Description of XB Cells

As indicated above, in humans the most consistent response to HAHs is
chloracne, a severe skin disorder that can last for years and is characterized by
epidermal hyperkeratinization. Poland and Knutson (7, 19, 20) were the first
researchers to utilize the XB/3T3 cell culture system originally developed by
Rheinwald and Green (22) as an in vitro model of 2,3,7,8-TCDD-induced
hyperkeratinization. Kawamoto et al. (18) used the XB/3T3 cell culture system
to study the biochemical mechanism of action of 2,3,7,8-TCDD and found that
hyperkeratinization is preceded by a rapid increase in protein tyrosine kinase
activity followed by down-regulation of epidermal growth factor (EGF)
receptors. These workers have also demonstrated that XB cells are extremely
sensitive to TCDD, with hyperkeratinization observed in XB cells treated with

as low as 1013 t0 109 M of 2,3,7,8-TCDD. Furthermore, these cells were
capable of distinguishing the effect of TCDD from that of 12-O-
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tetradecanoylphorbol-13-acetate (TPA), a well known phorbol ester capable of
stimulating skin cell proliferation and a skin cancer promoter, as the latter
causes only cell proliferation and increase in colony formation without inducing
hyperkeratotic cellular responses.

Description of Experimental Approaches

Materials. 2,3,7,8-TCDD was a gift from the Dow Chemical Company,
Midland, MI, and was >99% pure (by gas liquid chromatograph). 3,4,3",4’-

tetrachlorobiphenyl (TCB) and 2,5,2",5"-TCB were generous gifts from Dr.
Stephen Safe (College of Veterinary Medicine, Texas A&M University,
College Station, TX). Other materials were obtained from the following
sources: all cell culture reagents from GIBCO (Grand Island, NY); XB-2 and
NIH 3T3 cell lines from American Type Culture Collection (ATCC); 60 mm
diameter tissue culture dishes from Falcon Plastics (Oxnard, CA); 12-O-
tetradecanoylphorbol-13-acetate (TPA), rhodamine B, and Nile blue from
Sigma; and p-dioxane from Fisher Scientific.

Cell Culture. All cultures were grown in Dulbecco's modified Eagle's
medium (DMEM) containing 100 pg/ml penicillin and 100 pg/ml streptomycin.
The medium was supplemented with 20% fetal bovine serum for the XB cells
and 10% calf serum for the NIH 3T3 cells. The cells were cultured at 37°Cina
humidified atmosphere with 5% CO,. The medium was renewed twice

weekly.

Confluent cultures of NIH 3T3 cells were lethally irradiated with 6000
rads from a cesium source. The cultures were trypsinized and replated together

at 3 x 103 XB cells per 60 mm dish. As noted by others (I8, 21), the XB
phenotype changes under conditions of cell passage, resulting in a decline in
magnitude, but not the sensitivity, of the keratinization response to 2,3,7,8-
TCDD. To overcome this problem, the phenotype was monitored continuously
and “standard” XB cells were removed from liquid nitrogen and placed into
culture as necessary.

Addition of Chemicals to Cell Cultures. Stock solutions of chemicals
used in this study were prepared in p-dioxane. A Hamilton syringe was used
to add chemicals directly to cell cultures immediately after each media change,
starting with the third day after replating the cells. Subsequent studies showed
that only one treatment of cells, on the third day after replating the cells, was
necessary for eliciting hyperkeratinization. The volume of media was 4 mL
and the final solvent concentration was 0.1%.

Staining and Quantitation. Cultures were rinsed with phosphate buffered
saline (PBS) without CaCl, and MgCl,, fixed in 10% isotonic formalin for 30-
45 minutes, stained with a 1:1 mixture of 1.5% rhodamine B and 1.5% Nile
blue (i.e., rhodanile blue) for 30 minutes, and destained with water for 2
minutes. After completely drying, the stained cell culture dishes were analyzed
with a Varian series 634 spectrophotometer. Two stands were constructed to
hold dishes in place, one for the reference beam and one for the sample beam.
A solvent-control cell culture dish was placed in the reference beam and used as
a reference for all other dishes within each experiment. A spectral scan showed
that maximal absorption of hyperkeratinized cultures stained with rhodanile
blue occurs at 560 nm. For each dish, the absorbance at 560 nm was
determined by rotating each dish 90 degrees between each reading and taking
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the average of 4 readings. These 90 degree rotations increased the surface area
analyzed on each dish, thereby minimizing dish-to-dish variations.

Calculation of 2,3,7,8-TCDD Equivalent (TEQ) Concentrations.
The method of calculating TEQ concentrations is essentially as described by
Eadon et al. (12). In brief, serial dilutions of test agents were tested for their
hyperkeratinizing ability and compared to 2,3,7,8-TCDD standards run
simultaneously. The concentration of test agent that produced between half-
maximal and maximal hyperkeratinization was taken as a reference
concentration and set equal to the concentration of 2,3,7,8-TCDD that caused
the same response. From this concentration, the original concentration of the
test agent in terms of TEQ can be calculated by the following equation:

TEQ - EDso for 2.3,7,8-TCDD (ug/mL)
~  EDsq for test agent (ug/mL)

Results of Hyperkeratinization Assay

Figures 1a and 1b show the results of a typical experiment in which the XB
hyperkeratinization response was quantitated over a 10,000-fold range of
TCDD concentrations. The dose-response relationship is clearly evident with
half-maximal hyperkeratinization between 10-10 and 10-11 M for 2,3,7,8-
TCDD. The ODsg values are obtained by using a control dish in the reference
beam as described under Description of Experimental Approaches.
Hyperkeratinization can be detected by rhodanile blue staining by day 4 after
treatment and becomes maximal by day 12. For the experiments presented in
this paper, hyperkeratinization was measured 8 days after single treatment
because control dishes showed some increase in rhodanile blue staining at later
time points (data not shown).

Figure 2 shows that XB cells hyperkeratinize in response to 10'M
3,4,3’,4’-tetrachlorobiphenyl (TCB), a toxic congener with dioxin-type
activity, but fail to respond to 10°7M 2,5,2",5’-TCB, a relatively non-toxic
congener. XB cells also fail to hyperkeratinize in response to 10°M TPA.
Using the hyperkeratinization assay, the calculated 2,3,7,8-TCDD-equivalent

(TEQ) for 3,4,3",4-TCB is 0.001 which agrees well with results from other
investigators using EROD-induction in H-41IE cells (3, 23).

Discussion of Hyperkeratinization Assay Using XB Cells

The experimental results above indicate that it is possible to develop the XB
hyperkeratinization assay for measuring 2,3,7,8-TCDD equivalents (TEQ) in
complex mixtures of halogenated aromatic hydrocarbons. The assay is simple,
inexpensive, reproducible, specific, and quantifiable.

As for the question of reliability and specificity, we have clearly shown
that 2,3,7,8-TCDD produces hyperkeratinization in XB cells in a dose-
dependent manner with an EDs, between 10-10 and 10-11 M, which matches
the observations made by Knutson and Poland (/9). The high consistency
between the results of two independent laboratories further supports the
reproducibility of this assay. We have also demonstrated the specificity of this
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Figure la. Hyperkeratinization of XB cells in response to 2,3,7,8-TCDD.
Photograph taken with a green filter.
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Figure 1b. Hyperkeratinization of XB cells in response to 2,3,7,8-TCDD. Each
value represents the average absorbance at 560 nm + standard deviation from 4
dishes per treatment. Statistical significance was determined by the Student’s t
test (two-tailed). *p<0.05, **p<0.01, ***p<0.005.
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Figure 2a. Hyperkeratinization of XB cells in response to 10"°M TPA and 100'M
of two different congeners of tetrachlorobiphenyl (TCB). Photograph taken with
a green filter. Epidermal growth factor (EGF) was used at a concentration of 25
ng/mL as a positive control for hyperkeratinization.
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Figure 2b. Hyperkeratinization of XB cells in response to 20"°M TPA and 107'M
of two different congeners of tetrachlorobiphenyl (TCB). The absorbance values
for TPA are less than zero because the values are relative to a control dish that is
in the reference beam. Each value represents the mean + standard deviation from
4 cultures. Statistical significance was determined by the Student’s t test (two-
tailed). *p<0.05, **p<0.01, ***p<0.005.
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assay by showing that 3,4,3°,4’-TCB, a toxic inactive congener, causes

hyperkeratinization, whereas 2,5,2’,5"-TCB, a relatively non-toxic congener,
and TPA, a potent tumor promoter that does not cause chloracne, both failed to
cause hyperkeratinization. In addition, good structure-activity relationships
have been observed with other chlorinated dibenzo-p-dioxins, dibenzofurans,
biphenyls, and azo(xy)benzenes, while many other agents have failed to
produce hyperkeratinization, including direct alkylating agents, inhibitors of
nucleic acid synthesis, kepone, and 2,6-dichlorobenzonitrile, an acnegen which
does not bind to the Ah receptor (19,20).

The main contribution of this report to the development of the XB
hyperkeratinization assay is the ability to quantify the results. Previous reports
involving the hyperkeratinization assay were primarily qualitative, in which cell
culture dishes were visually examined and compounds were scored as the
lowest concentration which caused red staining with rhodanile blue equivalent
to the maximum staining produced by 2,3,7,8-TCDD. Quantifying the
hyperkeratinization response with a simple spectrophotometric method offers
the advantage of increased sensitivity detecting responses below that of
maximal response by 2,3,7,8-TCDD.

Initial analysis of plastic pyrolysis and combustion samples indicates the
usefulness of the XB hyperkeratinization assay to monitor for dioxin-type
activity in complex environmental samples (unpublished data from this
laboratory). Gierthy er al. (21) utilized the XB hyperkeratinization assay to
monitor dioxin-type activity in extracts of soot from a fire involving a
transformer containing PCBs. They observed a good correlation between
relative keratinization activity and total PCDF concentrations.

As with other in vitro assays for calculating TEQ, caution should be used
in extrapolating in vitro results to in vivo toxicity, because some of the
polycyclic aromatic hydrocarbons (PAHs) and other inducers of P450 enzymes
show dioxin-type activity in vitro but fail to do so in vivo. One possible
explanation is rapid metabolism of these compounds to inactive species in vivo
(24). Ideally, complex environmental mixtures should be subjected to a battery
of bioassays, both in vivo and in vitro, that select for a variety of significant
biological endpoints.

Other Biochemical Changes Specific to Dioxin-Type Chemicals

There are several TCDD-induced biochemical changes that are potentially
useful indicators of the action of dioxin-type chemicals. One that has been
extensively studied by our research group in the past is the phenomenon of
“down-regulation” of epidermal growth factor receptors (EGF-R) (25). This

parameter is measured by using 23I-labeled EGF and intact cultured cells in
vitro or plasma mermr brane rich fractions from tissue homogenates from TCDD
treated animals in vivo. An example of the former case is the study of TCDD's

action on the cell surface membrane receptor of C3H 10T;cells (26). The EDSO
of 2,3,7,8-TCDD on '23I-EGF receptor down-regulation was in the order of 3

x 10'1IM. The same phenomenon was observed to occur when 2,3,7,8-TCDD
was substituted by 3-methylchloroanthrene or benzo(a)pyrene, two known
chemicals belonging to the same group of inducers except that their EDs,

values were much higher (3 x 107 and 2 x 10°0M, respectively). Thus the
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sensitivity of this parameter in C3H 10T; cells to 2,3,7,8-TCDD is the same
order of magnitude as the hyperkeratinization phenomenon in XB cells. The
former phenomenon, however, occurs at a slower pace than the latter, ED50
value being in the order of over 70 hours, though the phenomenon of down-
regulation itself becomes noticeable within 5 hours from the time of treatment.
In the case of in vivo studies, a positive correlation between the susceptibility
(in terms of mortality) of various animal species and strains to 2,3,7,8-TCDD
and the sensitivity of down-regulation of EGF-R has been pointed out (25,
27). There is also a good correlation between in vivo toxicity of various HAH
congeners to rats and their potencies in terms of causing down-regulation of
EGF-R (27).

The shortcomings of the EGF-R assay from the viewpoint of obtaining
TEQ are relative technical difficulties of this assay method, the changing nature
of EGF-R (strongly affected by serum factors, etc.), and a less specific nature
of EGF-R responses (e.g., TPA and other chemicals known to influence
protein phosphorylation activities could cause the same phenomenon). The
slowness of the development of this phenomenon could be a problem in some
cases.

Another TCDD-sensitive biochemical parameter worthy of consideration
in the same line of thought is c-ras expression (28, 29). This family of cellular
oncogenes has been shown to respond very quickly to 2,3,7,8-TCDD (within
15 min in vitro and 1hr in vivo), and yet its expressional changes are mediated
by Ah receptor (29). The increase in c-ras expression is always accompanied
by a rise in protein tyrosine kinase activities. These early changes clearly
precede the occurrence of EGF-R down-regulation and the hyperkeratinization
phenomenon. Thus an elevated expression of either c-ras gene or one of the
protein tyrosine kinases such as ¢c-src (30) could serve as an early indicator of
action of dioxin-type chemicals. The probable shortcomings of the ras assay
approach are (a) the ephemeral nature of ras expression, (b) complication of
other factors affecting ras (e.g., GAP, protein kinase C, etc.), (c) a lack of
fundamental baseline data, and (d) relative methodological difficulties of assay
methods, though the last problem is becoming less formidable due to the
commercial availability of probes, antibodies and hybridization Kkits.
Nevertheless, this assay approach has the unique merit of being able to assess
directly the important cellular oncogene signals which have the potential of
indicating a fundamental change in cellular programming (37). Indeed, Jankun
et al. (28) showed that the TCDD-induced activation of N-ras in NIH 3T3

fibroblast cells results not only in a reduction in !25I-EGF binding, but also in
promoting “anchorage independent growth” of these cells, indicating that
excessive activation of ras expression by TCDD (or any other chemicals for
that matter) in some cases could lead to precarcinogenic transformation of the
cells involved.

Finally, we would like to introduce one more biochemical parameter
which we have discovered recently (32,33). This parameter, readily and
specifically altered by dioxin-type compounds, is the titer of glucose
transporter proteins (34). The glucose transporter proteins are known to play
the important role of transporting glucose available in blood into glucose
utilizing cells. They are synthesized or destroyed quickly in response to
hormones and other nutritionally regulating factors (34). We have found that
2,3,7,8-TCDD at doses as low as 0.03 pg/kg (single i.p. dosing) causes a
profound reduction of glucose up
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pancreas, and brain. In the case of adipose tissue, the decrease begins within 6
hours of single i.p. treatment and persists until the end of the experiment, 28
days later. Among dioxin-type compounds tested, 2,3,7,8-TCDD was the
most active congener, as expected. Only the toxic congeners of PCBs were
found to influence glucose transport in this manner under this test condition
(32).

The most pertinent aspect of this finding is that such an observation likely
provides the clue to the mystery of “wasting syndrome,” which this group of
chemicals is known to cause (/). The term “wasting syndrome” has been
coined to describe the very characteristic toxic manifestation of dioxin-type
chemicals to cause gradual and steady loss of body weight which occurs in
most sensitive animal species (/, 2). The animals thus affected show drastic
loss of adipose tissue and skeletal muscle, even if they were fed exactly the
same amount of food (pair feeding) and despite the fact that all known
biochemical processes involved in metabolism of glucose, amino acids, and
lipids are operating normally (35). Originally, it was assumed that dioxins
cause malabsorption of nutrients through the intestine, which later was shown
to be functioning normally. Thus, our discovery that 2,3,7,8-TCDD causes a
drastic reduction of glucose transporter titer on the plasma membrane of
adipocytes and other types of glucose utilizing cells offers an interesting future
possibility of adopting this parameter as a specific bioassay tool or even
developing it as a biomarker of exposure to dioxin-type chemicals in the future.

In summary, we have determined that the XB hyperkeratinization assay is
a potentially very promising approach to developing "biomarkers" of exposure
to dioxin-type chemicals. This in vitro assay method is simple, very specific,
economical, reliable, and quantifiable by a simple spectrophotometric method.
Current experiments in our laboratory show that this assay is indeed a very
useful tool for estimating TEQ in complex mixtures, such as combustion by-
products from the incineration of chlorinated hydrocarbons and plastics
(manuscript in preparation; 36).The most important aspect of this biochemical
parameter is that hyperkeratinization itself is an irreversible change,
representing the commitment by the cells to differentiate. Therefore, unlike
other more ephemeral biochemical changes, hyperkeratinization represents a
long lasting response to exposure to dioxin-type chemicals. Certainly in the
future, the relative merits of this bioassay approach to other better studied assay
methods, such as induction of cytochrome P4501A1, must be carefully
evaluated. We understand that cytochrome P4501A1 induction, for instance, is
a very sensitive and specific method to monitor relative effects of these
chemicals. However, we also know that it has a number of drawbacks, the
most important one being that it is an unsuitable indicator of the lethal effect of
dioxin-type chemicals among various animal species. Furthermore, these
chemicals are known to cause a variety of symptoms in different tissues and,
therefore, we do need additional bioassay methods on sensitive types of cells
expressing specific lesions that are unrelated to cytochrome P450s.
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Chapter 4

Regulation of Muscarine Receptors
as Biomarkers of Exposure to Insecticides

Amira T. Eldefrawi, David A. Jett!, and John C. Fernando

Department of Pharmacology and Experimental Therapeutics, University
of Maryland School of Medicine, Baltimore, MD 21201

Anticholinesterase organophosphate (OP) insecticides affect
muscarinic receptors (mAChRs) indirectly as a consequence of
their acetylcholinesterase (AChE) inhibition and directly by binding
to mAChRs, with paraoxon being more selective for M,, M; and
M, mAChR subtypes than the M;. Dietary exposure of adult male
Peromyscus mice to parathion for 14 days reduced brain AChE
and mAChR concentrations without changing receptor affinity.
There was partial recovery of both in 7 days after discontinuing
exposure. The M; receptor, its mRNA and AChE in submaxillary
glands were also reduced by chronic parathion. The data suggest
that down-regulation of mAChRs results mostly from reduced
receptor synthesis due to reduced mRNA transcription. The
feasibility of using erythrocyte, neutrophil and lymphocyte
mAChRs as biomarkers can be assessed once their subtypes are
identified and regulation determined.

Several neurotransmitter receptors are direct targets for insecticides such as the
nicotinic acetylcholine (ACh) receptor for nicotine and nitromethylenes and the
y-aminobutryic acid receptor for cyclodienes, lindane and avermectins. These
receptors play vital roles in insects as well as humans, other mammals, birds and
fish, and interference with their functions produces acute toxicities and death.
Neurotransmitter receptors such as muscarinic and nicotinic receptors are
also indirect targets for insecticides.They are activated and subsequently
desensitized by the excess ACh that accumulates when AChE is inhibited with
OP or carbamate insecticides. In fact, death from poisoning by these
anticholinesterases is by asphyxiation as a result of paralysis of diaphragm and
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intercostal muscles (resulting from desensitization and inhibition of their nicotinic
receptors), bronchial smooth muscle contraction, increased bronchial secretions
and lowered heart rate and blood pressure (resulting from excessive activation of
their mAChRs) and inhibition of the respiratory center in the brain.

Not only are neurotransmitter receptors primary and secondary targets for
the acute toxicity of insecticides, they are also targets for their subacute and
chronic toxicities. The most prominent effect is on the regulation of receptor
concentrations. Cells respond to persistent activation of a receptor by decreasing
its numbers (i.e. down-regulation) This regulation protects the cells and provides
the postmitotic neurons in the brain with tremendous plasticity.

Reductions in mAChRs, measured by their specific high-affinity binding
of PH]quinuclidinyl benzilate (*HJQNB), have been detected in rodent brains that
have been exposed to OPs (24, 34). The significance of such a change even if
temporary, is that if it occurs at periods during fetal and/or neonatal development
when critical neuronal connections are being formed, it can still produce perma-
nent deficits. mAChRs have been shown to play roles in memory and learning
(23). Antagonists of mAChRs have been shown to impair learning/retention in
rats (28) and the spatial memory of rats exposed daily to diisopropylfluoro-
phosphate (DFP) or disulfoton (24). Also, rats given repeated low DFP doses,
that did not produce visible cholinergic signs or weight loss, had progressively
impaired working memory (6). More importantly is the persistent loss in
memory of humans reported after acute or repeated exposure to low OP levels
(10, 31). Also, occupational exposure to fenthion was reported to produce
cognitive deficits, headache and psychiatric episodes (25, 26).

The following presentation is not an exhaustive review of OP toxicities nor
mAChR structure and function. The focus is three-fold: 1. present evidence for
the role of mAChRs as direct targets of OP anticholinesterase insecticides and its
relevance to their toxicities. 2. present evidence of changes that occur in mAChR
concentrations upon subchronic exposure to OPs. 3. discuss the possibility of
mAChRs acting as biomarkers of human exposure to insecticides.

Muscarinic Receptors

Five genes for mAChRs have been identified (m1, m2, m3, m4, m5), whose
products are the subtypes M;, M,, M;, M, and M; (4). Generally, activation of
the M,, M; and M; subtypes by ACh or agonists leads to a change in receptor
conformation to one that binds G protein which activates phospholipase C, leading
to increased phosphoinositide hydrolysis. On the other hand, the M, and M,
preferentially couple to a G; protein and their activation inhibits adenylyl cyclase.
mAChRs also couple to other effectors such as the stimulation of M, and M;,
subtypes, which leads to activation of guanylyl cylcase and can also lead to
arachidonic acid release, activation of K* and Cl' channels and inhibition of
special neuronal K* channel (15). The M, cardiac mAChRs are also coupled to
K* channels via a G, protein and receptor stimulation increases K* levels, which
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works with decreased CAMP to inhibit cardiac muscle activity. The mAChR
protein is a membrane-bound glycoprotein that is made of a single subunit of
=80,000 daltons and is composed of seven transmembrane segments with an
extracellular amino terminal and an intracellular carboxy terminal (Fig. 1). The
receptor has two binding domains: an extracellular binding domain where ACh
and different drugs bind and an intracellular domain where the G-protein binds,
largely in the first 20 amino acid of the protein’s third cytoplasmic loop, with
other points of interaction that contribute to both (5).

Direct Actions of Organophosphates on Muscarinic Receptors

The strongest evidence for the direct binding of OP anticholinesterases to
mAChHRs is their inhibition of binding of specific radioligands to these receptors
(3, 13, 21, 35). The competitive inhibition by paraoxon of binding of the agonist
[*H]cis-methyl-dioxolane (PH]CD), which binds selectively to a high-affinity
subpopulation of M, receptors in rat brain, suggested that OPs bind to the same
site as ACh and the M, receptor was probably a most sensitive subtype to OPs
(3). The effective inhibition of the non-subtype selective antagonist [PHJQNB to
brain mAChRs by paraoxon at < 1 nM and the protection of this inhibition by
the M,-selective (AF-DX 116) and M;-selective (4-DAMP) antagonists, but not
the M;-selective antagonist piperenzepine (21), pointed to the sensitivity of the M,
and M; subtypes but not the M, subtype, to the direct action of OP anti-AChEs.

Because most mAChRs in cardiac muscle are of the M, subtype, it was an
ideal tissue to study the direct effect of paraoxon and other OPs. Again, binding
of PH]CD was inhibited competitively by paraoxon with a K; of < 1 uM (Fig.
2) (29). Paraoxon also inhibited PHJCD binding to mAChRs in rat brain
striatum, which is believed to be an M, subtype (30). The K, s for the bioactive
paraoxon was 80 nM, while its parent thio-compound the insecticide parathion
(which is also a poor inhibitor of AChE) had a K, 5 of 7 uM (Fig. 3). In order
to determine whether paraoxon acts as an agonist or antagonist of this receptor,
its effect on receptor function was determined (20). Both the agonist carbachol
and paraoxon inhibited the forskolin-activated [*H]cAMP synthesis and their
effects were totally blocked with atropine (Fig. 4). At low concentrations, the
effects of carbachol and paraoxon were additive, but not at high saturating
concentrations of either drug. The data suggest that paraoxon acts like the
agonist carbachol.

Since almost all mAChRs in rat submaxillary gland cells are of the M;
subtype, we studied the effect of paraoxon on this receptor binding and function
in these cells (1). Binding of [PH]JQNB and [PH]4-DAMP was inhibited non-
competitively by paraoxon with K, s nM. The receptor couples preferentially to
phospholipase C than to adenylyl cyclase; thus carbachol activates the former with
aKp of 1 uM and the latter with a K, of > 1 mM. Like carbachol, paraoxon
inhibited the forskolin-activated [PH]JcAMP synthesis with a K; of 200 nM,
without affecting phosphoinositide metabolism. However, the effect of paraoxon
on PH]JcAMP synthesis was unlike that of carbachol; it was not inhibited by
atropine; which suggested that this paraoxon effect was not via binding to the
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Figure 1. Schematic presentation of a mAChR and its relationship to the
second messenger systems and cell membrane. Left: The mAChR, G or G,
proteins that it may couple to and associated enzymes, phospholipase C (PLC)
and adenylyl cyclase (AC). Right: Diagram of a typical mAChR protein with
its amino and carboxy terminals, seven transmembrane regions and binding
domains.
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Figure 2. Scatchard plot of PH]CD binding to rat cardiac M, receptors alone
(O )and in presence of 20 nM of the OP nerve gas sarin ( @ ) or 200
nM paraoxon (A ). The common intercept on the X-axis suggests
competitive inhibition. (Reproduced with permission from ref. 29).

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch004

September 9, 2012 | http://pubs.acs.org

4. ELDEFRAWI ET AL.

Bound, % of Control

Figure 3.

80

50

20

Regulation of Muscarine Receptors

1

1

2

6

5

Llsp
7/

48

7

6

-Log Organophosphate conc. (M)

Displacement of [PH]JCD binding to rat brain striatal synaptic

cAMP Synthesis, % of Maximum

membranes by paraoxon ( O ) and parathion ( @ ). (A) Experimental data
obtained. (B) Data replotted after elimination of paraoxon-insensitive
[PHICD binding. Symbols represent means of two experiments done in
triplicate (N = 6). Standard error bars are smaller than symbols used.
(Reproduced with permission from ref. 20).
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Figure 4. Inhibition of forskolin-activated adenylyl cylcase activity in rat brain
striatum-dissociated cells by 100 uM carbachol or 1 uM paraoxon, with or
without 10 uM atropine (added prior to activation with forskolin when
applicable). Synthesis of PH]JcAMP in the presence of forskolin alone was
considered maximal activity and basal [*'HJcAMP synthesis was in absence of
forskolin. All measurements were run in triplicate and bars represent SEM.
(Reproduced with permission from ref. 20).
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mAChR. The data suggested that paraoxon bound to different sites: an allosteric
site on the M; receptor and another on the G; protein-adenylyl cyclase system.

The significance of the direct effects of paraoxon on mAChRs to its acute
toxicity, even though it is reversible, is its much higher binding affinity (K, of
< 1 uM) compared to parathion’s K, for AChE (of =1 mM) to form the inter-
mediate complex (AChE-parathion) before AChE is phosphorylated irreversibly
(12). Most of the reports on paraoxon effects on mAChRs have been on M,, M;
and M, receptors. On the postsynaptic cardiac muscle M, mAChRs, the reversible
receptor activation by paraoxon would exaggerate its excessive activation by ACh
that accumulates in the synaptic gap when AChE is inhibited by the OP. This
effect would have considerable impact on OP toxicity, especially at the early
stages of exposure, when only a small proportion of AChE is inhibited. The
postsynaptic mAChRs would be activated by the excess ACh as well as by the OP
directly. It may explain the particular therapeutic value of the mAChR inhibitor
atropine on the heart during OP intoxication. On the other hand, activation of the
presynaptic M, mAChRs on neurons innervating the heart and the predominant
presynaptic M, and possibly M, receptors in the brain, would reduce ACh
release, thereby counteracting in part the toxicity that results from AChE
inhibition. Adding to the complexity of OP actions is that mAChR activation of
protein kinase C induces c-fos and c-jun oncogenes (17, 33).

Effect of Subchronic Parathion on Muscarinic Receptors

Subchronic exposure to parathion is expected to chronically increase ACh at
cholinergic synapses, thereby activating mAChRs and also paraoxon would
directly activate certain mAChR subtypes. We studied the effect of ad libitum
dietary exposure to parathion for 14 days on mAChR subtypes in brains and
submaxillary glands of adult white-footed mice (Peromyscus leucopus) (19). The
mAChR concentrations were monitored using the subtype-nonselective antagonists
PHIQNB and [*H]N-methylscopolamine ([*H]NMS) and the relatively selective
antagonist of the M; subtype (*H]4-DAMP), which also binds with slightly less
affinity to the M, and M, subtypes (36). Because of the variability in parathion
concentrations in the food with length of exposure, consumption rates, mouse
weight changes as well as parathion metabolism and pharmaco- kinetics, % AChE
inhibition in brain and submaxillary gland membranes was used as a biomarker
of exposure for in situ paraoxon concentrations. Accordingly, the binding
parameters were presented in relation to AChE inhibition observed in each mouse
at the time of sacrifice, rather than the concentration of parathion in the food.
At parathion concentrations, which were sufficiently high to cause AChE
inhibition by up to =90%, brain mAChRs were reduced significantly by up to
58%, as judged by the reductions in maximal binding (B,,) of [*HJQNB,
[HINMS and [PH]4-DAMP (Fig. SA-C), without significant changes in their
affinities (Fig. 6A-C). The reductions in maximal [*H]JQNB and [*H]4-DAMP
binding were significant only at higher AChE inhibition (Fig. 4A and C). On the
other hand, PHJNMS binding was unique in that maximal reduction was reached
with lower parathion concentrations that produced little (= 10%) inhibition of
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Figure 5. The relationship in Peromyscus whole brain membranes of maximal
binding capacity (B,,,) of PHIQNB (A), PH]NMS (B), and [*H]4-DAMP (C)
to AChE inhibition in surviving adult males receiving parathion in corn oil in
their diets. Each symbol represents a B,,, (obtained from a Scatchard plot of
10 radioligand concentrations from a single mouse brain) and AChE inhibition
in the same brain, expressed as a percent of the mean (N = 13) in control
mice receiving corn oil only. Mice given parathion-treated feed for 14 days
prior to sacrifice ( @ ) or were given another 7 days of recovery on untreated
feed before sacrifice ( O ). Regression analyses were performed only on the
data obtained from mice that were not allowed a recovery period after
parathion exposure. Control values (at 0% AChE inhibition) were not

included in the regression. (Reproduced with permission from ref. 19).
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Figure 6. The relationship in Peromyscus whole brain membranes of the
equilibrium dissociation constants (K) of PH]JQNB (A), PH]NMS (B), and
[PH]4-DAMP (C) to AChE inhibition in surviving adult males receiving
parathion in corn oil in their diets. Each symbol represents a Kj, (obtained
from the same Scatchard plot as in Fig. 4) and AChE inhibition values in the
brain, expressed as a percent of the mean (N = 13) in control mice receiving
corn oil only. Mice given parathion-treated feed for 14 days prior to sacrifice
( @) or were given another 7 days of recovery on untreated feed before
sacrifice ( O ). Regression analyses as in Fig. 4. (Reproduced with
permission from ref. 19).
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AChE, without further reduction at higher AChE inhibition (Fig. 4B). This is
similar to the observed 33% decrease in B, of PHJNMS in mice 24 h after a
single dose of DFP without changes in PHJQNB or [*H]4-DAMP binding (7).
It is consistent with the hydrophilicity of NMS and thus its inability to detect the
desensitized mAChRs, unlike the lipophilic QNB or 4-DAMP, since activation of
mAChRs is followed by temporary removal of the receptor from the outer cell
surface and its penetration into the lipid membrane.

Brains of parathion exposed mice, that were allowed a 7 day recovery
period, had AChE that was inhibited by <40% and most were back to control
levels. The B,,, values for mAChR antagonists were also generally reduced in
the few mice with higher AChE inhibition, back to the levels of mice with lower
ACHE inhibition that were not allowed a recovery period (Fig. 5). Thus, despite
the variabilities and few animals studied, there does appear to be significant
partial recovery in 7 days in both AChE activity and mAChR concentration. In
order to inquire into the mechanism for reduction in submaxillary mAChR
concentration that results from dietary exposure to parathion, M, subtype-selective
rat cDNA probe (5) (kindly provided by Dr. Tom Bonner) was used to assess the
receptor’s mRNA levels in Peromyscus submaxillary glands. In mice exposed to
dietary parathion for 14 days, AChE was significantly reduced, and so was
[*HIQNB binding (r>=0.66, p=0.05) without significant change in its K,
(r*=0.25) (Fig. 7). There was also a highly significant reduction in mRNA of the
M; receptors (Fig. 8). It suggests that the observed down-regulation of mAChRs
in submaxillary glands, and most likely brain mAChRs, results mostly from their
reduced synthesis as a result of reduced mRNA transcription. This supports the
recent findings on the effect of agonists on m1, m2 and m3 receptors (38) and
DFP on the m2 receptor (40). The degree of down-regulation of brain mAChRs
(up to 50-58%), which is close to that in the M; subtype in submaxillary glands
(up to =42%), does not reveal whether there is subtype-selective down-regulation
in the brain. Utilization of subtype-specific antibodies (kindly provided by Dr.
Barry Wolf), which are highly subtype-selective (37) compared to the "specific”
radioligands used, revealed the cortical abundance of the subtypes was similar to
the rat’s: M;>M,>M,>M;>M; (19). It is feasible to reveal if the different
receptor  subtypes in the brain are differentially regulated by subchronic
parathion. There was a greater loss of M; receptors compared to M, receptors
in submucosal gland cells of swine trachea after subacute exposure to DFP (39).

Receptors are constantly being synthesized and degraded with a certain
half life that differs between various receptors and their locations amongst other
factors. Agonists most likely down-regulate mRNA levels by regulating the rate
of gene transcription. It is important to note that regulation of mAChR mRNA
expression does not occur only as a result of persistent activation of mAChRs, but
may also result from activation of other G-coupled receptors. Incubation of
chicken heart cells with agonists for the A, adenosine receptor (which inhibits
adenylyl cyclase in chicken heart) has resulted in decreased mAChR numbers and
its mRNA levels; albeit to a smaller degree than those seen with direct
activation of mAChRs (18). However, the apparent higher reduction in
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Figure 7. The relationship in Peromyscus submaxillary glands of mRNA to
ACHhE inhibition in surviving adult males receiving parathion in corn oil.
Each symbol represents a mouse given treated feed for 14 days. The mRNA
levels were measured as the optical density of individual bands determined
after autoradiography of Northern blots using radiolabeled rat m3 probe.
Both mRNA levels and AChE inhibition are expressed as a percent of the
mean (N = 4) determined in control mice receiving corn oil only.
(Reproduced with permission from ref, 19).
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Figure 8. The relationship in Peromyscus submaxillary glands of B,,, and K
of PHJQNB to AChE inhibition in surviving adult males receiving parathion
in corn oil. Each symbol represents a mouse given treated feed for 14 days.
Bo. and K;, (obtained from a Scatchard plot of 10 radioligand concentrations)
and AChE inhibition are expressed as a percent of the mean (N = 4) in
control mice receiving corn oil only. (Reproduced with permission from ref.
19).
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submaxillary gland M; mRNA (up to =80%) (Fig. 8) than M; receptor
concentration (up to =42%) (Fig. 7), suggests that there may be other changes
in postranscriptional processing that act in the opposite direction. Among
possible explanations are increased translational efficiency or incorporation of
receptor from premade pools, activation of previously inactive receptors and
decreased receptor degradation. The present findings are consistent with previous
data on the effects of sublethal repeated exposure of animals to OPs and the
development of tolerance, which is believed to be due in part to a reduction in
mAChRs (8, 9).

Muscarinic Receptors in Blood Cells

The regulation of mAChRs in brain and submaxillary glands by OPs cannot
possibly be utilized as a biomarker of exposure, since the sampling method is
highly invasive. On the other hand, several blood cells have been found to have
mAChRs. The presence of mAChRs in neuronal and innervated cells has long
been widely documented by electrophysiological, biochemical and
pharmacological techniques. However, there was no reason to search for these
receptors in non-neuronal and noninnervated cells, since it could not be imagined
why a receptor would be there and what the source of its transmitter would be.
Using radioligand binding assays, mAChRs were identified in the outer surface
membranes of human erythrocytes (2) and neutrophils (11) as well as in mouse
lymphocytes (B and T) (16). There are suggestions of functional roles for these
receptors, such as in altering cell deformability, osmotic fragility and membrane
structure and possibly some mAChRs may be remnants from the stem cell stage,
and play roles in cell differentiation. In searching for biomarkers of exposure,
receptor density is an important determinant of detection sensitivity, while the life
span of the cell is important for stability of the biomarker. Whereas the average
life of a human erythrocytes is 4 months, that of a T lymphocyte is a few days,
while for a B lymphocyte it is years. The concentrations of mAChRs also vary
greatly between these blood cells. In erythrocytes, 2 (32), 3.6 (22) and 23 (2)
fmol of mAChRs/mg protein have been reported, depending in part on the degree
of membrane purification in the assays used. In mouse lymphocytes and human
neutrophils, 200 (16) and 50,000 (11) sites per cell, respectively, were reported.
The number of cells in the blood are also a factor that affects the sensitivity of
the assay for mAChRs. There is an average of 2,000 lymphocytes, 5,000
neutrophils and 5 million erythrocytes per mm® of blood.

The identity of the mAChR subtypes in these blood cells has not been
determined, nor has any study been conducted on the effect of chronic exposure
to muscarinic agonists, antagonists or OP anti-AChEs on mAChRs. Cytotoxic
T lymphocytes and natural killer cells as well as monocytes play an important
role in the elimination of virus-injected cells and provide immune surveillance for
premalignant cells. Serine esterases in these cells are inhibited by very low
concentrations of OPs (27). It is not known whether monocytes have mAChRs
or whether they are regulated by exposure to OPs. Until such knowledge is
available, there is no way of assessing the feasibility of using blood cell mAChRs
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as biomarkers of human exposure to OP pesticides. The information would also
reveal possible immunotoxic impact of chronic exposure to OPs.
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Chapter 5

Correlations of Molecular Connectivity Indices
with Toxicities of Organic Nitriles

Gordon G. Cash

Office of Pollution Prevention and Toxics (TS—798), U.S. Environmental
Protection Agency, Washington, DC 20460

This investigation attempted, with partial success, to improve upon
results of published quantitative structure activity relationships for
26 organic nitriles. Specifically, molecular connectivity indices and
principal component scores derived from them were used in place
of more difficultly computed parameters to predict acute toxicities.
Many good correlations were discovered for subsets of the data, but
a predictive equation generally applicable to the gamut of organic
nitriles was not found.

The United States Environmental Protection Agency’s (USEPA) Office of
Pollution Prevention and Toxics (OPPT) has a longstanding interest in predicting
biological activities of compounds through quantitative structure-activity
relationships. A previous study (/) demonstrated some success in predicting the
LDy, of a variety of organic nitriles from a combination of log P and a parameter
k. derived from quantum mechanical calculation of relative heats of formation.
In the present work, the author sought to apply the much more easily calculated
molecular connectivity indices (2-6) to the same task.

Methodology

Molecular connectivity indices, "x, and valence molecular connectivity indices, "x",
here collectively called MCIs, were generated for paths (P), clusters (C),
paths/clusters (P/C), and chains (CH) were generated through order six,
comprising 38 indices in all. This paper refers to the resulting indices as Pn, Cn,
P/Cn, CHn, Pnv, etc. (Most authors refer to the path/cluster indices as PCn, but
P/Cn is used here to avoid confusion with principal component scores.) For the
set of 26 compounds from ref. 1, twelve indices, namely, CH3, CH4, CHS, CH4v
CHSv, CH6v, C4, CS, C6, C4v, CSv, and C6v, were all zero. Therefore, only the
26 for which there were some non-zero values were considered.

This chapter not subject to U.S. copyright
Published 1994 American Chemical Society
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Principal component analysis (PCA) was also performed on the sets of
MCIs generated for the study compounds. Principal components may be derived
from either the covariance matrix or the correlation matrix, the difference being
that use of the correlation matrix has the effect of giving each of the underlying
variables equal weight. In the present study, no compelling argument could be
made for excluding either approach, so both were used.

Because comparisons are being made among correlations involving both
different numbers of observations and different numbers of predictor variables,
the author feels it more appropriate to compare adjusted R? than multivariate R.
The relationship of adjusted R? to multivariate R is given by equation 1 (7)

adjusted R2 =1 - (n_—n(;j—i—)-)(l—R") )

(Note that adjusted R* does not reduce to univariate R? in the univariate case.)

The dependent variable addressed in ref. 1 was (-log LDs,). Our multiple
regression software was unable to find any relationships between this variable and
the MCIs. Using a technique which has been somewhat successful with other
datasets, the transform (-log LDs,)" was adjusted to optimize the Kolmogorov-
Smirnov score for normal distribution. (The Kolmogorov-Smirnov score for (-log
LDs,) was well above the critical value.) In the present case, the optimum value
of n was -0.5. All of the present studies were performed using the transformed
variable, (-log LD4,)?S. Using a transformed variable for regression analyses
creates a problem in comparing standard errors of the estimates because the
estimate will be for the error in the transformed variable. The equation relating
the error in a function to the errors in its variables is equation 2:

Sp = 'lz s (—é‘%)z )]

For a case in only one variable, this reduces to equation 3:

Sg =

S*(%i)l 3)

In the present study, the software estimates the error in (-log LDs,)*?, and one
wants to know the error in (-log LDy)). Therefore, for the purpose of using
equation 3, x is (-log LDy) %%, F(x) is x%, and dF/dx is -2x>. At the mean value
of (-log LDy)?%, 0.8517, -2x% = 3.24.

For similar reasons, one of the results reported below involves a transfor-
mation of an independent variable from ref. 1, In Kk, oo, into (In kg oy + 5.5)™.

The software package, SCOUT, used in this study to calculate the
transformations and their Kolmogorov-Smirnov scores, as well as to find coplanar
subsets of data in various 3-spaces, deserves special mention because those
operations would have been prohibitively tedious without it. SCOUT is a
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multivariate statistics package that runs under DOS, does not require expanded
memory, a math coprocessor, or a mouse, reads ASCII input files, and writes its
graphics to disk in PCX format. Of particular note, SCOUT is available in the
public domain. Executable files may be obtained by sending a 5%" (H.D. only)
or 312" (either density) floppy diskette to Mr. Jack Teuschler, U. S. Environmental
Protection Agency, Center for Environmental Research Information (CERI), 26
Martin Luther King Drive, Cincinnati, OH 45268; (513) 569-7314. For additional
technical information, contact Dr. George Flatman, U. S. Environmental
Protection Agency, Environmental Monitoring and Systems Laboratory, P. O. Box
93478, Las Vegas, NV 89193-3478; (702) 798-2628. SCOUT also performed the
principal component analyses (PCA) reported here, but it does not perform any
sort of regression.

Results and Discussion

It is a general principle of quantitative structure activity relationship (QSAR)
studies that the relationships work best within a closely analogous group of
compounds. Use of several such groups within the same study usually results in
a description of the differences among the groups rather than among the
compounds within the groups. The set of alkyl nitriles in Table I seemed a good
choice for a QSAR study for the reasons given in ref. 1. As stated above, the
approach taken in ref. 1 was computationally intensive, and one goal of the
present study was to achieve comparable results with more easily accessible
parameters. The parameters chosen were the MCIs described above and
principal component scores derived from them.

Table I. Compounds Examined in This Study and in Ref. 1

Obs. # Type® R Obs. # Type® R
1 mono CH, 14 di (CH,),
2  mono CH,CH, 15 di (CH,),
3  mono CH,(CH,), 16 di (CH,)
4 mono CH,(CH,), 17 mono CICH,
S mono CH,(CH,), 18 mono CI(CH,),
6 mono CH,(CH,), 19 mono CI(CH,),
7  mono CH,(CH,), 20 mono (CH,),N(CH,),
8 mono (CH,),CH 21  mono (CH,;),CHNH(CH,),
9 mono (CH,),CHCH, 22 di (CH,),NH(CH,),
10 mono (CH,),CH(CH,), 23 mono CH,=CHCH,
11  mono CH,CH,CH(CH,) 24 mono ¢CH,
12 di H, 25 mono ¢(CH,),
13 di (CH,), 26 mono HO(CH,),

# Mononitrile, R-C=N, or dinitrile, N=C-R-C=N.
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The dependent variable taken from ref. 1 was log (1/LDs,), which this
study expresses as -log LDy, where LDy, was the acute median lethal dose in
mice and was obtained from various published sources. Stepwise multiple
regression techniques were unable to find any correlations between the set of 26
MCIs and -log LDy, Using the methodology described above, a transformed
dependent variable, (-log LDs)?, was chosen for trial. This transformation
depends entirely on the distribution of -log LD, and utilizes no knowledge of the
predictor variables.

Table II summarizes the results of all the regression analyses run with
(-log LDs,)** as the dependent variable. Use of all 26 observations with F = 3
to add and to remove a variable gave an adjusted R ? of only 0.5359 (Entry 1).
Setting F-to-add = 1 (Entry 5) added another predictor variable and improved
adjusted R? slightly. Equation 4 represents the best result obtained in the
present study with all 26 compounds.

-2.5926 C3 + 5.7211 P/C4 + 0.3387 P2v - 4.4500 P6v - 5.7322 P/C4v + 0.5586
n = 26;s = 0.3337; adjR? = 0.5527; F = 7.177 4)

Because of mechanistic considerations, ref. 1 also looked at a subset (n = 21) of
the data (Entry 33). Table III shows which subsets of compounds correspond to
the entries in Table II. With this subset, the MCI correlations (Entry 4) came
somewhat closer to matching ref. 1 in adjusted R ?, resulting in Equation 5.

1.8821 P3 - 1.9983 P4 - 1.9081 PS5 - 1.0890 P/C4 + 0.4752
n = 21;s = 02728; adjR? = 0.7044; F = 12914 )

Once again, however, as stated above, the standard error in Equation S is actually
much larger than the one from ref. 1 because the former is the error in the
transformed variable.

Using a technique described more fully below, a visual search was made
for correlations between the dependent variable and various sets of two MCIs.
Table 11, Entry 6, is the most successful of these attempts, and with n = 15 and
adjusted R? = 0.6353, even that is not outstanding.

Principal Component Analyses. In a few words, principal component analysis
(PCA) redefines an n-space in terms of n mutually orthogonal axes. Each axis
is a linear combination of the underlying n variable axes. The coefficients, or
loadings, of the n variable axes are normalized so that the sum of the squares of
the loadings is 1 for each principal component axis. In addition, the origin in
principal component space is placed at that point on the first principal component
axis such that the mean of the first principal component scores is zero. Thus,
PCA does not alter the constellation of data points, but merely describes the data
in terms of a different set of axes. The main advantage of PCA is that it often
concentrates the variability of the dataset into the first few principal components,
thus reducing the effective dimensionality of any subsequent analysis. In the
present case, the first four principal components accounted for >99% (covariance
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Table II. Results of regression analyses
Entry n Predictors ° Adjusted R? RMSE®  Equation #
1 26 C3, P/C4, P6v, P/Cdv 5359 .3400
2 25 C3, P/C4, P6v, P/Cdv .6071 3072
3 24 P/C4, POv, P3v, P/Cdv .6633 2854
4 21 P3, P4, PS, P/C4 7044 2728 S
S 26 C3, P/C4, P2v, P6v, P/C4v 5527 3337 4
6 15 P1, P2v .6353 1754
7 26 PCV1, PCV2, PCV3, PCV4 .0922 4754
8 19 PCV1, PCV2, PCV3, PCV4 6759 2355
9 13 PCV1, PCV2 7723 2170
10 11 PCV1, PCV2 .7019 .1064
11 12 PCV3, PCV4 5394 .1801
12 14 PCV3, PCV4 9024 .1436 7
13 26 PCR1, PCR2, PCR3, PCR4 .0808 4784
14 19 PCR1, PCR2, PCR3, PCR4 .6529 2437
15 17 PCR1, PCR2 6607 2817
16 6 PCR1, PCR2 5621 .1103
17 20 PCR1, PCR3 4985 3129
18 20 PCR1, PCR4 5537 2952
19 17 PCR1, PCR3 .6207 2280
20 17 PCR1, PCR4 6322 2246
21 16 PCR1, PCR3 .6632 2213
22 16 PCR1, PCR4 .6958 .2103
23 18 PCR2, PCR4 .7066 2694
24 15 PCR2, PCR4 .8842 .1848 8
25 12 PCR3, PCR4 .8468 .1636
26 11 PCR3, PCR4 9340 1124
27 10 PCR3, PCR4 9707 .0798 9
28 15 PCR3, PCR4 8517 .1908
29 9 PCR3, PCR4 9934 .0412
30 7 PCR3, PCR4 .9983 .0217
31 15 (In ky oy + 5.5)3 9273 .1349 10
32°¢ 26 (log P)*, log P, In k, corr .685 35¢
33¢ 21 (log P)%, log P, In ky oo 776 294

*PCV = principal components derived from covariance matrix; PCR =
principal components derived from correlation matrix. ® Root mean standard
error of the estimate of (-log LDy,)®*. from ref. 1. ¢ Root mean standard

error of the estimate of -log LD,
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Table III. Observations used in regression analyses
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matrix) or >97% (correlation matrix) of the variability in the data. The loadings
for these principal components are listed in Table IV. Thus, the dimensionality
of this problem was effectively reduced from 26 to 4. For this reason, no attempt
was made to run stepwise multiple regression with the entire set of principal
components. An effect of the difference between the two approaches in
weighting the underlying variables is apparent by inspection of the higher-order
MCI entries. MCIs numbered higher than 3 make little contribution to any of the
PCV axes, but contribute substantially to PCR1-3.

Table IV. Principal component loadings

MCI  PCV1 PCV2 PCV3 PCV4 PCRI PCR2 PCR3 PCR4

PO 5097 -.0226 -2106 5603 2118 -.1809  .1276  -3227
P1 3719 -2025  -3242 1459 2191 -1807 .0466 -.3096
P2 2903 -216 3168 .24 2336 -.069 1337 -2595
P3 219 -3516 .0398 -1265 2379 -0707 -.0062 -.1924
P4 1723 -4024  -.0393  -2045 2369 -.0581 -.0925 -2719
PS 1304 -3471 0063 -2533 2374 -032  -1174 -1642
P6 0635 -1258 -.0748 -.0946 2217 -1204 -1177 -0073
C3 0132 0156 3762  .1581 .0773 2607 .39 .0456

P/C4  .0201 -0843 3801 .0305 .1258  .292 2251 2105
P/CS 0317 -1993 2739 -111 1886 2644  -.008 .0284
P/C6  .0367 -2636 .1922 -.182 2004 2134 -1517 -.0343
CH6 0045 -.04 0158 -0341 .1915S .1821 -2574  .0626
CH7 .0032 -.0282 .0111 -0241 .1915 .1821 -2574 .0626
POv 4678 431 1437 -1439 2039 -.1847  .1993 -.0166
Plv 3185 309 -.1067 -3839  .1998 -2181  .148 .068

P2v 2334 2694 3641 -0917 2017 -1266 .2654  .0934
P3v 597 0598  -.0214 -3139 2145 -1798 .1006  .1564
P4v 1045  -.0165 -0816 -2512 2184 -1916 .0091  .1779
P5v .0607 -.0367 -0568 -.1816 2186 -.1758 -.0448 332

Pé6v 0263  .0056 -.0492 -.086 1822 -2379 -0307  .5864
C3v .0088 .0348 3073 .1401  .059 2435 419 0126
P/C4v 0125 -0252 2308 .0431 .119 2818 3074  .0517
P/C5v .0135 -0667 .120S -.0236 .1871 2609  .0666 -.0524
P/Cov .0112 -0741 .0583 -.049 2015 209 -1296  -.0342
CH6v .0014 -0125 .005 -0107 .1915 .1821 -2574 .0626
CH7v  .001 -.009 0036 -.0077 .1915 1821 -2574  .0626

Not unexpectedly, there was no good correlation between (-log LD,,)%*
and any single principal component. Contrary to expectations, however, the first

four principal components together were poor predictors of the dependent
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variable (Table II, Entries 7 and 13), notably less successful that the underlying
MCIs. An approach taken in ref. 1 to improve correlation was to work with only
a subset of the compounds. The present study also utilized that approach, but
where ref. 1 defined the subset first and then looked at correlations, here well-
correlated subsets of data points were found without prior reference to structural
or mechanistic considerations.

Correlations with two principal components. The existence of a set of
nearly coplanar points in 3-space implies a least-squares Equation 6:

aX +bY +cZ+d=0 (6)

The three-dimensional, on-screen graphics capabilities of SCOUT make it very
easy to rotate a cloud of data points to search for such planes visually. It is
further possible with SCOUT to color to enumerate the relevant observations and
delete the remainder from the graph. An example is shown in Figure 1.

X
7
X
X
=
x X
X X
Axis VUariables
x X PC3
Y PC4
X z 1/SQRT
X
X
X x
X Y

Figure 1. 3-D plot from SCOUT. 1/SQRT is (-logLDs,)%’

In the present study, because of intercorrelations, one needed also to be aware
that many planes exist parallel to the dependent variable axis Z, a situation
corresponding to ¢ = 0 in Equation 6. These planes contain no information
about the dependent variable.

Many subsets were found to exhibit correlation with two principal
components, and the results are shown in Table II. Of particular note are Entries
12, 24, and 27. The compounds making up the subsets may be found in Table IIIL
Comparisons among the data in Tables II and III reiterate the point that adjusted
R? does not necessarily increase when the ratio of the number of predictor
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variables to the number of observations increases. Table II, Entry 12, resulted
in Equation 7,
0.8172 PCV3 - 0.6625 PCV4 + 27122
n = 14; s = 0.1436; adez = 0.9024; F = 61.123 @)

Entry 24 in Equation 8,

0.2036 PCR2 - 0.2852 PCR4 + 1.0045
n = 15;s = 0.1848; adjR 2 = 0.8842; F = 54.475 ®8)

and Entry 27 in Equation 9:

- 0.4245 PCR3 + 0.1713 PCR4 + 0.4509
n = 10; s = 0.0789; adjR? = 0.9707; F = 150.343 ©)

In the cases of Equations 7 and 8, more than half of the compounds are
represented. Table III shows that these two cases are by no means the same
subset. With only two predictor variables, these correlations are 7 - 7.5 times
overdetermined. Similarly, while Equation 9 represents fewer compounds, the
error of the estimate is about half that of Equations 7 and 8, and adjusted R Zis
much nearer 1.0. (The Equation 9 compounds are a subset of those in Equation
8.) Keeping in mind that two sets of four principal components were derived
entirely from structural considerations involving all 26 compounds, it stretches this
author’s imagination to believe that the correlations represented by these last
three equations are chance occurrences. On the other hand, comparison of
Tables I and III does not suggest any obvious structural features that distinguish
the compounds that are represented in the correlations from those that are not.

It is also curious that the best correlations in Table II seem not to involve
a first principal component axis. This phenomenon may be coincidental, although
the author has submitted for publication elsewhere another study, involving
different graph theoretical parameters, differently functionalized compounds, and
a different target organism, in which the same phenomenon was observed.
Transformation of log P and In k, .. Following the success with transforming
the dependent variable, the question arose whether transforming the independent
variables from ref. 1 would lead to better correlations. Power transformations of
log P, which of course includes (log P)?, did not produce any apparent improve-
ments. The Kolmogorov-Smirnov value for (In k, .,) ", however, optimized at
n = 1.3, and this transformed variable showed an obvious correlation with a
subset of the compounds (Table II, Entry 31). The actual transformation used
was (In kg o, + 5.5) ? because the power transformation demands that all values
be >0. The resulting correlation for 15 compounds is shown in Figure 2. The
observations made above for the principal component correlations apply here as
well.
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Figure 2. Univariate correlation of transformed variables.

The equation illustrated in Figure 2 is Equation 10:

0.0139 (In k, o, + 5.5) 13 - 0.6162
n = 15;s = 0.1349; adjR 2 = 0.9273; F = 179.700 (10)

Conclusions

Transformation of both dependent and independent variables according to the
Kolmogorov-Smirnov optimization procedure, even with a dataset of modest size
(n = 26), revealed correlations that would otherwise have been missed.
Predictions made by the best correlations are listed in Table V. With software
readily available to perform that optimization, the technique may find further use
in QSAR studies. Visual searching for well-correlated subsets of data offers some
advantage over simply removing sequentially the data points with the largest
residuals, since the former technique in some cases revealed two correlation
planes with a large dihedral angle in the same space. On the other hand, the
visual technique is limited to 3-space. This study uncovered several good
correlations within the principal component spaces derived from MCI space, but
no correlation equation was applicable to either the entire dataset or a

structurally distinct subset. .
It is the author’s belief that this study clearly indicates that graph

theoretical parameters contain information capable of predicting acute toxicity,
but much work remains to be done to define precisely where that information
resides and what restrictions might apply to its use.
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Table V. Observed and Predicted Values of (-log LDs)

Obs. # Exp® Eqn.4 Egqn.5 Eqn7 Eqn8 Eqn 9 Egn. 10

1 6.55 2.49 443 11.81
2 0.65 1.87 0.50 0.58 0.57 0.77 0.90
3 0.57 1.33 0.83 0.62 0.93
4 2.30 1.03 1.56 1.66 2.70 2.64
5 4.77 1.36 1.93 2.84 4.02 3.35
6 14.09 8.91 4.40 7.98 8.81 5.83
7 1479 25195 7.89 18.26 15.02 835
8 0.37 0.43 0.41 0.37 0.37 0.32
9 2.80 2.97 2.46
10 5.02 2356 11.49 7.00
11 0.29 0.28 0.28 0.33 0.37 0.37

12 1.80 1.90 0.83 1.52 0.87
13 1.62 1.43 1.56 1.71 1.60 1.82 241
14 2.83 1.31 1.93 191 3.51 3.26 1.97

15 1.59 1.47 2.81 2.07 1.23
16 1.03 2.39 4.40 223 0.97
17 1.84 1.79 1.26

18 0.57 1.27 0.83 0.55 0.94

19 0.52 0.98 1.56 0.55

20 1530 4.94 11.49

21 1940 6.96 8.86

22 2750 2.03 4.40 647 9246 14.57

23 1.00 1.65 1.00 0.89 1.13

24 0.39 0.45 0.32 0.33 0.34

25 0.89 0.76

26 48.72 1.67 1111.11
2 From ref. 1.
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Chapter 6

Computer-Aided Molecular Modeling
for Development of Biomarkers
for Human Exposure to Pesticides

Mahmoud A. Saleh!, Cecil Wallace, Jr.!, and Jerry N. Blancato?

!Environmental Chemistry and Toxicology Laboratory, Department
of Chemistry, Texas Southern University, Houston, TX 77004
ZExposure Assessment Research Division, Environmental Monitoring
Systems Laboratory, U.S. Environmental Protection Agency, P.O. Box
93478, Las Vegas, NV 89193-3478

A molecular modeling and computer graphics study has been conducted
on a group of insecticides including 50 bicycloorthocarboxylates, 12
bicyclophosphorus esters and 20 chlorinated insecticides which are
known to have a common mode of action, i.e., binding to the gamma-
aminobutyric acid chloride channel receptor. Three-dimensional steric
and electrostatic fields were correlated with each compound’s toxicologi-
cal properties using comparative molecular field analysis. Toxicological
potencies were strongly influenced by the nature and orientation of the
substituent groups, molecular volume and dipole moment. Also
described are models for predicting binding affinity to the receptor and
for predicting acute mammalian toxicity. These chemicals may serve as
useful probes for elucidation of the topography of the binding sites of the
receptor and provide leads in the design of new compounds with more
potent insecticidal activity and selectivity.

Development of biomarkers for human exposure to insecticides which are both
sensitive and selective is needed. This goal may be more efficiently realized when
more in-depth knowledge of the mode of action at the molecular level and the
essential structural characteristics of the biomarker and toxic chemical are realized.
It has been demonstrated on many occasions that the molecular interactions of a
chemical, e.g., a drug or insecticide, with the effector (receptor, enzyme,
membrane, RNA, DNA etc.) are not dependent upon covalent bonding. Rather,
they are primarily shape-dependent; therefore, only steric and electrostatic forces
may account for a great variety of observed biological and toxicological properties
(1-3). Thus, models that provide suitable sampling of the steric and electrostatic
fields surrounding a set of ligand (insecticide) molecules might provide the
necessary information for understanding the binding requirement of the chemical

0097-6156/94/0542—0076$10.25/0
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to the active site of the receptor. Recently a large group of chemicals of diverse
chemical structures were shown to have high affinity for the GABA receptor-
ionophore complex (4-6). This group consisted of three major chemical categories:
bicycloorthocarboxylates, bicyclophosphorus esters, and some chlorinated
hydrocarbon insecticides. Their toxicological properties and binding affinity for
the GABA receptor were studied extensively (4,5,7-11). These studies provide a
basis for developing models correlating shape and size of molecules to receptor
binding and toxicity.

In the present study, the concept of comparative molecular field analysis
(CoMFA) was used to correlate receptor binding and mammalian toxicity of the
three groups to their steric and electrostatic forces using the QSAR molecular
modeling program of SYBYL (Tripos Associate). Except in a few cases, the
comparative molecular rigidity of the group of compounds allows the
conformational variable about bond rotations to be neglected. Also evaluated was
the ability of the constructed molecular model to predict the receptor binding
constants and thus predict in vivo mammalian toxicity. A second approach to the
prediction of receptor binding and mammalian toxicity also was used. Ordinary
least squares regression and cross-validation techniques were employed to find how
receptor binding and mammalian toxicity might be related to functions of molecular
volume, molecular surface area, dipole moments, and strain energy.

Material and Methods

Compounds The compounds included in this study, selected to reflect the great
diversity in their structures and biological activities, represent three major classes
of chemical structures. The first group contains the 2,6,7-
trioxabicyclo[2.2.2]octane moiety as the basic common structure, with substituents
at positions 1 and 4 of various steric and electronic properties (Figure 1,
compounds 1-50). The second group contains either bicyclophosphorothionate or
bicyclophosphate with different substituents at the four positions (Figure 1,
compounds 51-62). The third group includes chlorinated insecticides of the
cyclodienes, hexachlorocyclohexanes and three of the toxaphene isomers (Figure
2). Toxicological data on the selected chemicals were reported as mice LDy,
(mg/kg) and as their potency for inhibiting [**S]t-butyl-bicyclophosphorotionate
([*SITBPS) binding to the human brain receptor (ICs;) were collected from the
published literature (5,8,11).

Molecular Modeling All molecules used in this investigation were constructed
using the SYBYL molecular modeling software of Tripos Associates, Inc. (St.
Louis, MO) version 5.5 run on a Evans & Sutherland Unix Workstation. Building
of molecules was carried out from standard molecular fragments followed by
minimizing energy using minimum cleanup procedures. Charges on each
individual atom of each molecule were calculated using the topological method of
Gasteiger and Marsili (12). Because of the relative rigidity of all the molecules in
this investigation, each compound was represented by a single conformer except
hexachlorocyclohexane isomers. Conformation analysis was performed, and the
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Figure 1. Bicycloorthocarboxylate and bicyclophosphorus ester structures used
to derive the COMFA/QSARs.
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Figure 2. Chlorinated insecticide structures used to derive the
CoMFA/QSAR:s.
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most stable conformer was chosen for each isomer. In order to clearly study the
effect of the shape and size of molecules on their biological activity, the basic
structural unit of each group was fixed to a common orientation, and substituents
were constructed consistently while retaining the orientation of the basic subunit.

Energy Minimization and Calculation of Total Strain All constructed molecules
were subjected to energy minimization using the Maximin-2 molecular mechanics
method within the SYBYL program and allowing bond length and valance angle
to be adjusted simultaneously with variations of the torsional angles to achieve a
minimum energy geometry. Total strain energy is then given for the most stable
arrangement as described in the equation:

E=YEy,+ % B+ L Eg+ L B+ L Ea+ I Ea,
where the sums extend over all bonds, bond angles, torsion angles, and non-bonded
interaction between atoms not bound to each other or to a common atom (i.e., 1,4-
interactions and higher).

E,, is the energy of bond stretched or compressed from its natural length.

E,.. is the energy of bending bond angles from their natural values.

E, is the energy of bending planar atoms out of the plane.

E.. is the torsional energy due to twisting about bonds.

E.4 is the energy due to Van der Waals non-bonded interactions.

E.. is the energy due to electrostatic interactions.

Conformation Analysis Conformation analysis of hexachlorocyclohexane
isomers was performed using the search option for ring system which searches for
allowed conformations from a steric point of view by screening Van der Waals’
constant distances. Conformations are rejected if they contain interatomic distances
shorter than the sum of the respective Van der Waals radii. Subsequently, energy
calculations were performed for the valid search conformations using Maximin-2,
and the most stable conformer of each isomer was chosen.

Molecular Volume, Surface area and Dipole Moment Volumes and surface
areas of each individual molecule were calculated using mvolume and dots surface
programs of advanced SYBYL, respectively. Dipole moments were calculated as
total dipole moment and as its individual X, Y and Z components using the QSAR
program of Sybyl.

Molecular Alignment The positioning of a molecular model within the fixed
lattice is the most important input variable for comparing activities of different
molecules due to the fact that relative interaction energies depend strongly on
relative molecular orientation. Therefore, field fit was used to assure co-alignment
of all molecules in each group of compounds. This was done using the root-mean
squares fitting method (12). The bicycloorthocarboxylate group was aligned by
fitting the 2,6,7-trioxabicyclo[2.2.2]octane unit and the first atom of the 1- and 4-
substituents. The bicyclophosphate group was aligned by fitting the
bicyclophosphate unit and the first atom of the 4-substituent. Cyclodiene
insecticides were aligned by fitting the hexachlorobicycloheptane unit. Toxaphene
and lindane isomers were best fitted manually.
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Comparative Molecular Field Analysis and Quantitative Structure Activity
Relationship The comparative molecular field analysis (CoMFA) method described
by Cramer ez al. (14) was performed for each group of the studied compounds
using the logarithms of ICy, and LD, as the bioactive variables. This procedure
automatically calculates steric energy and electrostatic energy between the
compound of interest and a "probe atom" placed at the various intersections of a
regular three-dimensional lattice large enough to surround all the compounds in the
series (14). The method of partial least-squares (PLS) regression (15,16) was used
to extract the QSAR results. In a second approach to the development of
quantitative structure activity relationships, ordinary least square regression and
cross-validation procedures were employed to estimate prediction equations for log
(ICs) and log (LDsy). In this case, the predictor variables used were the non-
CoMFA molecular properties: molecular volume, molecular surface area, dipole
moments, and strain energy.

Results and Discussion

Structure, Energy and Orientation Structural fit and alignment orientation of all
molecules from the three groups was carried out prior to any analysis. This fit
orientation allowed the structures to be locked in some relative orientation and vary
the size and the physicochemical properties of substituents varied at one fixed
point; i.e., relative to the basic structural unit in each group. The
bicyloorthocarboxylates and bicyclophosphorus esters were fit to the bicyclooctane
framework, while hexachlorobicycloheptane was used to fit cyclodiene insecticides.
Molecular volume, dipole moment, strain energy and biological activities are
shown in Table 1 for bicycloorthocarboxylates and bicyclophosphorus esters and
in Table 2 for chlorinated insecticides. Total strain energy is expressed by the sum
of bond distortions, torsional energy, and Van der Waals’ interaction. By
examining the individual components of energy, it was found that bonding
distortion and torsional energy were the most important factors in increasing the
total energy of the compound. Hydrogen bonding in the syn-12-hydroxyendrin
lowered the energy of the molecule by about 2.2 k cal/mole relative to the anti
isomer in which intramolecular hydrogen bonding is not possible. Conformation
analysis of the hexachlorocyclohexane isomers revealed that the half boat
conformation is the most stable conformation for the ~y-isomer (lindane). Other
isomers («, 8, and §) were most stable in the chair form (Figure 3). Since the -
isomer is the most toxic, this difference in molecular conformation may play a role
in its toxicity and therefore its binding to the receptor.

Predictivity of Structure-Activity Relationship The most important finding in
this study is the ability of the model to predict the activity of unknown compound
as expressed by the predictive or cross-validated r> shown in Tables 3 and 4 for
both ICs, and LDs, of each group. The "crossvalidated r*" or "predictive r*" is
defined as:
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Table 1. PHYSIOCHEMICAL PROPERTIES AND BIOLOGICAL ACTIVITIES OF
BICYCLOORTHOCARBOXYLATES AND BICYCLOPHOSPHATES
Compound  Volume  Surface —DipoleMoments ~ StrainEnergy LDy ICs
Number (A Ara X Y Z D*  (kcaUmole)  (mgkg)  (nM)
1 204.2 2789 -1.54 -3.82 158 441 15.579 13 413
2 2211 3016 -1.54 383 155 44) 16.110 9.1 176
3 2204 3024 -1.70 -3.74 161 4.42 17.347 23 45
4 2375 3240 -1.55 -3.82 156 4.40 16.330 50 200
s 237.1 3258 -1,76 -3.70 160 4.40 19.176 25 6
6 2372 3266 -1.59 371 173 439 20.225 1.1 7
7 2433 3282 -1.58 -3.47 208 434 25.771 6.1 21
8 259.6 3485 -1.33 373 1.88 438 18.613 52 13
9 236.4 3189 -1.50 -3.63 169 427 16.656 54 100
10 252.7 3418 -1.54 2373 173 439 16.991 1000 100000
11 188.9 2627 -0.65 -145 054 1.67 15.562 150 100000
12 2139 2915 -1.07 -255 116 3.00 14.696 170 100000
13 269.2 3602 -0.83 -2.78 -097 3.06 18.192 42 217
14 246.0 3310 -0.78 -2.68 -0.88 293 16.929 150 3500
15 209.0 2838 -1.14  -283 108 323 16.538 10 1500
16 208.3 2846 -1.31 -274 114 324 17.778 59 692
17 225.0 3087 -1.20 -2.70 126 3.21 20.659 1.3 49
18 2474 3307 093 -272 141 32 19.043 5.6 41
19 227.2 3136 -241 -1.20 118 294 20.550 0.7 16
20 236.0 3237 -1.93 -1.80 124 292 21.758 12 95
21 236.6 3267 <230 -2.78 168 3.98 20.201 1.6 13
22 2272 3153 -1.83 -436 204 5.15 20.368 0.77 42
23 2424 3337 -1.49 346 162 4.10 20.207 1.2 10
24 248.8 3511 -1.91 452 213 535 20.323 38 92
25 2423 3368 <203 -486 227 5.73 22.525 2.9 55

3D = (X2+ Y2+ 2205 = to1al dipole moment
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Table 1. Continued

Compound  Volume  Surface Dipolec Moments Strain Energy LD, ICso
Number (A _ Ara X Y Z__D* (kcalmole) (mgkg) (M)

26 2404 3329 -1.91 -455 213 538 20315 0.06 5
27 289.8 3994 -1.10 -246 124 297 23.102 84 2200
28 248.7 3437 -2.68 -3.78 215 5.1 19.805 0.88 10
29 229.6 3401 -1.87 -441 206 521 19.334 1.1 8
30 158.9 2912 -1.13 -248 116 341 20.085 9.5 7200
31 191.6 2680 -1.09 -251 L15 297 22971 145 100000
32 208.4 3142 -1.14 246 118 296 23.443 13 1150
33 2249 3368 113 2255 1.26 2,96 23.628 1.4 118
34 2474 3254 -3.86 -391 244 3.06 19.332 25 970
35 2412 3316 -1.69 -2.68 214 382 17.323 200 10000
36 237.7 3372 -1.59 -437 218 6.01 19.766 9.0 45
37 229.0 3101 -1.67 323 222 426 30.005 200 2660
38 2496 3372 -1.59 437 218 5.14 18.758 3.5 21
39 264.6 3994 -1.67 -457 227 409 18.594 4.3 19
40 262.7 3653 -243 -3.79 228 537 18.701 0.6 10
41 271.0 3803 -2.21 -1.36 146 5.04 18.184 39 50
42 280.5 3803 -2.21 -1.36 146 298 21.579 200 1100
43 225.7 3126 -2.14 -487 215 574 19.788 8.5 255
44 2320 3210 -2.77 -2.67 186 427 20.030 25 706
45 2245 3070 -1.27 264 1.09 3.12 18.257 25 684
46 219.7 3161 -1.96 -438 198 5.19 16.540 3.5 26
47 209.1 2915 -1.17 -248 1.00 292 20.666 500 100000
48 198.4 2736 -1.20 -260 1.15 3.08 49.550 375 100000
49 2147 2912 -1.28 -2.58 111 3.09 26.531 150 10000
50 167.9 2357 -1.26 -2.76 116 3.25 17.750 150 100000
51 1715 2365 378 084 -087 397 18.113 0.05 20
3D = (X2+ Y2+ 2205 = total dipole moment Continued on next page

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch006

September 8, 2012 | http://pubs.acs.org

84 BIOMARKERS OF HUMAN EXPOSURE TO PESTICIDES

Table 1. Conunued

Compound  Volume  Surface Dipole Moments Strain Energy LD, ICy
Number (A Area X Y Z D> (kcal/mole)  (mg/kg) —(nM)

52 155.3 2168 3.69 093 -066 3.86 16.421 0.26 400
53 138.8 1949 3.62 069 -063 3.74 15.033 1.28 2000
54 167.6 2316 556 123 -127 584 18.925 0.035 200
55 151.4 2113 550 100 -1.25 572 17.219 0.2 600
56 151.0 2113 553 100 -086 5.69 16.395 0.45 1000
57 166.3 2288 532 110 -121 557 17.354 1.90 2000
58 135.1 1895 539 109 -1.04 5.60 15.824 1 6500
59 167.2 2343 542 1.09 -1.05 563 16.413 1.9 6500
60 183.8 2568 543 109 -1.05 563 16.640 15 90000
61 117.9 1667 521 116 -1.20 547 14.594 30 90000
62 200.1 2789 545 1.08 -1.01 S5.64 16.715 350 90000

3D = (X% + Y2+ 2305 = 101l dipole moment
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Table 2. PHYSIOCHEMICAL PROPERTIES AND BIOLOGICAL ACTIVITIES OF

Computer-Aided Molecular Modeling

SELECTED CHLORINATED INSECTICIDES

85

Compound Volume  Surface _—_DipoleMoments Strain Energy LDg, IC. )
Number ~ (Ah  Ara X Y Z D*  (kcal/molk) (mg/kg) (M)
1 169.9 2409 -0.23 -1.42 077 1.87 -2.513 200 10000
2 170.5 2416 -0.02 -001 -001 0.02 -2.879 200 10000
3 169.4 2386 142 0.10 082 1.64 6.037 40 1700
4 170.2 2406 1.1 -1.63 -031 199 -2.635 200 10000
5 2379 3244 1.1 125 029 1.73 28.085 75 170
6 248.1 3342 222 208 -056 3.09 41.331 33 240
7 249.0 3362 0.17 164 077 182 28.701 100 3600
8 222.6 3001 -1.74  -142 066 2.34 43.259 49 8700
9 223.0 2962 -2.16 -1.39 0.72 2.66 41.850 14 1400
10 2313 3194 -2.11 091 022 231 27.860 1100 2600
11 2314 3177 -0.63 019 -031 0.72 25.428 600 1800
12 2113 2948 -092 -095 -018 1.33 21.187 130 7500
13 228.0 3190 -1.40 -1.63 0.00 1.76 153.259 47 1400
14 229.0 3094 -1.96 091 0.18 217 157.101 20 220
15 228.1 3091 052 193 -052 206 158.413 0.9 36
16 2343 3149 071 185 -027 200 157.836 3 43
17 235.4 3206 -046 128 -023 138 160.049 16 4400
18 218.4 3047 120 0.11 -034 125 138.918 60 980
19 226.1 3151 124 064 -043 147 24.728 76 100
20 226.4 3094 -5.22 049 098 533 23.603 240 1500

D= (X2 + Y2+ 72035 = to1al dipole moment
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Table 3. RESULTS FROM REGRESSIONS OF LOG(LDyy) AND LOG(ICy)
VALUES ON NON-CoMFA DATA

Group Dependent  No. of Molecules No. of Predictor Cross-validated Conventional
Variable in Group Varables 2 s 2 S

Bicycloorthocarboxylates
Log(LDgq) 36 8 0479 0.500 0.592 0.442
Log(ICsp) 37 4 0394 0.613 0.502 0.555

Bicyclophosphates
Log(LDgg) 12 6 0925 0470 0.991 0.167
Log(ICyp) 12 4 0.852 0.552 0.936 0.362

Chlorinated Insecticides
Log(LDgp) 14 5 0872 0346 0975 0.152
Log(ICsp) 13 2 0.595 0.457 0.730 0.374

Table4. RESULTS FROM PLS REGRESSIONS OF LOG(LDg;) AND LOG(ICsq)
VALUES ON CoMFA DATA

Group Dependent No. of Molecules No. of COMFA  Cross-validated Conventional
— Varable inGroup Components 2 s b s

Bicycloorthocarboxylates
Log(LDyq) 36 1 -0.110 0.650 0.224 0.543
Log(Csp) 37 S 0.337  0.651 0.853  0.307

Bicyclophosphates
Log(LDsg) 12 5 0.799 0.736 0.998  0.068
Log(ICyp) 12 7 0.864 0.700 0.996 0.126

Chlorinated Insecticides
Log(LDgp) 14 4 0406 0.658 0.883  0.292
Log(ICsp) 13 3 0.273 0.646 0.821  0.320
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Cross-Validated 2 = (SD - press)/SD,

where SD is the sum of squared deviations of each biological property value from
the mean, and the "press" is the sum of squared deviations of the cross-validation
predicted values from observed values. The maximum possible value for the
coefficient of determination, r? is 1. Cross-validation evaluates a model not by
how well it fits data (as expressed by the conventional coefficient of determination,
r, in least-squares regression analysis), but by how well it predicts data. For
bicyclophosphates and chlorinated insecticides, cross-validation was performed by
predicting the LDg,, or ICy, value for each molecule through the use of a
regression equation derived from the data on the other (n-1) molecules in the same
grouping. For the group of bicyloorthocarboxylates, cross validation was performed
by predicting the LDy, or IC,, values for the molecules in each of six subsets of
the molecules from a regression equation based on data on the molecules in the
other five subsets. In this latter case, the molecules were randomly assigned to the
subsets and each subset contained either 6 or 7 molecules. In standard least squares
regression analysis, the estimate s of the standard deviation of a measurement is
obtained by dividing the sum of squares of the residuals by the degrees of freedom
for error and then taking the square root of the quotient. The cross-validation s
given in the tables is obtained in the same way, only the residuals are now the
differences between the cross-validation predicted values and the observed values.
The cross validation s does not have the same statistical properties as the regression
s, but does indicate how well on average the LDy, or 1Cs,, of new molecules might
be predicted. It is necessary to consider both s and r* in determining how well a
given model fits the data. One wants a high value for r* (near one) and a low value
for s. It is possible to have a low value for s and a low value for r? if the observed
values of the dependent variable are within a narrow range and the predictor
variables are virtually unrelated to the dependent variable. On the other hand, one
may obtain both a high value of r*and a high value of s when the data falls into
two widely separated groups and the regression is essentially fitting a fine between
the two groups and at the same time giving a poor fit of each individual group.

Two types of predictive models were generated. The first type is based on
molecular volume, molecular surface area, dipole moments, and strain energy. The
second is based on steric energy and electrostatic energy values (i.e., COMFA
values) at each point on the lattice. The parameter values for the first type of
predictive model were estimated by least squares regression. For the second type,
the partial least square (PLS) subroutine in the SYBYL program was employed to
estimate parameter values because of the large number of explanatory variables
involved.

The development of the first type (for non-CoMFA variables) of predictive
models was based on regression analyses followed by cross validation. The
development of these models required a choice of the molecules from each group,
a choice of functions of the non-CoMFA variables, and decisions as to which terms
in the preliminary versions of the models should eventually be dropped. This
development will first be discussed for the log (LDs,) dependent variable. The
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group of 50 bicycloorthocarboxylate molecules (the first 50 molecules listed in
Table 1) was used as a training set. After only a visual inspection of the LDy,
values for these molecules, a decision was made to remove fourteen molecules
prior to fitting the log (LDy,) variable because the observed LDy, values for the
molecules were considered either too large (> 54 mg/kg) or too small (< 0.6
mg/kg) or too poorly defined (e.g., > 200 mg/kg). It is thought that the reported
extreme values were probably not of the same level of accuracy as those in the
middle range. In addition, outlying values can have excessive influence on regres-
sion results. (However, it should be noted that in limiting the range of values of
LDy, in the estimation process, one is also placing a similar restriction on the range
of values that may be reasonably predicted with a resulting prediction model). A
model containing all linear and quadratic terms in the three variables, volume, total
dipole moment, and strain energy, and also containing linear terms in surface area
and the three directional dipole moments was fit to the logarithms of the LDj,
values. Nonsignificant terms were eliminated to leave the model equation shown
in Table 5. These nonsignificant terms were eliminated so as to obtain substantially
lower estimates of s while only marginally reducing r’.

Owing to the small number (12) of molecules in the bicyclophosphate
group, a decision was made not to remove any molecules from the analysis. Now,
by using a procedure similar to that described above, a regression of the log (LDs)
values of the 12 bicyclophosphate molecules on the non-CoMFA variables yielded
the equation given in Table 5, for which 2 = 0.991 and s = 0.167. Cross
validation for this model gave a cross-validation r? of 0.925 and a cross validation
s of 0.470. Following the same procedure for the chlorinated insecticides after
removing six molecules with LDy, values larger than 130, we obtained a regression
equation with r> = 0.883 and s = 0.292. However, cross validation with this
model gave a cross-validation r* of only 0.406. while one must expect that the
cross-validation r? will be smaller than the conventional regression r?, this large
difference between regression and cross-validation r? values indicates that the model
is over fitting the data. Three terms (V, VS, and DS) that had nonsignificant
t-values in the regression were removed from the model equation and the
regression and cross validations were rerun. This time the regression and
cross-validation r? values were 0.852 and 0.733, respectively, and the correspond-
ing values were 0.7185 and 0.964. These results and corresponding results for ICy,
are summarized in Tables 3, 4, and 5..

The only change in approach for the ICs, data occurred in analyzing the
bicycloorthocarboxylate data. Here, upon inspection of the ICy, data, we decided
to keep in the analysis the 39 molecules with IC, not greater than 4400 nM.
However, after fitting large regression models and finding very large residuals for
the two modules with largest IC,, values, it was decided to drop these two
molecules also and thereby only include the 37 molecules with 1Cs, less than or
equal to 1500 nM.

The second type of model analysis for COMFA descriptor variables was performed
with the same molecules from each group that were employed in fitting each of the
two dependent variables in the above non-CoMFA model regression analyses. The
first step in the COMFA model analyses was to run a cross-validation partial least
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Table . RESULTS FROM THE REGRESSION OF LOG(LDgy) AND LOG(ICq) ON
NON-CoMFA VARIABLES (NORMALIZED REGRESSION COEFFICIENTS)

Lgﬂ;sd = 1.002+ 0.907 V- 2.503 D~ 0.139 S+ 0.245 VZ + 0.200 S?- 0.664 A- 1.146 X~ 1.967Y
Std. Errors: (0.236) (0.769) (0.080) (0.086) (0.085)  (0.253) (0.339) (0.616)
{V = [Mol. vol. - 230) 7 21.1; D = [Tot. dipole moment - 4] / 0.942;
S = [Str. energy - 20] / 2.205; vi. [Mol. vol. -230]2/904.2;
S2 = (Str. energy - 20)2/7.285; VS = [Mol. vol. - 230}(Str. Energy - 20] / 39.8;
A = [Surface area - 3000)/2.965; X = (X dipole moment + 2]/ 0.6025;
Y = (Y dipole moment + 3] /0.876}

—

Log(ICs9 = 1.609 - 0.469 V, - 0.331 D, + 0.424 V] + 0.200 D}
Std. Errors: 0.131)  (0.115)  (0.132)  (0.109)
{V, = [Mol. vol. - 230)/18.2; D; = (Tot. dipole moment - 4}/0.959;

V? = [Mol. vol.- 230)2/566.38; Df = [Tot. dipole moment - 4]2/0.932}
Bicyclophosphates (N = 12, all molecules)

Log(LDsg = -0.330+0.0359 V,+0.132 D,-0.0519 S,-1.793 S}+1.464V,S,+0.485D,5,
Std. Errors: (0.198)  (0.081) (0.288) (0.375) (0.235)  (0.119)

Log(ICs = 3.500 + 0.864 V, + 0.633 D, - 1.592 S, + 0.393 S
Std. Errors: (0.165) (0.111) (0.228) (0.181)

{V, = Molecular volume - 150}/22.3, D, = [Total dipole moment - 5)/0.814;
S, = [strain energy - 16] / 1.20; S% = [strain energy - 16)2/2.49;
V3, = [Mol. vol. - 150] [str. energy - 16] / 19.3; and
D,S, = [Tot. dipole moment - S)(str. energy - 16] / 1.125 }
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Table 5. Continued

Chiorinated Insecticides (N = 14, all molecules with LDSO < 130)

Log(LDsg = 1.163 - 0.449 Dy - 0.287 S; +0.234 X, - 0.437 Y, + 0.228 Z,
Std. Errors: (0.046)  (0.066) (0.076)  (0.067)  (0.064)

{Dy =[Tot. dipole moment - 2}/ 0.528; Sy = [str. energy — 100] / 64.98;

Xy = X dipole moment/ 1.43; Y, = Y dipole moment / 1.34;
Z, = Z dipole moment / 0.505}

Chlorinated Insecticides (N = 13, all malecules with ICS0 < 2600

Log(ICsp = 2.505 - 0.471 Y, - 0.219 S
Std. Errors: (0.107)  (0.110)

{ Y4 =[Y dipole moment - 6] / 1.18; Sy = [Str. energy - 100] / 64.9)}
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squares fit of each dependent variable (individually) on the first ten components
(COMFA latent variables). The number of cross validation groups was equal to the
number of molecules in the analysis for the bicyclophosphates and the chlorinated
insecticides, but was six for the large bicycloorthocarboxylate group. This
cross-validation partial least squares procedure (i.e., SYBYL) gives an r* value for
fitting the first k components for each k (k = 1,....,10). The number, k, of
components for which the maximum cross-validation r* was observed was
determined to be the optimum number of components for that dependent variable
and molecule grouping. The cross validation procedure was rerun with the optimum
number of components and the resulting cross-validation s value was obtained.
Finally, the (conventional) regression of the dependent variable on the optimum
number of components was performed to obtain the "conventional” estimates s and
r* for a prediction equation based on all the data in the group. The results of these
analyses are shown in Table 4.

Tables 6-17 give the observed values, cross-validation predicted values, and
cross-validation residuals for each of the analyses summarized in Tables 3 and 4.
Figure 4 gives scatter plots of cross-validation predicted values versus observed
values of Log(LDs,) and Log(ICs,). We chose to plot the cross-validated predictions
rather than the more commonly used regression estimates of expected values
because we believe this gives a truer picture of how well one can expect the
obtained models to predict LDs,, and IC;, for new molecules.

A sizable part of the deviations of predicted values from observed values
of LDy, and ICs, in Tables 6-17 may be caused by errors in the observed values.
Reported values of LDsyand ICs, of a compound often cover a wide range. For
example, ICy, values in the range 16-91 nM were reported for toxicant A of
toxaphene (compound #6 in Table 2); an IC;, range of 8-22 nM was reported for
a-endosulfan (Compound 19, Table 2); and a range of 4-90 nM for endrin. In
some cases, experimental values were reported as greater than or greater than or
equal to some values. Values of LD, and 1Cs, used in our calculations were the
averages of reported values. It is also possible that conformation differences of the
chemical may be the cause of a substantial part of a residual. Reported LDy, Values
were generally more precisely measured than the ICs, values. It could be that the
better predictability of LDy, may be owing to other factors in the biological in vivo
system such as bioactivation or synergistic factors that are absent in the in vitro
measurements of the LDs,.

The results given in Tables 3 and 4 indicate that the models based on
non-CoMFA explanatory variables are better in predicting log (LDsg) and log (ICs,)
values than are the models based on the COMFA components. The best fitting
models were obtained for log (LDsy) and log(ICs) for the bicyclophosphate group
and for log (LDs) in the chlorinated insecticides group. There was little success
in developing a good predictor model for either log (LDs,) or log(ICso) in the
bicycloorthocarboxylate group, but molecular volume and dipole moments appear
to be related to both dependent variables for this group. Molecular volume and/or
dipole moments are also strongly related to log(LDs,) and log(ICs,) for the other
two groups. In a future study, we plan to investigate models with explanatory
variables that are components made up of orthogonal linear combinations of both
the COMFA and non-CoMFA variables.

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch006

September 8, 2012 | http://pubs.acs.org

6. SALEH ET AL.  Computer-Aided Molecular Modeling

s
5>
: -
) o ¢ o
S 4 g e
< o o &?& A
e 5 o ¥ 3%
8] o ® N
= % %&A o (]
é 2+ o » . a
o
]
% 1t ool 8° Bicycloorthocarboxylate o
) %
ﬁ ol Bicyclophosphates A
Insecticides
i 0 1 2 3 4 s 6

RECEPTOR ICso (log mM)

% o
g I
) o aoco
2 B o
) 028°°
2 00 0,
A 8o ©
- e 2 o
09A o %
m 1 00880,
7] o ©
=} o ®© 8°
] ° 8
= ok a oAA ° o
=) s ¢ Bicycloorthocarboxylates (o
=
Q a .
a1 ., Bicyclophosphates A
E A
B Insecticides O
2 s . R . N ,
2 -1 [) 1 2 3 4

MOUSE LDso (log mg/kg)

Figure 4. Scatterplot of cross-validation predicted and observed log (LDs,)
and log (IC50) values of bicycloorthocarboxylates, bicyclophosphorus esters
and chlorinated insecticides.
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Table 6. OBSERVED, PREDICTED, AND RESIDUAL LOG(LDsjy) VALUES FOR
BICYCLOORTHOCARBOXYLATES IN THE CROSS-VALIDATION OF THE
REGRESSION ON NON-CoMFA PREDICTORS

Compound LDy, Log (LDg) Log (LDsq) Log (LDg;)

Number?  (mg/kg)  Observed Predicted Residual
1 13 1.1139 1.2495 -0.1356
2 9.1 0.9590 1.2523 -0.2932
3 23 0.3617 0.9504 -0.5887
4 50 1.6990 1.4212 0.2777
5 25 0.3979 0.8773 -0.4793
6 1.1 0.0414 0.4689 -0.4275
7 6.1 0.7853 1.0520 -0.2667
8 52 1.7160 0.7749 0.9411
9 54 1.7324 1.1028 0.6296
13 42 1.6232 1.6089 0.0143
15 10 1 1.1385 -0.1385
16 59 0.7709 0.9655 -0.1946
17 1.3 0.1139 0.3916 -0.2776
18 5.6 0.7482 0.7176 0.0306
19 0.7 -0.1549 0.3180 -0.4729
20 12 1.0792 0.8470 0.2322
21 1.6 0.2041 0.7381 -0.5340
22 0.77 -0.1135 0.1075 -0.2210
23 1.2 0.0792 0.6120 -0.5328
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Table 6. Continued

Compound LDSO Log (LDg) Log (LDsg) Log (LDsq)

Number?  (mgkg)  Obscrved Predicted Residual
24 38 1.5798 1.2765 0.3033
25 29 0.4624 0.3859 0.0765
28 0.88 -0.0555 -0.1135 0.0580
29 1.1 0.0414 -0.2430 0.2844
30 9.5 0.9777 0.4746 0.5031
32 13 1.1139 0.2901 0.8238
33 1.4 0.1461 0.5641 -0.4180
34 25 1.3979 0.8376 0.5603
36 9 0.9542 1.2151 -0.2609
38 35 0.5441 0.4455 0.0986
39 4.8 0.6812 1.1538 -0.4726
40 0.6 -0.2218 -0.4269 0.2051
41 39 1.5911 1.8240 -0.2329
43 8.5 0.9294 0.2652 0.6642
44 25 1.3979 0.5364 0.8615
45 25 1.3979 0.9128 0.4851
46 35 0.5441 0.5810 -0.0369

2 Numbers of molecules from Table 1 and Figure 1
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Table 7. OBSERVED, PREDICTED, AND RESIDUAL LOG(ICy,) VALUES FOR
BICYCLOORTHOCARBOXYLATES IN THE CROSS-VALIDATION OF THE
REGRESSION ON NON-CoMFA PREDICTORS

Compound XCSO Log (ICso) Log (ICsq) Log (ICs)

Number? (nM) Observed ~ Predicled Residual
1 413 2.6160 2.5061 0.1099
2 176 2.2455 1.8321 0.4134
3 45 1.6532 1.8513 -0.1981
4 200 2.3010 1.3330 0.9680
5 [ 0.7782 1.4287 -0.6505
6 7 0.8451 1.4295 -0.5844
7 21 1.3222 1.2055 0.1167
8 13 1.1139 1.4773 -0.3634
9 100 2 1.4372 0.5628
13 217 2.3365 2.2929 0.0436
15 1500 3.1761 2.7835 0.3926
16 692 2.8401 2.9719 -0.1318
17 49 1.6902 2.2404 -0.5502
18 41 1.6128 1.8643 --0.2515
19 16 1.2041 2.4412 -1.2370
20 95 1.9777 2.0967 -0.1190
21 13 1.1139 1.5062 -0.3922
22 42 1.6232 1.5863 0.0369
23 10 1 1.4143 -0.4143
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Table 7. Continued

Compound ICs Log (ICsq) Log (ICsp) Log (ICsq)
Number® (M)  Observed Predicted Residual
24 92 1.9638 1.3012 0.6626
25 55 1.7404 1.4478 0.2926
26 5 0.6990 1.4159 -0.7170
28 10 1 1.2273 -0.2273
29 8 0.9031 1.4753 -0.5722
32 1150 3.0607 3.0636 -0.0029
33 118 2.0719 2.1985 -0.1266
34 970 2.9868 1.6770 1.3098
36 45 1.6532 1.6342 0.0190
38 21 1.3222 1.2922 0.0301
39 19 1.2788 1.6663 -0.3875
40 10 1 1.5173 -0.5173
41 50 1.6990 1.6344 0.0646
42 1100 3.0414 2.5364 0.5050
43 255 2.4065 1.7592 0.6474
44 706 2.8488 1.3642 1.4846
45 684 2.8351 2.1918 0.6432
46 26 1.4150 2.0088 -0.5939

2 Numbers of molecules from Table 1 and Figure 1
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Table 8.

BIOMARKERS OF HUMAN EXPOSURE TO PESTICIDES

OBSERVED, PREDICTED, AND RESIDUAL LOG(LDg,) VALUES FOR
BICYCLOPHOSPHATES IN THE CROSS-VALIDATION OF THE
REGRESSION ON NON-CoMFA PREDICTORS

Compound LDy, Log (LDsp) Log (LDsg) Log (LDsg)

Number?  (mg/kg)  Observed Predicted Residual
51 0.05 -1.3010 -0.9415 -0.3596
52 0.26 -0.5850 -0.7685 0.1835
53 1.28 0.1072 0.4329 -0.3257
54 0.035 -1.4559 -1.9244 0.4685
55 0.2 -0.6990 -0.8956 0.1967
56 0.45 -0.3468 -0.1409 -0.2059
57 1.9 0.2788 0.7471 -0.4684
58 1 0 -0.1721 0.1721
59 1.9 0.2788 0.3345 -0.0557
60 15 1.1761 1.3781 -0.2021
61 30 1.4771 1.4105 0.0667
62 350 2.5441 2.0568 0.4873

3 Numbers of molecules from Table 1 and Figure 1

ACS Symposium Series; American Chemical Society: Washington, DC, 1993.
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Table 9. OBSERVED, PREDICTED, AND RESIDUAL LOG(ICs;) VALUES FOR
BICYCLOPHOSPHATES IN THE CROSS-VALIDATION OF THE
REGRESSION ON NON-CoMFA PREDICTORS

Compound ICqg Log (IC4p) Log (ICsp) Log (ICsq)

Number? (nM) Observed Predicted Residual
51 20 1.3010 1.5673 -0.2663
52 400 2.6021 2.0652 0.5369
53 2000 3.3010 3.7668 -0.4658
54 200 2.3010 2.3252 -0.0241
55 600 2.7782 2.7093 0.0689
56 1000 3 3.7366 -0.7366
57 2000 3.3010 3.0235 0.2775
58 6500 3.8129 3.5508 0.2621
59 6500 3.8129 4.1971 -0.3842
60 90000 4.9542 4.3432 0.6111
61 90000 4.9542 4.4523 0.5019
62 90000 4.9542 5.2560 -0.3018

2 Numbers of molecules from Table 1 and Figure 1
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Table 10. OBSERVED, PREDICTED, AND RESIDUAL LOG(LDs;) VALUES FOR
CHLORINATED INSECTICIDES IN THE CROSS-VALIDATION OF THE
REGRESSION ON NON-CoMFA PREDICTORS

Compound LDg, Log (LDgg) Log (LDgp) Log (LDgg)
Number 2 (mg/kg) _ Observed Predicted Residual
3 40 1.6021 1.2602 0.3419
5 75 1.8751 2.0138 -0.1388
6 33 0.5185 -0.0782 0.5967
7 100 2 1.9684 0.0316
8 49 1.6902 1.5589 0.1313
9 14 1.1461 1.2945 -0.1484
12 130 2.1139 2.0156 0.0984
13 47 1.6721 1.7569 -0.0848
14 2.0 0.3010 0.4023 -0.1013
15 0.9 -0.0458 0.3258 -0.3716
16 3 0.4771 0.1828 0.2944
17 16 1.2041 1.0928 0.1113
18 60 1.7782 1.6285 0.1496
19 76 1.8808 2.0163 -0.1355

2 Numbers of molecules from Table 2 and Figure 2
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Table 11. OBSERVED, PREDICTED, AND RESIDUAL LOG(ICsy) VALUES FOR
CHLORINATED INSECTICIDES IN THE CROSS-VALIDATION OF THE
REGRESSION ON NON-CoMFA PREDICTORS

Compound ICqg Log (ICsp) Log (ICsg) Log (ICsq)
Number? (nM) Observed Predicted Residual
3 1700 3.2304 29774 0.2530
5 170 2.2304 2.5434 -0.3130
6 240 2.3802 2.0077 0.3726
9 1400 3.1461 3.6274 -0.4813
10 2600 3.4150 3.3351 0.0799
11 1800 3.2553 2.8713 0.3840
13 1400 3.1461 3.2882 -0.1420
14 220 23424 2.1474 0.1951
15 36 1.5563 1.8741 -0.3178
16 43 1.6335 1.8843 -0.2508
18 980 2.9912 2.4818 0.5094
19 100 2 2.8609 -0.8609
20 1500 3.1761 2.7496 0.4265

2 Numbers of molecules from Table 2 and Figure 2
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Table 12. OBSERVED, PREDICTED, AND RESIDUAL LOG(LDs5) VALUES FOR
BICYCLOORTHOCARBOXYLATES IN THE CROSS-VALIDATION OF THE
PLS REGRESSION ON CoMFA PREDICTORS

Compound LDy, Log (LDgg) Log (LDsg) Log (LDsj)
Number®  (mg/kg)  Observed Predicted Residual
1 13 1.114 0.792 0.322
2 9.1 0.959 1.321 -0.362
3 23 0.362 0.703 -0.341
4 50 1.699 1.1717 0.522
5 2.5 0.398 1.030 -0.632
6 1.1 0.041 0.379 -0.338
7 6.1 0.785 0.686 0.099
8 52 1.716 0.761 0.955
9 54 1.732 0.711 1.021
13 42 1.623 0.965 0.658
15 10 1 1.155 -0.155
16 5.9 0.771 0.697 0.074
17 1.3 0.114 0.584 -0.471
18 5.6 0.748 1.245 -0.497
19 0.7 -0.155 0.581 -0.735
20 12 1.079 0418 0.661
21 1.6 0.204 0.553 -0.349
22 0.77 -0.114 0.564 -0.678
23 1.2 0.079 0.488 -0.409

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
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Table 12. Continued

Computer-Aided Molecular Modeling

Compound LDy  Log(LDgy) Log (LDsp) Log (LDsy)

Number®  (mg/kg)  Observed Predicted Residual
24 38 1.580 0.504 1.076
25 29 0.462 0.631 -0.169
28 0.88 -0.056 0.501 -0.557
29 1.1 0.041 0.580 -0.538
30 9.5 0.978 0.590 0.388
32 13 1.114 0.361 0.753
33 1.4 0.146 0.637 -0.491
34 25 1.398 0.495 0.903
36 9 0.954 1.084 -0.129
38 3.5 0.544 0.747 -0.203
39 4.8 0.681 1.285 -0.603
40 0.6 -0.222 1.302 -1.524
41 39 1.591 0.570 1.021
43 8.5 0.929 0.593 0.336
4 25 1.398 0.781 0.617
45 25 1.398 0.522 0.875
46 3.5 0.544 0.590 -0.046

2 Numbers of molecules from Table 1 and Figure 1

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
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Table 13. OBSERVED, PREDICTED, AND RESIDUAL LOG(ICs5) VALUES FOR
BICYCLOORTHOCARBOXYLATES IN THE CROSS-VALIDATION OF THE
PLS REGRESSION ON CoMFA PREDICTORS

Compound ICq Log (ICs) Log (ICsp) Log (ICsq)
Number? (M) Observed Predicted Residual
1 413 2.616 3.396 -0.780
2 176 2.246 1.937 0.309
3 45 1.653 2.246 -0.592
4 200 2.301 1.831 0.470
5 6 0.778 1.784 -1.006
6 7 0.845 1.270 -0.425
7 21 1.322 0.746 0.576
8 13 1.114 1.213 -0.099
9 100 2 1.930 0.070
13 217 2.336 2.883 -0.547
15 1500 3.176 2.722 0.454
16 692 2.840 2.328 0.512
17 49 1.690 1.678 0.012
18 41 1.613 2.000 -0.387
19 16 1.204 1.629 -0.425
20 95 1.978 1.606 0.371
21 13 1.114 1.604 -0.490
22 42 1.623 0.955 0.668
23 10 1 1.322 -0.322
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Table 13. Continued

Compound ICso Log (ICs0) Log (ICsy) Log (ICsp)

Number? (nM) Observed Predicted Residual
24 92 1.964 1.149 0.815
25 55 1.740 1.155 0.585
26 5 0.699 1.328 -0.629
28 10 1 1.051 -0.051
29 8 0.903 0.617 0.286
32 1150 3.061 2.284 0.776
33 118 2.072 2.965 -0.893
34 970 2.987 2.395 0.592
36 45 1.653 2227 -0.574
38 21 1.322 1.218 0.104
39 19 1.279 1.194 0.084
40 10 1 1.317 -0.317
41 50 1.699 0.640 1.059
42 1100 3.041 2.116 0.925
43 255 2.406 1.828 0.578
44 706 2.849 1.931 0.918
45 684 2.835 1.650 1.185
46 26 1.415 1.669 -0.254

2 Numbers of molecules from Table 1 and Figure 1
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Table 14. OBSERVED, PREDICTED, AND RESIDUAL LOG(LDy,) VALUES FOR
BICYCLOPHOSPHATES IN THE CROSS-VALIDATION OF THE PLS
REGRESSION ON CoMFA PREDICTORS

Compound LDy  Log(LDsp) Log (LDp) Log (LDgg)

Number®  (mgkg)  Observed Predicted Residual
51 0.05 -1.301 -1.335 0.034
52 0.26 -0.585 -0.779 0.194
53 1.28 0.107 0.124 -0.017
54 0.035 -1.456 -1.234 -0.222
55 0.2 -0.699 -0.872 -0.173
56 0.45 -0.347 -0.080 -0.266
57 1.9 0.279 -0.028 0.307
58 1 0 0.154 -0.154
59 1.9 0.279 0.346 -0.068
60 15 1.176 1.537 -0.361
61 30 1.477 0.379 1.098
62 350 2.544 1.279 1.265

2 Numbers of molecules from Table 1 and Figure 1
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Table 15. OBSERVED, PREDICTED, AND RESIDUAL LOG(ICs;) VALUES FOR
BICYCLOPHOSPHATES IN THE CROSS-VALIDATION OF THE PLS
REGRESSION ON CoMFA PREDICTORS

Compound ICs Log (ICsq) Log (ICsq) Log (ICsq)

Number? (M) Observed Predicted Residual
51 20 1.3010 1.909 -0.608
52 400 2.6021 2.298 0.304
53 2000 3.3010 3.050 0.251
54 200 2.3010 1.819 0.482
55 600 2.7782 2.683 0.095
56 1000 3 3.513 -0.513
57 2000 3.3010 2.902 0.399
58 6500 3.8129 4.052 -0.239
59 6500 3.8129 4.026 -0.213
60 90000 4.9542 4.469 0.485
61 90000 4.9542 4.299 0.655
62 90000 4.9542 5.033 -0.079

3 Numbers of molecules from Table 1 and Figure 1
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Table 16. OBSERVED, PREDICTED, AND RESIDUAL LOG(LDs,) VALUES FOR
CHLORINATED INSECTICIDES IN THE CROSS-VALIDATION OF
THE PLS REGRESSION ON CoMFA PREDICTORS

Compound LDg Log (LDsp) Log (LDsp) Log (LDsp)
Number®  (mgrkg)  Observed Predicted Residual
3 40 1.602 1.613 -0.011
5 75 1.875 1.402 0.473
6 3.3 0.518 1.394 -0.876
7 100 2 1.966 -0.034
8 49 1.690 1.433 0.257
9 14 1.146 0.693 0.453
12 130 2.114 1.690 0.424
13 47 1.672 1.419 0.253
14 2.0 0.301 0.666 -0.365
15 0.9 -0.045 0.952 -0.997
16 3 0.477 1.017 -0.540
17 16 1.204 0.288 0.916
18 60 1.778 1.811 -0.033
19 76 1.881 1.526 0.355

3 Numbers of molecules from Table 2 and Figure 2

As mentioned above, molecular volume and dipole moments show strong
relationships with the toxicological properties of the compounds when expressed
as their acute mammalian toxicity (mouse LDs;) and as their ability to inhibit
binding of t-butylbicyclophosphorothionate (TBPS) to the receptor (ICsy). The
correlation of the biological activity and molecular volume, total surface area, and
dipole moment may be further examined by mapping the electrostatic and steric
functions of the individual molecules as shown in Figure 5. Examples of highly
active compounds are shown in the left column (in order, compound numbers 51
and 6 from Table 1, and 14 and 3 from Table 2), and examples of the least active
compounds are shown in the right column (in order, compound numbers 27, 50,
and 37 of Table 1, and 2 of Table 2) of the figure. All the active compounds
showed the presence of a sterically bulky group and an electronegative group on
the other end. Less active groups may lack the bulk group or the electronegative
group, or both, or they may be less active if the electronegative group is masked
by another group as in the case of $-lindane (compound number 2 of Table 2)
where the electronegative end was totally masked by neutral cloud (Figure 5). The
requirement of an electronegative group and sterically bulky group also was
reported for bridged bicyclic insecticides (6).

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
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Figure 5. Electrostatic and volume mapping of two selected active
compounds (left column): compound numbers 51 and 6 from Table 1
and two selected less-active compounds (right column): compound
numbers 27 and 50 from Table 1. Continued on next page.
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Figure 5. Continued. Electrostatic and volume mapping of two
selected active compounds (left column): compound numbers 14

and 3 from Table 2 and two selected less~active compounds (right
column) : compound number 37 from Table 1 and number 2 from Table
2.
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Table 17. OBSERVED, PREDICTED, AND RESIDUAL LOG(ICs;) VALUES FOR
CHLORINATED INSECTICIDES IN THE CROSS-VALIDATION OF THE PLS
REGRESSION ON CoMFA PREDICTORS

Compound ICso Log (Icso) Log (ICSO) Log (ICs)
Number? (M)  Observed Predicted Residual
3 1700 3.230 3.293 -0.063
5 170 2.230 2.154 0.076
6 240 2.380 2.085 0.295
9 1400 3.146 2.213 0.933
10 2600 3.415 3.439 -0.024
11 1800 3.255 2.631 0.624
13 1400 3.146 2.287 0.859
14 220 2.342 2219 0.123
15 36 1.556 2.455 -0.898
16 43 1.634 2.333 -0.700
18 980 2.991 2.806 0.185
19 100 2 2.499 -0.499
20 1500 3.176 3.506 -0.330

3 Numbers of molecules from Table 2 and Figure 2
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It is clearly shown here that molecular modeling could be useful for
predicting toxicity and receptor binding and, therefore, may provide a tool for
theoretical bioassay measurements that may substantially reduce the use of
experimental animals. The model may also provide information about the distances
and electrostatic requirements for chemical receptor binding. This will be helpful
in designing synthetic receptors for measurement methods utilizing receptor
affinity.
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Chapter 7

A Biosensor for Monitoring Blood
Cholinesterases as a Biomarker of Exposure
to Organophosphorus Anticholinesterase
Pesticides

Mohyee E. Eldefrawi!, Kim R. Rogers2, Nabil A. Anis!, Roy Thompson3,
and J. J. Valdes?

!Department of Pharmacology and Experimental Therapeutics, University
of Maryland School of Medicine, Baltimore, MD 21201
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3Biotechnology Division, U.S. Army Research Development and Engineering
Center, Edgewood, MD 21010

A fiber optic evanescent fluorosensor was developed for the rapid
detection of anticholinesterases (AntiChEs) and was modified to
measure cholinesterase (ChE) activities in whole blood. Quartz fibers
coated with fluorescein isothiocyanate (FITC)-tagged
acetylcholinesterase (AChE), detected AntiChEs by their reduction of
quenching of fluorescence that was produced by protons generated
during acetylcholine (ACh) hydrolysis. Blood ChE activity was
detected by quenching the fluorescence of FITC bovine serum
albumin immobilized on the quartz fiber. High ChE activity in blood
samples produced strong fluorescence quenching and exposure to
antiChEs reduced quenching. Fluorometric measurements were made
in seconds to minutes by evanescent waveguide fluorometer on 200 ul
blood samples. A 2-minute rinse in Krebs buffer was sufficient to
prepare the fiber for another measurement.

Biosensors have captured the imagination of the world’s scientific and commercial
communities by combining interdisciplinary skills of biologists, physicists, chemists
and engineers to provide innovative solutions to analytical problems. Biosensors are
applicable to clinical diagnostics, food analysis, cell culture monitoring, environmental
pollutants and should also be applicable to detection of drug residues in milk and
animal tissues and drugs of abuse and metabolites in urine, blood and sweat.
Biosensors are analytical devices made of biological recognition materials
(e.g. enzymes, receptors or antibodies) coupled to transduction elements that

0097—-6156/94/0542—0114$06.00/0
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range from glass electrodes to silicon chips and optic fibers (Wise, 1989). The
high specificities of the binding sites of these proteins for certain drugs, toxicants
and toxins is the basis for their use in detection. Biosensors are possible
successors to a wide range of analytical techniques in process control, clinical
laboratories, veterinary health care and in food industry (McCann, 1987;
Robinson, 1991). Although the functions of complex proteins are typically
affected by pH, ionic strength, detergents, and denaturants, biosensors can
function within a wide range of conditions. Receptors, enzymes and antibodies
bind their specific ligands, substrates and antigens, respectively with high
affinities in cellular and extracellular media in presence of ions, lipids and other
proteins.

Enzyme-, Receptor- and Immuno-Sensors

Enzyme (by far the most widely used biological recognition material tested)
biosensors have led the developments in the field (Guilbault, 1981; Clark, 1987).
A good example is glucose oxidase, which is used to construct glucose sensitive
electrodes (Fortier et al., 1990), fiber optic biosensors (Mansouri and Schultz,
1984) and chemical field effect transistor sensors (Murakami et al., 1986).
Another example is acetylcholinesterase (AChE), which has been used to
construct enzyme electrodes (Baum and Ward, 1971; Durand et al., 1984), fiber
optic biosensors (Rogers et al., 1991a; Hobel and Polster, 1992) and
potentiometric biosensors (Rogers et al., 1991b) for detecting anticholinesterases
(antiChEs). The approach used in the fiber optic biosensor is to label AChE with
the pH-sensitive fluorescein-labeled-isothiocyanate and immobilize them on optic
fibers. Hydrolysis of ACh by AChE releases acetate, which changes the pH
thereby quenching the fluorescence. AntiChE values obtained with this biosensor
were in good agreement with those obtained by the Ellman et al. (1961)
spectrophotometric method using soluble AChE. Even though the biosensor is
fast with results obtainable in seconds to minutes, a disadvantage is that many
antiChEs require bioactivation and thus the less active parent compounds are
detectable only at high concentrations. Since the antiChE-inhibited biosensor can
be reactivated by oximes the biosensor can be used repeatedly. Also, inactivation
of the biosensor by unrelated denaturants such as Hg can be determined.

The use of neurotransmitter or hormone receptors to construct biosensors
has been utilized mostly with the nicotinic ACh receptor (Gotoh et al., 1987;
Eldefrawi et al., 1988; Taylor et al., 1988; Rogers et al., 1989). The ACh
receptor fiber optic evanescent fluorosensor has a wide detection range, and
shows excellent sensitivity and pharmacological specificity (Rogers et al., 1991c).

Immunosensors utilize antibodies for the detection of specific antigens. In
contrast to a receptor or enzyme, an antibody is specific for a single epitope or
antigen. As a consequence, immunosensors are well suited for detecting a
specific compound in relatively complex media, which may contain structurally
related chemicals. Antibodies have been used as sensing elements in surface
plasmon resonance (Morgan and Taylor, 1992), piezoelectric (Guilbault et al.,
1992), capacitive and ISFET biosensors (Gotoh et al, 1987; Eldefrawi et al.,
1988). Optical immunosensors, which utilize antibodies (Ab) for the detection
of specific antigens, are under intensive investigation, in a number of laboratories
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tunnels back into trapped modes of the waveguide was described by Hirschfeld
and Block (1984) and Andrade et al. (1985). Fiber optic evanescent waveguide
fluorosensors are superior in sensitivity to distal end sensors and have been used
successfully (Rogers et al., 1989, 1991a, b; Anis et al., 1992).

AChE-Biosensor for Detection of Anticholinesterases

The fiber-optic evanescent fluorosensor instrument, designed and built by ORD,
Inc. (North Salem, NH), is a portable fluorometer that is adaptable to field work.
Components of this instrument which were described in detail by Glass et al.
(1987) include a 10-W Welch Allyn quartz halogen lamp, a Hamamatsu S-1087

silicon detector, an Ismatec fixed speed peristaltic pump, a Pharmacia strip chart
recorder, and bandpass filters and lenses as indicated in Fig. 1. The quartz fibers
are 1 mm in diameter and 6 cm long with polished ends. The fiber-optic
evanescent fluorosensor makes use of the evanescent wave effect by exciting a
fluorophore just outside the waveguide boundary (excitation wavelength = 485/20
nm; the latter number representing full width at half maximum). A portion of the
resultant fluorophore emission then becomes trapped in the waveguide and is
transmitted back up the fiber. This is detected after transmission through 510 nm
LP and 530/30 nm filters. The flow cell allows the center 47 mm of a 60-mm-
long fiber to be immersed in 46 ul, which was exchanged every 14 sec.

An optical biosensor for antiChEs was constructed by immobilizing
fluorescein isothiocyanate (FITC)-tagged AChE from electric eel on the quartz
fiber and monitoring its activity in presence of the substrate ACh and in presence
or absence of antiChEs. Fluorescence emission by the pH-sensitive dye,
fluorescein, was reduced in presence of ACh that was hydrolyzed to choline and
acetate and the latter reduced the pH of the medium significantly. A fairly low
molarity (0.1 mM) phosphate-buffered Krebs was used to increase sensitivity.
The fluorescent signal generated by the FITC-AChE immobilized on the fiber in
the evanescent zone was extremely stable and showed little drift for several hours.
Addition of the substrate ACh to buffer perfusion medium resulted in a
readjustment of the steady-state fluorescence. The enzyme activity was assayed
by interrupting the flow of the perfusate and measuring the percent decrease in
the baseline fluorescence during a 2 min period. The magnitude of signal
reduction was dependent on buffer capacity, and the biosensor function was
dependent on the presence of the substrate ACh. In its presence (Fig. 2A),
interruption of the buffer flow by turning the pump off, allowed the local pH in
the vicinity of the FITC-labeled enzyme to drop resulting in fluorescence
quenching (Fig. 2B). Resuming the buffer flow allowed the equilibrium to be
reestablished. The assay was very stable and could be repeated numerous times
on the same fiber without loss in enzyme activity (Fig. 2C).

Several factors most likely influenced the rate of fluorescence decrease
upon interruption of the buffer flow. These include the decrease in substrate and
increase in product in the local environment of AChE, the effect of local pH
changes on the turnover number, and the nonlinear relationship between proton
concentration and quantum yield of FITC. Kinetic analysis of ACh hydrolysis by
the immobilized FITC-AChE, yielded an apparent K,, (i.e., K,,,) value of 0.42
mM and a V,,, of 400 mV/2 min assay. By comparison, the immobilized and
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Figure 1. Schematic presentation of the optical system used to measure
fluorescein. Fiber inset illustrates biochemical model for AChE biosensor
used for detection of antiChEs. f, focal length. (Reproduced with permission
from ref. 22).

A B After 60 min C
Krebs Krebs,ACh ’L Krebs,ACh
PUMP
OFF ON OFF ON
VYo .

$ $ 3 $ 4
——— 1 i-"'""“‘“W\
200mvl \ \\ [ \\\
4min . J \\‘J

Figure 2. The change in total internal reflection fluorescence as a result of
AChE activity. (A) Steady-state fluorescence in the absence of ACh was
unaffected by interruption in the buffer flow. (B) In the presence of 1 mM
ACh, fluorescence was quenched when the pump was turned off and protons
accumulated. The baseline fluorescence was quickly reestablished when the
pump was turned on and the excess protons were removed by the perfusing
substrate solution. (C) Enzyme activity was measured by the amplitude of
signal quenching after 2 min. This response was stable after 2 h.
(Reproduced with permission from ref. 22).
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soluble FITC-AChE yielded respective K, values of 80 and 50 uM for hydrolysis
of acetylthiocholine measured by the method of Ellman et al. (1961). The
specific activity of the soluble FITC-AChE was 680 pumol min' mg? for
hydrolysis of ACh. Assuming that the specific activity of FITC-AChE did not
change upon immobilization, assay of the immobilized enzyme by the method of
Ellman et al. (1961) yielded a value of 0.48 pmol catalytic sites immobilized per
fiber.

The biosensor showed excellent substrate specificity (Table I) for several
of the substrates used by Adams (1949) for characterization of human erythrocyte
AChE. The differences in hydrolysis rate of butryrylcholine and n-butylacetate
may be due to differences between erythrocyte AChE used by Adams and eel
AChE, which was used in this study.

The addition of 0.1 mM of the reversible AntiChE, edrophonium, to the
substrate-Krebs solution resulted in a 79% reduction in enzyme activity (Fig. 3B).
Quenching of the fluorescent signal was stable for as long as edrophonium
remained in the perfusion solution. However, upon removal of edrophonium by
switching to edrophonium-free Krebs solution, the signal recovered totally within
2 min of wash.

Table I. Effect of AChE Substrates on the Response of the AChE Fiber-Optic
Biosensor (Reproduced with permission from ref. 22)

Relativ f hydrolysi

Fiber-optic Manometric
Substrate sensor? (Wa.rburg)b
Acetylcholine 100+ O 100 (0.006 M)
Acetyl-B-methylcholine 63 + 11 50 (0.03 M)
Benzyl acetate 2+ 7 34 (0.03 M)
Butyrylcholine 21+ 6 30.03M)
Benzoylcholine <1 <1
n-Butyl acetate <1 24
Carbamylcholine <1 NA

4The AChE biosensor response expressed as relative to that of ACh hydrolysis
rate. The concentration of substances was 1 mM.

bRate of hydrolysis of substrates by red blood cell cholinesterase expressed as %
of that of ACh. Concentration  of substrates was 0.1 M unless otherwise
indicated in parentheses (Adams, 1949).

The therapeutic organophosphorus echothiophate, an AntiChE that is an
ester of diethoxythiophosphate of choline, at 0.1 mM inhibited AChE activity
almost totally after 10 min exposure. The enzyme activity, did not recover upon
perfusion of the treated fiber with 1 mM ACh in buffered Krebs for 30 min.
However, perfusion for 10 min with 1 mM 2-pralidoxime (2-PAM) in the buffer
resulted in 85% recovery of the phosphorylated AChE activity (Fig. 4). Thus,
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Figure 3. Reversible inhibition of the fluorescent signal generated by the
biosensor in presence of 1 mM ACh (A), after 2 min perfusion with 0.1 mM
edrophonium + 1 mM ACh (B). After removal of edrophonium and perfusion
with 1 mM ACh again (C) the signal was restored. Arrows indicate times
when the pump was turned off. The pump was turned on again after 2 min in
each case. Three measurements 2 min apart were recorded for each condition.
(Reproduced with permission from ref. 22).
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Figure 4. Inhibition of the AChE biosensor by echothiophate. (A) Control
responses of the biosensor to ACh (1 mM). Echothiophate (0.1 mM) was then
added to the ACh-Krebs solution and after a 10 min perfusion in the biosensor
signal was recorded (B). Echothiophate was replaced with 1 mM 2-PAM in
the ACh-Krebs solution and after a 10 min perfusion 2-PAM was removed and
the biosensor response was recorded (C). (Reproduced with permission from
ref. 22).
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AChE immobilization and tagging with FITC did not interfere with the enzyme’s
catalytic activity (Fig. 6), nor was its substrate specificity (Table I) or inhibition
by various antiChEs altered (Table II). This biosensor is highly stable, rapid and
is reusable for multiple measurements without deterioration of enzyme activity.

Table II. Comparative Inhibition of Immobilized and Soluble AChE as Assayed
by the Fiber-Optic Biosensor and Colorimetric Assays (Reproduced with
permission from ref. 22)

Fiber-optic Colorimetric
biosensor assay? assay

Compound ICs, (M) ICso M)

Echothiophate 3.8x 108 3.5x 108
Paraoxon 3.7x 107 4.0 x 107
Bendiocarb 2.2x 10 6.4 x 10
Methomyl 9.0x 10°¢ 1.5 x 10°
Dicrotophos 3.3x 10* 1.1x 10

4AChE biosensor was incubated in the presence of each compound for 10 min
prior to introduction of ACh (1 mM) and subsequent assay of activity in the
gresence of inhibitor.

Soluble AChE was incubated in the presence of each compound for 10 min and
then assayed using the method of Ellman et al. (1961).

Biosensor for Detection of Cholinesterases

The above results made it abundantly clear that the optic fiber is simply converted
into a pH sensor by immobilizing the FITC-AChE on it. It was then
reasoned that any FITC-tagged protein would serve the purpose detecting
activities of AChE and other cholinesterases (ChE) in the sample. Since
our previous research with this optic fiber system indicated that the quartz fibers
bind bovine serum albumin (BSA) avidly (Rogers et al., 1989, 1991a), we
decided to use FITC-BSA to construct a pH sensitive fiber to utilize for detection
of AChE or ChE in samples. Perfusion of this fiber with citrate buffer (pH 3)
reduced fluorescence and perfusion with carbonate buffer (pH 9) increased it (Fig.
5). Because the flow cell accommodates a small volume of sample (46
pl), it was reasoned that this fluorescent biosensor could monitor ChE activity
in serum or blood if ACh were added to the sample. Blood samples were donated
by the experimenters and either whole blood or serum (=0.5 ml) was used in
testing. Perfusing the FITC-BSA coated fiber with human blood produced no
change in fluorescence. However, when 10 mM ACh was added to the blood
immediately before perfusion, there was a precipitous time-dependent decrease
in fluorescence (Fig. 6). Inhibition of serum ChE by pretreatment with 1 uM
paraoxon for 60 min inhibited the serum-induced reduction in fluorescence.
Different concentrations of serum gave concentration-dependent responses,
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KINETICS OF BSA FLUORESCEIN ADSORPTION ON THE
OPTIC FIBER AND SENSITIVITY TO PH

BSA-F PBS SDS BSA F PBS pH 9.4 PBS H 3 PBS

Ll

f\ 100 mV
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Figure 5. pH-induced changes in total internal reflection fluorescence of a
BSA-FITC-coated quartz fiber. Phosphate (10 mM) buffered saline, pH 7.4
(PBS); carbonate (10 mM) buffered saline (pH 9.0); citrate (10 mM) buffered
saline (pH 3.0). 1% SDS was used to desorb the BSA-FITC off the fiber.

200 ul Blood
-—-—--—\L_______. No Acetylcholine

e r————————— Paraoxon inhibited
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Figure 6. Changes in total internal reflection fluorescence upon perfusion of
the fiber with whole blood and 1 mM ACh. No change in fluorescence was
observed if ACh was not added or if 1 uM paraoxon was added to the blood
10 min prior to assay.
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confirming the conclusion that the change in fluorescence was dependent on the
concentration of ChEs introduced into the assay (Fig. 6).

Although the results indicated that the optic fiber biosensor can be used
to detect ChEs, the sensitivity of the method was slightly less than the
spectrophotometric Ellman method (Fig. 7). On the other hand, an advantage for
the biosensor is speed and the ability to measure ChE activity in whole blood
samples without sample preparation, while hemoglobin in the blood interferes
with the spectrophotometric analysis and must be corrected for or eliminated. We
believe that the lower sensitivity of the fiber optic method is due mainly to the
high buffering capacity of the blood or serum. Use of low capacity buffer in
detecting antiChEs (Rogers et al., 1991a) was a major reason for its high
sensitivity.
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Chapter 8

Hair as a Target Tissue for Developing
a Biological Marker for Precursors
to 2,5-Hexanedione

Deadre J. Johnson, Leon Lack, and Mohamed B. Abou-Donia!

Department of Pharmacology, P.O. Box 3813, Duke University Medical
Center, Durham, NC 27710

This preliminary study was carried out to examine hair as a
biomarker for exposure of male Sprague-Dawley rats to 2,5-
hexanedione (2,5-HD). Rats were injected i.p. 50mg/kg/day with
2,5-HD for 45 days. Only hair samples from these animals stained
positively with the Ehrlich’s pyrrole reagent. This pyrrole
response persisted during the entire period of administration and
in samples taken 25 days post dosing. The extent of staining of
vibrissae progressed linerarly with progressing days of treatment.
Our findings underscore the potential for utilizing hair to develop
biomarkers for assessing exposure to neurotoxicants that form 2,5-
HD. Hair should provide additional utility in other such
investigations involving material with labilities similar to that of
pyrroles.

In 1857, a report by Hoppe-Seyler described the detection of arsenic in the hair of
a body that was exhumed after eleven years, which yielded evidence that the metal
was incorporated prior to death. See Moeller (I) for citations of this early history.
A hundred years later Goldblum and co-workers described an ultraviolet method
for the detection of barbiturates in guinea pig hair. With the development of more
modern means of chemical analysis, a vast literature has emerged documenting the
fact that many foreign substances such as drugs, heavy metals, and environmental
toxicants can be incorporated into hair during their elaboration and growth. This
has led to widespread applications in the fields of forensic sciences, environmental
sciences, and toxicology.

Additional characteristics of the pilary system contribute to its usefulness
in such endeavors: 1) The material is readily accessible and affords no difficulty
in providing the requisite amounts for analysis. 2) The biological turnover of its
cell contents is minimal. Most of the proteins and DNA of finally formed hair are
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not degraded, and the hair can be used as a record of varying metabolic and
toxicological states of the individual. 3) With hair, one can distinguish early
biological signals from later ones. 4) Our experience shows that mature hair
fibers have another property that, under certain situations, offer unique advantages
not afforded by other tissues. The intracellular milieu is characterized by low
water content, large concentrations of proteins, some of which are particularly high
in sulfur content, and the absence of intracellular metabolism. It would be
plausible to expect that such a milieu would not be conducive to autoxidation of
any foreign substances that would be present there. This is particularly true for
such substances as pyrroles (2), which are quite vulnerable to the action of oxygen
and oxygen-derived free radicals including those normally arising from metabolic
events.

Recently, we initiated feasibility studies employing the pilary system that
were directed toward the development of a biological marker which would enable
the detection of chronic exposure to n-hexane and methyl-n-butyl ketone. These
are industrial solvents known to cause neurotoxicity in humans who have been
subjected to chronic exposure (3). Our preliminary findings, which are
encouraging, are described in part below and also serve to illustrate those above
cited properties of the pilary apparatus that allow for such experimental initiatives.

It is believed that the neurotoxicity of n-hexane and methyl-n-butyl ketone
is caused by their common metabolite 2,5-hexanedione (2,5-HD) (3-9). 2,5-
Hexanedione is capable of forming N-substituted pyrroles by reacting with primary
amines. This would include amino acids as well as the epsilon amino groups of
lysine moieties of polypeptides (10-12). In addition, DeCaprio and co-workers in
their mechanism studies of this neuropathy demonstrated that protein-bound
pyrroles were formed in vivo in chickens that were treated daily with 2,5-HD (13).
In their study, animals were treated 55 days with a toxic dose and 135 days with
the subtoxic dose. Tissues that showed alterations included neural tissue, serum,
liver, and kidneys. A notable finding made by these workers was the biphasic
nature of the appearance of these pyrrole derivatives during the course of 2,5-HD
administration. Peak levels of pyrroles were detected at 20 days (high dose) and
30 days (low dose) followed by dramatic declines of concentration values. This
phenomenon could be attributed to two factors: 1) The well known labilities of
the pyrrole substances, i.e., their autoxidation and polymerization to substances that
cannot be detected by the Ehrlich’s reagent for pyrroles (2), and 2) Their
suggestion (I3) of "a clearance mechanism capable of removing the altered proteins
during the administration of 2,5-HD." Their finding of pyrroles was strongly
suggestive of the possibility of utilizing in vivo pyrrole formation in tissues as a
basis for developing a biological marker for chronic exposure to the industrial
neurotoxicants. However, the biphasic nature of the above described pyrrole
response precluded the possibility of correlating time of exposure to the
neurotoxicant with pyrrole concentrations in any of those tissues studied (which
would include serum).

Our interests in developing such biomarkers prompted us to examine
whether hair could serve this purpose. It was anticipated that the intracellular
milieu is one that would, to some extent, be protective against the autoxidation of
the pyrrole substituents referred to above. Furthermore, because mature hair fibers
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are not served by any blood supply, presumably any intracellular proteins, modified
or otherwise, would remain within the hair structures until the hair is shed. The
following which is a report of our preliminary findings, supports the above
hypothesis and underscores the possibility of such biomarkers.

Experimental Approach

Our initial approach consisted of three objectives: 1) To ascertain whether
systemically administrated 2,5-HD to rats results in its uptake by the hair-forming
bulb cells resulting in pyrrole derivatives within the cells of the mature hair that
would be detected with the Ehrlich colorimetric test for pyrrole substances. 2) To
determine whether this discernable response persists during the entire period of
administration. In addition, to investigate if such a signal remained manifest for
a significant time after cessation of the 2,5-HD administration. 3) To examine the
longer hairs (i.e., vibrissae) to see if the regions staining positively for pyrroles,
progressively increase with the number of daily doses.

Materials and Methods

2,5-Hexanedione and p-N,N-dimethylaminobenzaldehyde (DMAB, Ehrlich’s
reagent) were obtained from Aldrich Chemical Company (Milwaukee, WI). N-
Ethylmaleimide (NEM) was obtained from Sigma Chemical Company (St. Louis,
MO). 2,5-Hexanedione was redistilled in vacuo, made up in single use aliquots,
and stored at -20°C. DMAB was stored in separate amber bottles under argon in
accordance with the suppliers instructions. Male Sprague-Dawley rats were
supplied by Charles River Laboratories (Raleigh, NC). Initial weights ranged
between 280 and 320 g. Animals were housed in individual metabolic cages, a
product of Nalge Company, catalog number 650, which allowed for timed fluid
collections. Food and water was allowed ad libidum. Diurnal lighting was
maintained at 12 hr cycles. Rats were injected i.p. with SOmg/kg 2,5-HD in 0.5ml
saline. Daily injections were made at 5:00 p.m.

Analyses of Rat Hair. Samples of body hair, as well as individual
vibrissa, were plucked from the animals while they were anesthetized with diethyl
ether. The sites of hair removal, dorsal region and flanks, were distant from the
sites of injection. Body hair was placed in test tubes to which were added: 1ml
methanol containing 50mg NEM, 2ml of 1% sodium dodecyl sulfate (SDS) in
water, and 2ml of 2.7% DMAB in 50% alcohol water containing 1% conc. HCI.
Samples were allowed to sit overnight at room temperature away from light (in
stoppered test tubes). After 15-18 hrs, the fluid was removed and the samples
were washed as follows: twice with 50% methanol-water with 1% conc. HCI;
twice with methanol; thrice with chloroform; once with methanol, and once with
ethanol. Samples were then allowed to air dry at room temperature in the absence
of light.

The vibrissae were allowed to react overnight while submerged in a solution
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of 2.7% DMAB in 50% ethanol-water containing 1% conc. HCL. Fluid was
removed and the vibrissae washed as follows: twice with 50% methanol-water
containing 1% conc. HCI, twice with methanol, once with chloroform, and twice
with ethanol. The samples were allowed to air dry in the absence of light.

Results

Figure 1 depicts the colors developed by the Ehrlich’s (DMAB) reagent in samples
of body hair taken from four control animals and four animals treated with a daily
i.p. dose of 50mg/kg/day 2,5-HD for 45 days. Also shown are the DMAB-treated
body hair samples taken from the treated animals 25 days after they stopped
receiving the diketone (i.e., Day 70).

Figure 2A shows the vibrissae from a representative animal that received
daily i.p. doses of 50mg/kg 2,5-HD. Vibrissae were taken on day O and at 2, 3,
and 4 weeks. The progressive increase in the regions that stained positively for
pyrrole adducts suggests a causal relationship between the length of the stained area
and the number of days the animals received the neurotoxicant. Initiation of the
stained areas took place at the follicle end of the hair shafts. Also shown, Figure
2B, are magnifications (1.5X) of the regions adjacent to the follicle end of the hairs
which were depicted in 2A. This allows for a better discernment of the colors
elicited by DMAB. The yellow color characteristic of untreated tissue (8) is
evident in the top hair, while the red regions are in the lower hairs--which is
indicative of the presence of pyrroles.

This demonstration with single hairs merely shows the ongoing temporal
nature of the DMAB response to chronic administration of 2,5-HD. Actual
assessment of chronic exposure will require that each analysis consist of a
representative number of hairs. The reasons for this requirement for a number of
hairs resides in the patterns of growth that characterizes the hair cycles (see
Discussion below).

Discussion

The findings described in the Results section demonstrate certain advantages that
could be important for developing biological markers to detect chronic exposure
of individuals to foreign substances. The plan to develop biomarkers to assess
chronic exposure to those neurotoxicants that give rise to 2,5-HD and in turn form
pyrrole adducts with intracellular primary amines is a logical approach based on
known sensitivity and degree of specificity of the Ehrlich’s reagent. It is also
consistent with previous reports (13) that administration of 2,5-HD to chickens did
indeed give rise to protein-bound pyrroles. However, what appeared to be a
serious complication was the transitory expression of these pyrrole adducts in
various tissues during the course of 2,5-HD administration. This would put a
limitation on the maximum time that exposure was detectable. In addition, the
biphasic nature of the formation and subsequent decline would frustrate any
attempts to correlate tissue levels or serum levels with the time of exposure. Equal
values for pyrrole would be found on the ascending and descending phases of a
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Figure 1. DMAB-treated body hair samples from four control rats and four
experimental rats treated with 50 mg/day 2,5-HD for 45 days. From top to
bottom, control animals, experimental animals treated for 45 days with 2,5-HD,
and same experimental animals 25 days after 2,5-HD administration was stopped.
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Figure 2A. Vibrissae taken from a 2,5-HD treated rat. From top to bottom, 0
week, 2 weeks, 3 weeks, and 4 weeks. Entire hair shown; magnification 1 X.

Figure 2B. Same as 2A, except that the region adjacent to the follicle end is
depicted; magnification 1.5 X.
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graph plotting concentration against time and such a value would have to be
assigned to two time points.

We initiated these exploratory studies primarily to see if the detectable
period of 2,5-HD-derived pyrroles is significantly greater in hair than that reported
for serum and internal organs. The second objective was to see if the hair model
could allow for a reasonable assessment of the duration of the exposure. The
reason for this is that time of exposure would not logically correlate with
concentration but rather with the maximum distance from the follicle end where
pyrroles were detected when this distance is factored by the known rate of growth
of hair. These rates of growth are characteristic of different species but tend to be
fairly constant; see the Ebling er al. study, (I4) particularly for the discussion of
human hair.

Reference to the results of our studies reported above indicate that body hair
shows longer time periods for the presence of pyrrole when compared with the
published values for tissues. Furthermore, the pyrrole response persists even after
2,5-HD administration was terminated. The data with the longer hair (vibrissae),
presented in Figures 2A and 2B, demonstrate the potential for correlating the length
of the pyrrole positive portion of the hair with time of exposure.

An understanding of how this may be accomplished requires consideration
of the cyclical nature of hair growth (15). The root of the hair, located in the
follicle, has its lower portion expanded into the hair bulb. Growth of the hair
results from the proliferating cells of the hair bulbs with commensurate elongation
of the hair shafts. This is not a continual process--but undergoes cyclic activity.
The active period of growth is termed the anagen phase. This active period is
followed by cessation of growth or the catagen phase. This is characterized by an
involution of the bulb; the hair now detached from the bulb is called a club hair
and can remain anchored in place for extended periods before shedding. The
catagen phase of the follicle is followed by the telogen phase at which time there
occurs regrowth of germinal tissue in preparation for a new cycle of growth. At
any one time, a plucked hair may be found to be in the growing phase (follicles in
anagen) or in the nongrowing phase (follicles in catagen).

A final point must be considered. These preliminary studies were
performed with white rats which allowed for direct visualization of the stained hair.
Any practical application would have to deal with subjects bearing pigmented hair.
We have found that hair proteins isolated from washed rat hair by the general
method of Gillespie (/6) from the 2,5-HD treated animals responded positively to
the Ehrlich’s reaction. This was in contrast to the negative reaction encountered
with hair from control animals. Spectral analysis demonstrated that the absorbance
maximum of the red chromophore was at 530 nanometers, which is characteristic
of the absorbance range shown by pyrroles (data not shown). In addition, we have
found that solubilized hair pigments do not interfere with the Ehrlich’s test.

It is anticipated that the procedure to determine exposure to 2,5-HD will be
as follows. A quantity of hair, sufficient to be representative of hairs in all phases
of growth will be plucked at the skin surface and bundled to preserve the original
tip-follicle orientation. Segments of bundled hair of known length will be assayed
for pyrrole-bound protein following their solubilization. The distance of the
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segment most distal to the follicle which shows a positive reaction when factored
by the known rate of hair growth will provide an estimate of the duration of
exposure.
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Chapter 9
Hemoglobin Adducts of Pesticides

Frank C. Schnell

Lockheed Environmental Systems and Technologies, 980 Kelly Johnson
Drive, Las Vegas, NV 89119

The indirect analysis of protein adducts has long been utilized to
monitor exposure to organophosphates via the assay of plasma
pseudocholinesterase and erythrocyte cholinesterase activities. It may
now be possible to monitor exposure to other classes of pesticides
using direct measurements of protein adducts, particularly those of
hemoglobin. Stable hemoglobin adducts tend to accumulate in a
dose-related manner and persist for the life of the protein, during
which time they integrate intermittent as well as continuous chemical
exposures from all sources and by all routes of entry. A survey of the
literature indicates that more than 30 different pesticides may form
adducts with hemoglobin, and that many of these adducts have been
used as biomarkers of exposure in animals and/or humans. Most
promising so far are the acid/base labile sulfinic acid amide adducts
formed in vivo between the $-93 cysteine of hemoglobin and the
aromatic amine metabolites of certain N-aryl pesticides. Levels of
these adducts reflect acetylation phenotype (which is associated with
susceptibility to arylamine-induced bladder cancer), and tend to be
more sensitive indicators of exposure than are methemoglobin levels.
Several pesticides of other types reportedly bind to hemoglobin or
erythrocytes in vivo. However, many of the resulting adducts have
been identified only as "erythrocyte conjugates” and require further
characterization.

The probability of human exposure to a pollutant will be determined by the
distribution as well as the abundance of that pollutant in the environment, and will
be affected by numerous chemodynamic factors including volatility, water solubility,
and soil adsorption, as well as rates of photolysis, hydrolysis and biodegradation.

0097-6156/94/0542—0133$07.25/0
© 1994 American Chemical Society
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Similarly, the consequence of human exposure will depend on the dose of the
xenobiotic or its metabolites to a specific target tissue of the exposed individual.
This tissue dose will be affected not only by the xenobiotic’s concentration in the
environment, but by various toxicokinetic factors including absorption, distribution,
metabolism, and excretion, each of which exhibits some degree of interindividual
variation. Consequently, different individuals subjected to similar levels of
environmental exposure may exhibit significantly different tissue doses, and express
the associated health effects to widely varying degrees. Clearly, the more direct the
measurement of tissue dose, the greater the accuracy and reliability of the exposure
assessment. The relationship between environmental exposure, biologically
effective dose, and health effects is schematically depicted in Figure 1, using
chemical carcinogenesis as an example health effect. Also shown are the sampling
points for environmental and biological monitoring.

The exposure biomarkers most commonly monitored, ie., the parent
compound or its metabolites in blood or urine, typically reflect only those exposures
occurring during the last 24-48 hrs. Less recent exposures may be detectable as
reaction products of xenobiotics (or their metabolites) and macromolecules such
as DNA and protein. Recently, where cancer has been the health effect of interest,
such macromolecular adducts have received a great deal of attention as potential
tools in molecular dosimetry (1-2). Due to the existence of efficient repair systems,
DNA adducts levels tend to be extremely low and exhibit greater interindividual
variability than do protein adducts. As a result, DNA adducts have less potential
as practical biomarkers of exposure than they do as biomarkers of effect (i.e., of
genotoxicity). The reverse is generally true of protein adducts, which tend to
accumulate rather than be repaired but typically bear little or no relevance to the
mechanism of carcinogenesis. (It should be noted, however, that a protein adduct
would be a valid surrogate biomarker of genotoxicity if a corresponding DNA
adduct were formed in proportional amounts by the same reactive metabolite.)
Stable protein adducts integrate exposure from all sources via all portals of entry
over the life of the protein, and reflect interindividual variation in absorption,
metabolism and, in some cases, susceptibility. Exposure to compounds other than
known or suspected carcinogens may also be monitored using protein adducts,
provided only that the parent compound or one of its metabolites is sufficiently
electrophilic and long-lived to form adducts with a readily-accessible protein.

One such readily-accessible protein is hemoglobin (Hb), which is among the
best characterized of all proteins (3-4). It is a tetramer (approx. M.W. = 64,450)
consisting of 2 identical a- and 2 identical f-chains. Large quantities (0.5-1.5
grams) are available in a 5-10 mL sample of human blood. Over the life span of
Hb, which averages about 60 days in rats and 4 months in humans, stable adducts
tend to accumulate in a dose-dependent manner at various nucleophilic sites. The
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sites at which adducts form most often in Hb include the sulfhydryl group of
cysteine, the ring nitrogens of histidine and the N-terminal amino nitrogen of valine.
In human Hb, the only reactive cysteine residues are those at position 93 in the g-
chains.

The kinetics of adduct-formation in Hb make this protein an almost ideal
dosimeter of human exposure to xenobiotics in the environment. In most single-
dose experiments, Hb adduct-formation (and elimination) is a linear function of the
administered dose, often over several orders of magnitude (5-6). When nonlinearit-
ies are observed in animal studies, they most often reflect saturation kinetics, a
situation which will seldom be encountered in humans exposed to environmental
levels of pollutants. Under conditions of chronic exposure, stable Hb adducts
accumulate with time, ideally reaching a steady state level after an interval of time
(t.) equivalent to the mean life span of the erythrocyte (2). The degree of
alkylation at steady state will be approximately equal to the daily increment in
adducts times one half the life span of the erythrocyte. The resultant multiplier
(0.5t.,) will therefore be about 30 in rats and 60 in humans. Upon termination of
exposure, stable Hb adducts are generally eliminated at a rate that is consistent
with the life span of the erythrocyte.

In addition to the usual expressions (e.g., nanomoles or picograms adduct/gm
Hb), three measures of Hb-binding are commonly used in the literature. The so-
called hemoglobin binding index (7), or HBI, is expressed in units of mmol
adduct/mol Hb/mmol dose/kg body weight. (A similar index, the ABI, can be
defined for binding to serum albumin.) The Covalent Binding Index (5), or CBI,
is expressed in units of pmol/g Hb/umol dose/kg and is 15.5 times larger than the
equivalent HBI. The third measure of Hb-binding, the percentage of dose bound,
takes into account the species-specific content of Hb per kg of animal. In rats, for
example, the molar content of Hb is about 147 umol Hb/kg body weight (8), and
the percent of dose bound would be calculated as 100 x 0.000147 x HBI.

A survey of the literature reveals that more than 30 different pesticides have
been reported to form adducts with Hb or unspecified erythrocyte proteins (Table
1), and that several of these adducts have been used as biomarkers of exposure in
animals or humans. Several arylamine-based pesticides form well characterized
arylamine-Hb adducts that may have potential as molecular dosimeters of exposure
in humans, but most have so far been studied only in animals. Many other
pesticides form extractable erythrocyte adducts in vivo, which have yet to be fully
characterized or even positively identified as Hb adducts. Hydrolyzable Hb adducts
or erythrocyte conjugates have been used to monitor human exposure to a few
pesticides, including Diuron (a phenylurea herbicide), Propoxur (a carbamate
insecticide), Amitrole (a triazole herbicide), Triadimefon and Bitertanol (triazole
fungicides). Incomplete as it is, the available information on Hb adducts of
pesticides is presented here with the hope of stimulating more interest in and
research on this promising new biomonitoring tool.
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TABLE 1. PESTICIDES REPORTED TO FORM HEMOGLOBIN ADDUCTS

CLASS COMPOUND" REFERENCE
ARYLAMINE 2-Acetylaminofluorene 5,7,12,15
DERIVATIVES: Alachlor 26
Chlordimeform 20
Chloropropham 20
Diuron 20,23
Linuron 20
Monuron 20
Monolinuron 20
Propanil 22
Propham 20
ORGANO- Demeton-S-methyl 23
PHOSPHATES: Dichlorvos 38
Omethoate 23
Phoxim 23
CARBAMATES: Carbofuran 23
Eptam 31
Methiocarb 23
Molinate 31
Propoxur 23
TRIAZOLES: Amitrole 23
Bitertanol 23
Triadimefon 23
TRIAZINES: Anilazine 23
Atrazine 35
Cyanatrin 31
Metamitron 23
Simetryn 32
PHENOLICS: p-Nitrophenol 23
Pentachlorophenol® 45
ORGANOMETALS: Propineb 23
Azocyclotin 23
PYRETHROIDS: Fenfluthrin 23
OTHERS: Ethylene dibromide® 40
Fuberidazole 23
Monochloroacetic acid® 43
Naphthalene 5
Tolylfluanid 23
Trichloroacetonitrile 44

* Those compounds cited only by (23) form erythrocyte conjugates which may
or may not be true hemoglobin adducts.
* Compound binds to protein, but reports do not specify hemoglobin.
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Arylamine-Based Pesticides

Of all the pesticides listed in Table 1, those which are, or may be metabolized to,
aromatic amines show the greatest potential for protein adduct-based biomonitor-
ing. This potential derives from the singular mechanism by which aromatic amines
in general form Hb adducts. This mechanism, which was originally proposed by
Green et al. (6), is illustrated in Figure 2 using aniline as an example. First, the
aromatic amine is oxidized by cytochrome P-450 in the liver to the corresponding
N-hydroxy-arylamine which migrates into the bloodstream. In the erythrocyte, the
N-hydroxyarylamine is cooxidized with the heme iron of Hb to produce met-Hb and
a nitrosoarene. Production of the latter is enhanced by the possibility of recycling,
i.e., both the nitrosoarene and met-Hb may be reduced by NADPH-dependent
reactions only to undergo another round of cooxidation. Alternatively, the
nitrosoarene may react with the nearby sulfhydryl group of the §-93 cysteine residue
(the only reactive cysteine residue in Hb) to form a sulfinic acid amide adduct
which is stable at physiological pH, but labile to treatment with mild acid or base
in vitro. In animals treated with aromatic amines, 8-93 cysteine sulfinamide adducts
may account for as much as 90% of the Hb-bound material and represent 5% or
more of the administered dose (6).

In the method originally developed for the detection of 4-aminobiphenyl (4-
ABP) adducts in rats (6,9), the hydrolyzed adducts were extracted with hexane and
analyzed using GC with electron capture detection. The detection limit was 50-100
pg of 4-ABP/10 mL blood. Base-catalyzed hydrolysis was found to yield a much
cleaner chromatogram than acid-catalyzed hydrolysis. The method has since been
refined for the detection of cysteine sulfinamides in humans (10-13). By coupling
GC to negative-ion chemical ionization mass spectrometry (NICI-MS) in the
selective ion mode, selectivity has been enhanced and sensitivity has been increased
to less than 10 pg or 50 fmole of 4-ABP/10 mL of human blood.

Pesticides known to form arylamine-Hb adducts include: Chlordimeform;
Propham; Chloropropham; Monuron; Monolinuron; Propanil; Linuron; Diuron; and
Alachlor. These compounds are commonly used herbicides or insecticides that may
be metabolized in mammals to the parent amine by both cytosolic and microsomal
amidases. The aromatic amine 2-acetylaminofluorene (2-AAF) was originally
developed as a pesticide but was never marketed because of its demonstrated
carcinogenicity in mice, male rats, and dogs (14). Instead, it became a useful tool
in cancer research, and was used in some of the earliest studies of protein adducts
as biomarkers of exposure (5,15).

These early studies established the linear dose-dependence of Hb-binding
over a wide range of dose, but total binding to Hb in rodents was greatly
underestimated. At that time, globin was routinely isolated by precipitation in
acidic acetone (16), and a high percentage of the sulfinamide adducts were
apparently discarded with the supernatant. It was later demonstrated that 75-90%
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of Hb-bound aromatic amines, including 2-AAF, could be removed under
moderately acidic conditions (7). 2-AAF was also shown to bind with serum
albumin, but these adducts were considerably less abundant and shorter-lived than
were Hb-adducts (72). It is now clear that the greater abundance of arylamine
adducts in ‘Hb is due to the presence of the catalytic heme group. The slower
elimination of the Hb adducts reflects the relatively long life span of rat Hb (ca. 60
days) compared to the short half-life of rat serum albumin (t,, = ca. 2.7 days) (17-
18).

Over the last 5-10 years, acid/base-released cysteine adducts in Hb have
been used to monitor exposure to numerous aromatic amines in both experimental
animals and humans. For example, in a study of female Wistar rats receiving single
oral doses (19), HBI values were determined for several monocyclic aromatic
amines, including aniline, 4- chloro-aniline, 3,4-dichloro-aniline, and 4-chloro-o-
toluidine. Most recently (20), it has been demonstrated that these same arylamines,
among others, may be formed as metabolites in rats dosed orally with certain urea
and carbamate pesticides. The amide bond of these and other arylamine-based
pesticides can be hydrolyzed by certain nonspecific amidases present in mammalian
tissues to yield the corresponding parent aromatic amines (20-22). Thus, the
formamidine insecticide Chlordimeform may be hydrolyzed in vivo to form 4-
chloro-ortho-toluidine, while the carbamate herbicides Propham and Chloroproph-
am yield aniline and 3-chloroaniline, respectively (Figure 3). Similarly, the
acylamidase-catalyzed hydrolysis of the phenylurea herbicides Monuron and
Monolinuron yields 4-chloroaniline (Figure 4), while that of Linuron and Diuron
yields 3,4-dichloroaniline (Figure 5).

All these pesticides formed the expected base-labile, minor Hb-adducts in
female Wistar rats dosed orally with up to 1 mmol/kg b.w. (20). The metabolic
yield of the parent amine was 7-10% for all but Chloropropham and Diuron which
yielded 24% and 50%, respectively. When these different rates of conversion are
taken into account, Hb-binding of N-aryl pesticides in rats correlates with the HBI
of the parent amine metabolites just as one would expect (Table 2). Thus, among
those pesticides with similar conversion rates (i.e., 10% or less), the highest binding
occurred with those yielding 4-chloroaniline (HBI=569), and the lowest binding
occurred with those yielding 3,4-dichloroaniline (HBI=9). Calculations by Sabbioni
and Neumann (20) suggest that adducts of most of these pesticides should be
detectable in humans exposed via residues in food. One cautionary note must be
sounded, however, regarding potential confounding exposures. The amide
hydrolysis product of propham is also the most abundant aromatic amine present
in cigarette smoke. Concentrations of 364 and 10,800 ng aniline/cigarette have
been reported in mainstream and sidestream cigarette smoke, respectively (11).
Thus, in any effort to monitor human exposure to propham using Hb adducts, it
would be imperative to carefully classify the subjects according to smoking status.
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Figure 3. Metabolism of the formamidine insecticide Chlordimeform and
the carbamate herbicides Propham and Chlorpropham to Hb-binding
hydroxylamines.
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The arylamide herbicide Propanil, like Linuron and Diuron, may be
metabolized to 3,4-dichloroaniline (Figure 5) by acylamidase-catalyzed hydrolysis
(21). In male Sprague-Dawley rats given 30, 100, and 300 mg Propanil/kg i.p.,
maximum Hb-binding (measured as base-labile sulfinic acid amide adducts) was 10,
50, and 450 pmol/mg, respectively (22). By contrast, methemoglobin levels were
measurable only at the two highest doses, reaching maximum levels of 5% and
24%. These results suggest that Hb-adducts may be better biomarkers of exposure
to N-aryl pesticides than are the methemoglobin levels typically monitored in
occupational settings. (Propanil was not included on Table 2 because, without
knowing the percent absorption from the rat gut, it was not possible to normalize
the results obtained with ip-dosed rats for comparison with the data obtained from
orally-dosed rats.)

Human exposure to one of the N-aryl pesticides has already been
successfully monitored using hydrolyzable, aromatic amine-Hb adducts. Monitoring
Diuron exposure in German workers, Lewalter and Korallus (23) found a good
correlation between the concentrations of 3,4-DCA in urine and in erythrocytes
(Table 3). Furthermore, 3,4-DCA levels in both biological media reflected the
acetylation status of the workers. Slow acetylators, which represent approximately
40% of the population in N. America and Europe and are known to be at higher
risk for arylamine-induced cancer, form higher levels of Hb adducts than do fast
acetylators. Thus, arylamine-Hb adducts may reflect susceptibility as well as
exposure. The authors conclude that 100 ug/L represents a safe level roughly
equivalent to the 5% met-Hb standard currently used by industrial hygienists (23).
The choice of 100 ug/L probably reflects the fact that, in Germany, a new biological
tolerance level for aniline based on the release from acidified Hb of 0.1 mg
aniline/L. blood is thought to provide better exposure control than the old
equivalent tolerance levels based on a methemoglobin level of 5% or urinary levels
of free aniline < 1 mg/L (24).

At least one other arylamine-based pesticide has some potential to form
cysteine sulfinamide adducts in Hb, but the available data is little more than
suggestive. As shown in Figure 6, the chloroacetanilide herbicide Alachlor is
metabolized in vitro by rat liver preparations to at least two potentially adduct-
forming compounds (25-26). The activity of both amidases and peroxidases leads
to the formation of the metabolite 2,6-diethylaniline (DEA), an aromatic amine
which has the potential, at least, to form cysteine sulfinamide adducts in Hb.
Alternatively, DEA may be further oxidized to the electrophilic compound 3,5-
diethyl-benzoquinone-4-imine, which might also form Hb adducts. The formation
in vivo of uncharacterized adducts of DNA and Hb has been demonstrated in mice
exposed to Alachlor labeled in either the [“CJmethoxy or [“C]phenyl positions (26).
However, the highest degree of labeling of mouse DNA and Hb was from the
methoxy group of Alachlor which may have been liberated as formaldehyde by O-
demethylation. If, in fact, formaldehyde is a metabolite of alachlor, it would
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TABLE 2. HEMOGLOBIN BINDING OF SOME N-ARYL PESTICIDES
AND THEIR AROMATIC AMINE METABOLITES*

COMPOUND HBP % DOSE° METABOLITE HBI!
Chloropropham 2.9 0.043 3-CA 12f
Propham 24 0.035 Aniline 22
Chlordimeform®* 2.4 0.036 4-Cl-o-T 28
Monuron 389 0.56 4-CA 569
Monolinuron 54.8 0.806 4-CA 569
Linuron 0.8 0.012 3,4-DCA 9
Diuron 4.5 0.067 3,4-DCA 9

* Unless otherwise indicated, data are from (20) Sabbioni and Neumann,
1990. In all cases, female Wister rats were dosed by gavage with 0.47 to
1.0 mmole/kg pesticide or aromatic amine and sacrificed 24 hours later.
After hydrolysis of Hb in base (1IN NaOH), amine was extracted with
hexane for GC analysis.

* Hemoglobin Binding Index of pesticide, mmol amine/mol Hb/mmol dose/
kg body weight. Dose = 1 mmole/kg pesticide (except for Chlordimefon).

% Dose = percentage of total dose bound to total Hb as the hydrolyzable
amine. 100% binding corresponds to an HBI of 6800.

¢ Hemoglobin Binding Index of parent aromatic amine as the hydrolyzable
amine, mmol amine/mol Hb/mmol dose/kg body weight. Except for 3-CA,
data are from (19) Birner and Neumann, 1988.

¢ Dose = 0.4 mmol/kg body weight.

f Samples analyzed quantified by GC-MS with electron impact ionization
and selective ion monitoring.

TABLE 3. 3,4-DCA IN THE URINE AND ERYTHROCYTES
OF DIURON-EXPOSED WORKERS*

3,4-DICHLOROANILINE (free amine)

URINE ERYTHROCYTES®
(ng/g creatinine) (ng/L blood)
Normal Values <10 <10
Exposed*:
Fast Acetylators (60%) <10- 40 <10-10
Slow Acetylators (40%) 40 - 230 20-70

* Data from (23), Lewalter and Korallus, 1986. Tox Lett 33:153-165.
* Recommended safe level = 100 ug 3,4-DCA adducts/L whole blood.
‘n=35
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Figure 6. Metabolism of the chloroacetanilide herbicide Alachlor to
mono- and di-N-dealkylated metabolites.
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probably form methyl adducts with Hb (27). Such adducts should be measurable
using the modified Edman procedure for the analysis of N-terminal valine adducts
of Hb. However, they would be of little practical use for biomonitoring exposure
to alachlor due to the presence of high background levels of methyl adducts of
endogenous origin (28-30).

Heterocyclic Pesticides

For the most part, the adducts reportedly formed by the heterocyclic pesticides
(e.g., most triazines and triazoles) are poorly characterized. Those formed by
Cyanatrin (37) and Simetryn (32) are perhaps the most well-characterized to date.
Unfortunately, however, they are also the least applicable to biomonitoring in
humans (33). These S-alkylthio-S-triazine herbicides are activated by S-oxygenation
(34) to protein binding species in the rat. The S-oxides of both compounds bind
with unusual avidity to a highly reactive thiol group (the 8-125 cysteine) that is
present in rat, guinea pig and chicken Hb, but absent in human, dog, cow, sheep,
and pig Hb. Similar reactions have been observed with the thiocarbamate
herbicides Molinate and Eptam (31).

The triazine herbicide Atrazine and/or its metabolites appear to bind to
erythrocytes in female rats (35), but the type of binding was not reported. The two
mono-N-dealkylated derivatives of atrazine have been identified as metabolites in
rats (Figure 7). Each possesses a free amino group through which it could
conceivably form hydrolyzable adducts with the 8-93 cysteine of Hb. If, however,
aminotriazines are capable of forming such adducts, the latter have yet to be
described in the literature.

In Germany, it has been determined that a large number of pesticides,
including most of the heterocyclic compounds listed in Table 1, form so-called
erythrocyte protein conjugates or erythrocyte adducts (23). Although it is possible,
perhaps even likely, that these adducts are associated with Hb, the limited details
reported in this study are insufficient to either support or contradict such a
conclusion. No specific information was found on the erythrocyte adducts
reportedly formed by the triazine fungicide Anilizine, the carbamate insecticide
Carbofuran, the benzimidazole fungicide Fuberidazole, the triazinone herbicide
Metamitron, or the antiparasitical triazole Azocyclotin. However, the erythrocyte
adducts formed by three other heterocyclic pesticides, Amitrole, Bitertanol, and
Triadimefon, have been the subject of biomonitoring studies in humans (23).

Amitrole or 3-amino-1H-1,2,4-triazole is a nonselective, postemergence,
translocated triazole herbicide that has been listed as a carcinogen by EPA (36).
Lewalter and Korallus (23) have measured free Amitrole released from erythro-
cytes of exposed workers in German factories. Such measurements could indicate
the formation of hydrolyzable adducts of Amitrole in exposed humans. However,
in the absence of a description of the methods used, it is unclear how much of the
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Figure 7. Metabolism of the triazine herbicide Atrazine to mono-N-dealky-
lated metabolites.
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analyte may have been derived from non-covalently bound parent compound. The
half-life of the Amitrole from erythrocytes was much longer than that in either
blood or urine. A comparison of the daily levels of urinary Amitrole (which
correlated well with amitrole air concentrations) with levels of erythrocyte
conjugates determined weekly suggested that formation of Amitrole-erythrocyte
adducts closely followed a dose-response relationship and provided comparable
exposure control with much less sensitivity to sampling time (23). The authors
indicated that, in their experience, no adverse health effects were observed even
after many years of exposure, if the concentration of Amitrole adducts in
erythrocytes was kept below 100 ug/l of whole blood.

The triazole fungicides Bitertanol and Triadimefon undergo O-dealkylation
to yield 4-phenylphenol and p-chlorophenol, respectively (Figure 8), metabolites
that can, in practice, be detected in the blood and urine of exposed humans.
According to Lewalter and Korallus (23), these same phenolic metabolites may also
be released (method not specified) from erythrocytes isolated from exposed
workers. The authors compared the levels of these analytes in the urine and
erythrocytes of exposed workers (Table 4) and interpreted the results as reflecting
interindividual differences in erythrocyte conjugate concentrations. However, it is
not possible to assess the validity of this conclusion in the absence of any details
regarding methodology. This omission is particularly unfortunate since the Lewalter
and Korallus paper remains the primary source of information for more than a
dozen pesticides reported to form Hb-adducts or erythrocyte conjugates in exposed
humans. Perhaps the limited information that was provided will suffice to arouse
curiosity and stimulate further adduct research on these and other pesticides.

Miscellaneous Pesticides

Dichlorvos or 2,2-dichlorovinyl dimethyl phosphate is a direct-acting, organophos-
phorus insecticide that may also be formed in vivo as a metabolite of the
schistosomiasis drug metrifonate (37-38). Apparent binding of radiolabeled
Dichlorvos is some 30 times greater in protein than in DNA (39). While most
protein binding is due to dimethylphosphorylation or transalkylation from
neighboring phosphorylated residues, direct methylation of both Hb and DNA
(Figure 9) has been demonstrated in vivo (38). It is also possible that dichloracet-
aldehyde, a mutagenic metabolite of Dichlorvos, forms adducts with DNA and Hb.
The erythrocyte adducts reportedly formed by Demeton-S-Methyl, Omethoate,
Methiocarb, and Phoxim (23) have not yet been characterized. The structures of
the first three compounds suggests that they, like Dichlorvos, might alkylate Hb via
both methylation and phosphorylation mechanisms. Similarly, one might speculate
that Phoxim both ethylates and phosphorylates proteins.

Until recently, ethylene dibromide (EDB) was widely used as a pesticide, soil
fumigant, and lead scavenger in gasoline. The first two uses have been banned by
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Figure 8. Metabolism of the fungicides Triadimefon and Bitertanol to their
major metabolites, p-chlorophenol and 4-phenylphenol.
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TABLE 4. 4-PHENYLPHENOL AND p-CHLOROPHENOL IN URINE
AND ERYTHROCYTES OF WORKERS EXPOSED TO THE
FUNGICIDES BITERTANOL OR TRIADIMEFON*

URINE ERYTHROCYTES®
(ug/g creatinine) (ng/L blood)
4-PHENYLPHENOL
Normal Values <10 <10
Exposed Workers:
Subject #1 130 <10
Subject #2 300 <10
Subject #3 430 40
p-CHLOROPHENOL
Normal Values <10 <10
Exposed Workers:
Subject #1 250 <10
Subject #2 650 70
Subject #3 730 <10
Subject #4 810 70

* Data from (23), Lewalter and Korallus, 1986.
* Recommended safe level = 100 ug RBC adduct/L whole blood.
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the EPA, and the use of leaded gas is declining. The formation of EDB adducts
in rat serum albumin has been demonstrated both in vitro and in vivo (40).
Although no EDB-Hb adducts have been identified as yet, the Hb adducts of a
related 1,2-dihaloethane has (41-42). By analogy with ethylene dichloride, one
would expect EDB to introduce 2-oxoethyl groups at cysteine and histidine residues
of Hb. The herbicide monochloroacetic acid (43) and the insecticide trichloro-
acetonitrile (44) form uncharacterized adducts with serum albumin and Hb,
respectively.

Unidentified erythrocyte conjugates are reportedly formed by the carbamate
insecticide Propoxur, the phenolic fungicide p-nitrophenol, the pyrethroid insecticide
Fenfluthrin, the organometallic dithiocarbamate fungicide Propineb, and the
sulfamide fungicide Tolylfluanid (23). Propoxur is the only one of these pesticides
for which any additional information was available. Propoxur is hydrolyzed in vivo
to 2-isopropoxyphenol (Figure 10) which is then excreted in the urine. The same
phenolic metabolite has also been detected in erythrocytes of Propoxur-exposed
workers in Germany (23). Levels of 2-isopropoxyphenol in erythrocytes correlated
somewhat better with the inhibition of erythrocyte acetylcholinesterase activity than
did levels of the metabolite in urine (Table 5). The authors recommended 100 ug
2-isopropoxyphenol per liter of whole blood as indicating a safe level of exposure
to propoxur. Their longer life span would make Hb adducts more useful than
either plasma pseudocholinesterase or urinary metabolites for monitoring chronic
exposure to organophosphates. However, the data presented in Table 5 do not
support replacing the standard erythrocyte AChE assay for recent OP exposure.

Although naphthalene is still used in the manufacture of various dyes and
other synthetic compounds, its use as a moth repellent and insecticide has declined
since the introduction of chlorinated compounds such as p-dichlorobenzene. "C-
labeled naphthalene has been reported to bind to Hb in rats (5). However,
naphthalene exhibits direct hemolytic effects in vivo that would probably negate any
potential value of naphthalene-Hb adducts as biomarkers of exposure.

Pentachlorophenol (PCP) is widely used as a fungicide, molluscicide,
herbicide, and wood preservative. Due to its persistence and the extent and mode
of its use, PCP is ubiquitous in the environment and may be detected in the bodily
fluids and fat of nonoccupationally exposed people. Urinary levels of PCP may
reflect exposure over several weeks rather than the usual 24 to 48 hr (45). The
primary microsomal oxidative metabolites of PCP in man, i.e., the benzoquinone
or the semiquinone forms of 1,4- and 1,2-tetrachlorohydroquinone, are capable of
binding covalently to proteins (46). However, the resulting in vivo products, if any,
have not yet been described in the literature.

Summary

A consideration of the kinetics of formation and elimination of known Hb adducts
suggests that the latter have significant potential as dosimeters of exposure to
environmental contaminants that yield electrophiles in vivo. Measurements of
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Figure 10. Ester hydrolysis of the carbamate insecticide Propoxur to the
major metabolite 2-isopropoxyphenol.

TABLE 5. COMPARISON OF ERYTHROCYTE CHOLINESTERASE
INHIBITION AND 2-ISOPROPOXYPHENOL LEVELS IN URINE
AND ERYTHROCYTES OF PROPOXUR-EXPOSED WORKERS*

2-ISOPROPOXYPHENOL

ERYTHROCYTE AChE® URINE  ERYTHROCYTES

(% decrease) (mg/g creatinine) (ng/L blood)
Normal Values: + 2 <0.1 <10
Exposed:
Chronic (n=5) 0-5 0.2-09 <10 - 40
Acute (n=2) 18 - 24 13-24 80

* Data from (23) Lewalter and Korallus, 1986.
® Substrate used in this assay was acetylthiocholine. All subjects exhibiting
decreased erythrocyte acetylcholinesterase were slow acetylators.
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parent compounds or metabolites in blood or urine typically reflect only those
exposures that have occurred within the last day or two. By contrast, steady state
levels of hemoglobin adducts can reflect exposure over the previous 4 months.
They may also have some potential as surrogate biomarkers of DNA damage.
Hemoglobin adducts have been used experimentally to monitor human exposure
to a number of chemicals, including aromatic amines. A number of N-aryl
pesticides may be converted in vivo to aromatic amines by the action of acylamid-
ases present in many mammalian tissues. These pesticide metabolites may then
form acid/base-labile sulfinamide adducts with the §-93 cysteine of Hb. Such
adducts have been detected in rats exposed orally to various arylamine-based
pesticides, and may also be present in humans exposed to these pesticides via
residues in food. Numerous other pesticides may also be expected to form adducts
with hemoglobin. However, additional research is needed to characterize the
adducts formed and determine their potential for use in monitoring pesticide
exposure in humans. For a more comprehensive review of chemicals (including
non-pesticides) that form adducts with either Hb or serum albumin, see Schnell, F.
C. Rev. Environ. Toxicol. 1993, Vol. 5 (in press).

Notice

The information in this chapter has been funded by the United States Environmen-
tal Protection Agency under Contract No. 68-CO-0049 with Lockheed Environmen-
tal Systems and Technologies. It has been subjected to Agency review and
approved for publication.
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Chapter 10

Immunoassay for p-Nitrophenol
in Urine

Kim R. Rogers and J. M. Van Emon

Environmental Monitoring Systems Laboratory, U.S. Environmental
Protection Agency, Las Vegas, NV 891933478

Urinary excretion of nitrophenol metabolites is an important index of
human exposure to organophosphate pesticides. In particular, p-
nitrophenol, a major urinary metabolite of parathion, can be used as a
biomarker of human exposure. Immunoassay methods have been
recently described for detection of p-nitrophenol (Q. X. Li etal., J.
Agric. Food Chem., 1991, 39, 1685-1692). In the present paper, the
effects of a urine matrix on the detection of p-nitrophenol are reported
using both fluorescence and absorbance-based ELISAs. A competition
format using the enzyme-amplified catalysis of 4-nitrophenyl phosphate
or 4-methylumbelliferyl phosphate was used to report the analyte
concentration. The presence of urine during the antibody-analyte
interaction inhibited product formation in the final step of the assay and
shifted the inhibition curves to the right, increasing the apparent I,
values for p-nitrophenol. The various urine samples collected from
volunteers, not occupationally exposed to parathion, varied in their
ability to inhibit color formation and increase I, values.

Environmental and biological monitoring are two key elements in the determination of
human exposure to environmental pollutants for risk assessment and enforcement
Certain questions, however, concerning total absorption,
metabolism and excretion required to determine dose estimates can only be answered
by observation of biological parameters. A number of innovative biological markers
for human exposure to pollutants have been reported such as DNA alterations, protein
adducts and changes to enzymatic and immunological systems (1).
measurement of pollutants and their metabolites in blood and urine continues to
dominate human biological monitoring efforts.

This chapter not subject to U.S. copyright
Published 1994 American Chemical Society

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.

Nevertheless,



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch010

September 9, 2012 | http://pubs.acs.org

10. ROGERS & VAN EMON  Immunoassay for p-Nitrophenol in Urine 159

A number of obvious advantages and limitations exist for detection of
metabolites in urine as compared to whole blood, plasma or tissue. The major
advantage to the use of urine is that compliance to requests for monitoring of
potentially exposed individuals is more easily accomplished using this medium.
Limitations include; a short collection window typically between 8 and 48 hr,
uncertainties in the total integrated excretion and for field screening applications the
variability in matrix.

There has been a long standing interest in the use of urinary metabolites as
biomarkers of acute human exposure to the organophosphorus insecticides (2). Major
urinary metabolites of parathion include alkyl phosphates and p-nitrophenol. Although
these compounds can be measured by laboratory-based methods such as gas
chromatography (GC), analyses using these methods are typically expensive and time
consuming.

The time and expense involved in classical analysis of p-nitrophenol in urine
is primarily due to the extensive sample preparation and derivitization required (3).
Polarographic methods for p-nitrophenol in urine have been reported which require no
sample preparation, however, these methods suffer from low sensitivities (i.e., 500
mM detection limits) (4).

The need for fast, sensitive and cost-effective analytical methods to measure
metabolites in biological fluids is rapidly growing. Analysis of samples in minutes
rather than days can be critical for decisions concerning acute exposures in the general
population, field worker re-entry intervals, spray drift and medical diagnosis of
accidental poisonings. Consequently, efforts to develop field assay formats which are
simple, fast and cost-effective and which reduce sample handeling and turnaround time
may facilitate the implementation of a greater number of important studies using the
limited resources available. A variety of immunoassays which meet these requirements
have been developed and are currently used in the clinical area. As the number of
commercially available antibodies directed toward pesticides and their metabolites
increases, immunoassay may also become a powerful analytical tool in assessment of
human exposure to toxic pollutants.

One of the reasons why immunoassay is attractive for development of field
screening methods is that in many cases environmental or physiological matrices can
be analyzed with little sample preparation other than dilution (5). This, however,
depends to some extent on the antibody, analyte and assay format. The following
experiments were performed to explore the matrix effects of urine on a competitive
ELISA for p-nitrophenol using the herein described reagents and format.

Methods

Chemicals and Instrumentation. Anti-rabbit IgG alkaline phosphatase conjugate, p-
nitro-phenol, 4-nitrophenyl phosphate and 4-methylumbelliferyl phosphate were
obtained from Sigma Chemical Co., Saint Louis, MO. Urine samples were collected
from non-occupationally exposed volunteers and stored at 4°C until assayed within 48
hr. Enzyme-linked immunosorbant assays (ELISAs) were performed in 96 well
microtiter plates (Nunc, MaxiSorp, Roskilde, Denmark; or Dynatech, MicroFLUOR,
Chantilly, Virginia) and read using either a Vmax absorbance plate reader (Molecular
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Devices Corp., Menlo Park, CA) using the dual wavelength mode (405-650 nm) or a
Pandex Fluorescence Concentration Analyzer (Baxter Healthcare Corp., Mundelein,
IL) at excitation and emission maxima of 400 nm and 450 nm, respectively.

Preparation of Antiserum and Coating Antigen. Antiserum and coating antigen
were developed under an EPA cooperative agreement with UC Davis, Department of
Entomology (Davis, CA 95616) and prepared as previously reported (6). The
antiserum was obtained from rabbit 1812 immunized with a 2-hydroxy-5-nitrobenzyl
bromide conjugate of bovine serum albumin. The coating antigen was an ovalbumin
conjugate of 4-nitrophenylacetic acid (C-OVA) (6). As previously reported (6), the
antiserum showed negligible cross-reactivity for the protein carrier of the coating
antigen.

Competitive Inmunoassay Procedure. Microtiter plates were coated with C-OVA
at 2 ug/mL (100 uL/well) in 0.1 M sodium bicarbonate buffer (pH 9.6). Plates were
sealed and incubated at 4°C overnight. The plates were then washed 3 times with
phosphate buffered saline (pH 7.4) (PBST) containing sodium phosphate 10 mM, NaCl
100 mM, Tween 20 (0.05%) and NaN, (0.02%) using an automated plate washer
(Skatron, Lier, Norway). The antiserum at a 1:1000 dilution into PBST was then
mixed with PBST containing p-nitrophenol and urine (as specified in Results). This
reaction mixture (50 uL/well) was immediately transferred to the antigen-coated plate.
After a lhr incubation at room temperature, the plate was washed 3 times with PBST
followed by addition of 50 uL/well of goat anti-rabbit IgG conjugated to alkaline
phosphatase diluted 1:1000 with PBST. After a 1 hr incubation at room temperature,
the plate was washed and 100 uL of either a Img/mL solution of 4-nitropheny!
phosphate in 10% diethanolamine buffer (pH 9.8) or a 50 uM solution of 4-methylumb-
elliferyl phosphate in 100 mM bicarbonate buffer (pH 9.2) containing 1 mM
magnesium chloride was added to each well. The plates were incubated (30-60 min)
and read using either a Vmax or a Pandex plate reader for absorbance or fluorescence
measurements, respectively. Curves were analyzed and Iy, values (i.e. concentration
of inhibitor yielding 50% inhibition) determined using a four parameter logistic curve-
fitting program with either Softmax or Sigma Plot software.

Results and Discussion

Addition of urine to the initial incubation step (primary antibody Ab 1812 with p-
nitrophenol) resulted in an inhibition of product formation in the final step of this assay
(Figure 1). Because the plate was washed after the initial incubation, the inhibition of
color formation as a result of the urine matrix was most likely due to a decrease in the
binding of primary antibody to the antigen-coated wells. Levels of p-nitrophenol, from
sources other than parathion, typically found in a non-occupationally exposed
population are between 12 and 26 ppb (3) and may have contributed in part to this
inhibition. Furthermore, since p-nitrophenol derived from parathion is excreted in
humans as glucuronide and sulfate conjugates (7) and cross-reactivities of this serum
with these conjugates would be expected to be quite low, the observed matrix effects
were most likely not due to parathion exposures by the study participants. Further-
more, as evidenced by persistent inhibition of color formation at high p-nitrophenol
concentrations, a p-nitrophenol-independent component was observed.

Ab 1812 shows relatively low cross-reactivity with substituted nitrobenzenes
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Figure 1. Effect of Urine on Competition ELISA for p-Nitrophenol. Fluorescence
data were compared to the control which contained no urine and no p-nitrophenol. p-
Nitrophenol, antiserum and urine (final concentration specified in figure) were
incubated in the antigen-coated wells. The substrate for the alkaline phosphatase was
4-methylumbelliferyl phosphate. These data are averages of two plates of triplicate
wells for each analyte concentration. The %CVs for the Buffer Control, 10% Urine
Matrix and 50% urine Matrix were 5.2, 6.2 and 5.6, respectively.

(6), however, cross-reactivity of these compounds may become significant at
concentrations in the high ppb range. The various urine samples appeared dramatically
different in color intensity and presence or absence of precipitates after storage at 4°C
for 24 hr. These urine samples also showed considerable variation in their effects on
inhibition of product formation (Figure 2). Certain samples inhibited color formation
more at 5% than others at 25%. The pH values of the buffered urine ranged from 6.0
to 7.2 and showed no correlation with the degree of inhibition of color formation.
Similar results were observed in both the absorbance-based and fluorescence-based
assays (Figure 3).

In addition to inhibiting product formation, the urine matrix shifted the
inhibition curves to the right, consequently shifting I, values to higher concentrations
(Table I). These values increased in a concentration-dependent manner and were
similar for both fluorescence and absorbance based assays. Variations in the shift in
I5o values were also observed for different urine samples (Table II). At a 10% urine
concentration, the I, values varied by up to a factor of 4 among urine samples.
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Figure 2. Effect of Various Urine Samples on the ELISA Using 4-Methylumbel-
liferyl Phosphate as the Enzyme Substrate. Data sets for each urine sample were
compared to the control (containing no urine) for each set. Antiserum and urine (as
specified) were incubated in the antigen-coated wells. These data are averages of two
plates of triplicate wells for each analyte concentration. The symbols and bars
represent means and %CV (n=6).
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Figure 3. Effect of Various Urine Samples on the ELISA Using 4-Nitrophenyl
Phosphate as the Substrate. Antiserum and urine (as specified) were incubated in the
antigen-coated wells. Data sets for each urine sample were compared to the control
(containing no urine) for each set. The initial absorbance differences (i.e., 405Snm -
650nm) for curves 1-3 ranged from 0.130 to 0.095. These data are averages of two
plates of triplicate wells for each analyte concentration. The symbols and bars
represent means and %CV (n=6).

Table I. Effect of Urine Concentration on Assay Sensitivity"

Enzyme Urine Iso
Substrate Concentration (%) (ppm)
4-NP-P* 0 4
10 8
50 24
4-MUB-P* 0 7
10 17
50 43

*Experiments were performed using a single urine sample (see source 2 Table II).
These data are averages of two plates of triplicate wells for each analyte concentration.
®4-nitrophenol phosphate

°4-methylumbelliferyl phosphate
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Table II. Effect of Urine Sample on Assay Sensitivity"

Urine Source I, (ppb)
Buffer Control 7
Sample 1 13
Sample 2 17
Sample 3 9
Sample 4 25
Sample 5 13
Sample 6 30

*10% Urine matrix; enzyme substrate was 4-methylumbelliferyl phosphate. These data
are averages of two plates of triplicate wells for each analyte concentration.

In field versions of a number of immunoassays for environmental samples, the
variability of matrix effects is minimized by dilution of the sample, typically from 100
to 1000 times (1 to 0.1%, respectively). Although the sensitivity of the assay is
decreased, many field applications do not require the very low detection limits afforded
by immunoassays run with pristine laboratory standards. For the herein reported assay
the variability in the matrix effect of the urine is significantly reduced at urine
concentrations below 5% (Figures 2, 3). Further, at a 1% urine concentration, this
assay would have a detection limit of about 0.1 ppm. This value is well within the
range expected from occupational exposures to parathion which result in average
urinary p-nitrophenol levels of 2.5, 0.26 and 0.11 ppm for commercial applicators,
field workers and near-field residents, respectively (8). Consequently, this assay shows
potential for development as a field screening assay for occupational exposures to
parathion.

Our continued efforts using these immunochemicals will focus primarily on
simple, fast and cost-effective procedures for extraction of p-nitrophenol from urine
samples of parathion-exposed individuals. Other efforts will focus on laboratory-based
immunochemical assay methods for detection of this and related metabolites.
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Chapter 11

Isolation of Pesticide-Binding Protein
from Rat Blood

G. L. Larsen!, K. L. Davison!, J. E. Bakke!, and N. M. Bass?

!Biosciences Research Laboratory, Agricultural Research Service, U.S.
Department of Agriculture, Fargo, ND 58105
*University of California School of Medicine, San Francisco, CA 94143

Rats were given a single oral dose of the herbicide propachlor—[l—”C]
(8x108 d.p.m., 10.3mg). The plasma, erythrocyte cytosol and
erythrocyte ghosts (collected 90 min after dosing) contained 41%,
15%, and 28%, respectively, of the '*C in the blood (0.5% of the *C
dose). Plasma, erythrocyte cytosol, and erythrocyte ghost were found
to contain protein(s) 13.4 to 13.9 kDa (MW) which were associated
with the *C (2.4% of '*C in plasma; 51% of 14C in erythrocyte
cytosol and 65% of *C in erythrocyte ghosts). This 14C associated
with protein was extractable with methanol and was tentatively
characterized by t.Lc. to be the cysteine conjugate (11%), the
mercapturic acid conjugate (18%), S-oxide of the mercapturic acid
conjugate (18%) and propachlor (25%). MW of the native 13.4-13.9
kDa protein(s) was found to be 43.5 kDa. Immunoblot or binding
studies of the 13.4-13.9 kDa protein(s) showed no evidence that this
protein(s) was liver or heart fatty-acid-binding-protein (FABP) or
transthyretin.

Our laboratories have been involved in determining the biochemical and
physiological processes involved in the disposition of glutathione conjugates of
xenobiotics in vivo. During a study using propachlor metabolism in rats as a
model (Davison and Larsen, Xenobiotica, in press) it was found that 14C labelled
metabolites were distributed between the plasma and erythrocytes, and that YCin
the erythrocytes was associated with protein while 14C in the plasma was not. We
describe here the characterization of this erythrocyte protein and speculate that it
may be involved in the transport and metabolism of metabolites in the erythrocyte.

Materials and Methods
Chemicals. 2-Chloro-N-isopropyl [1-C] acetanilide (**C-propachlor, 2.73
mCi/mM) was prepared as previously described (1).

0097-6156/94/0542—0166506.00/0
© 1994 American Chemical Society
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Animals. Four male Spraque-Dawley rats (350-400g) were anaesthetized with
sodium pentabarbitol given intraperionally. A ventral midline incision was made,
3.6 uCi of *C propachlor dissolved in 0.3 ml of ethanol was injected directly into
the stomach and the incision closed. Ninety minutes later the rats were
exsanguinated by withdrawal of blood from the abdominal aorta. A similar
experiment was conducted except that the bile ducts were cannulated on a second
set of four rats, each given 3.8 pCi of *C-propachlor.

Polyacrylamide Electrophoresis and Immunoblot Analysis. The method for
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), using
13% acrylamide is that of Mazel (2). SDS-PAGE was run under reduced
conditions and the following proteins were used as standard globular proteins for
estimation of molecular weight (MW): trypsin inhibitor (21,500), carbonic
anhydrase (31,000), ovalbumin (42,700), bovine albumin (66,200), and
phosphorylase B (97,000). SDS-PAGE gels were stained with Coomassie blue.
Protein samples were electrophoretically transferred to a sheet of nitrocellulose
(Schleicher and Schuell, Keene, NH) by the method of Towbin and Gordon (3).
Western blots of separated proteins were blocked by incubation for two hours in
Tris-saline-Tween buffer (0.15 M Tris, 0.5 M NaCl, 0.05% Tween 20, pH 7.5)
and then incubated for two hours at room temperature with liver or heart fatty-
acid-binding-protein (FABP), albumin or transthyretin antibody (1:800 dil in Tris-
saline-tween buffer). The Western blots were washed three times with Tris-saline-
tween buffer (5 min each) and then incubated with the same buffer containing
goat anti-rabbit horseradish peroxidase conjugate antibody (Bio-Rad, 1:3000 dil)
for one hour at room temperature. The Western blots were washed twice with
Tris-saline-tween buffer (5 min each), once with Tris-saline-tween buffer (0.15 M
Tris and 0.5 M NaCl, pH 7.5), and then incubated in substrate solution (25 ml
Tris-saline buffer plus 12.5 pl 30% H,0, and 5 ml of 3 mg/ml solution of 4-
chloro-1-naphthol).

Protein Purification. Blood (34 ml) was separated into plasma, erythrocyte
cytosol and erythrocyte ghosts. Plasma (15 ml) was isolated as the supernatant
after a 1,600xg centrifugation. Erythrocytes (1,600xg pellet) were suspended in
15 ml of 0.15 M NaCl and centrifuged at 1,600xg. The supernatant (wash) was
removed, assayed for 14C and discarded. Erythrocytes were lysed on resuspention
of the 1,600xg pellet in 20 ml of distilled water and centrifuged at 10,000xg for
30 min. The supernatant was removed and recentrifuged at 10,000xg for 30 min.
The resulting supernatant was then centrifuged at 100,000xg for 1 hour and this
supernatant (erythrocyte cytosol) was saved for further analysis.

The two 10,000xg pellets were resuspended in water, combined and
centrifuged at 10,000xg for 30 min. The resulting pellet (erythrocyte ghosts) was
suspended and homogenized in two to three parts (w/v) of distilled water in a
Potter-Elvehjem homogenizer with a Teflon pestle and saved for further analysis.

Samples of plasma, erythrocyte cytosol and erythrocyte ghosts were each
applied to a G-75 Sephadex column (5x100 cm, G-75) that was equilibrated and
eluted with 5 mM K* PO, (pH 7.2, buffer A). Individual fractions which
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contained protein that eluted from the G-75 with buffer A (see Figure 1) were
subjected to SDS-PAGE. Eluting volumes that contained albumin or 10,000-
15,000 Da MW proteins were individually combined and freeze-dried.

Gel Filtration Determination of MW. A non-denatured MW of the 13,400-
13,900 Da protein (from SDS-PAGE analysis) was determined using a Sephacryl
S-200 HR column (2.2x85 cm, $-200) eluted with 50 mM K*PO, buffer (pH 7.2)
calibrated with bovine serum albumin (67,000), ovalbumin (43,000), chymotrypsin
A (25,000), and ribonuclease (13,700). All procedures were carried out at 5° C or
in an ice bath. Protein concentrations were determined by the method of Bradford
(4) with y-globulin as a protein standard. Radioactivity was determined by liquid
scintillation counting. '

Fatty Acid Binding Protein (FABP), rabbit anti (FABP IgG), Retinal Binding
Protein (RBP), Transthyretin (TTR) and rabbit anti (TTR). FABP from rat
liver (L-FABP), and heart (H-FABP) were prepared as described previously (5-6).
Monospecific antibodies to FABP were produced in rabbits as described
previously (6-7). Authentic human RBP, human TTR and monospecific rabbit
anti TTR IgG were gifts from Dr. William Blaner, Columbia University, New
York, NY. Rabbit anti rat albumin was obtained from Organon Teknika
Corporation, West Chester, PA.

Delipidation. Protein fraction (5 ml) were delipidated by addition of 50 pl of 50
mM ethylenediaminetetraacetic acid and 10 ml of n-butanol/diisopropyl ether
(40:60). The resulting solution was allowed to mix on a rocking table mixer for 1
hour at 27° C. The organic layer was removed and residual diisopropyl ether in
the aqueous phase was removed under vacuum.

Binding Assays. The FABP binding assays were conducted by the method of
Glatz and Veerkamp (8). Assays consisted of 0.3 ml of 10 mM K*PO, pH 7.2;
0.3 ml of [14C]-oleic acid (10,000-40,000 dpm; Amersham, Arlington Heights, IL;
52 mCi/mM) and 0.3 ml of protein sample. This mixture was mixed on a vortex
mixer and incubated at 27°C for 3 hours. After incubation, 0.25 ml of a 60%
solution of hydroxyalkoxypropyl dextran, Type VI (lipidex, Sigma Chemical Co.
St. Louis, Mo, USA) in 10 mM K*PO4 (pH 7.2) was added, mixed on a vortex
mixer and centrifuged (14,000 kg, 2 min). A 0.2 ml aliquot of supernatant was
removed for assay of radioactivity. All assays were conducted in triplicate in the
absence of protein (nonspecific binding) or lipidex (total amount of ligand
present). Binding of *C-propachlor or C-propachlor metabolites to protein was
determined by co-chromatography of *C and protein on Sephadex G-75 and
Sepacryl S-200, by equilibrium dialysis (D-0405 Dialysis Tubing, Sigma Chem.
Co., St. Louis, MO) against 800 ml of Buffer A twice, and by extraction of
freeze-dried 4C-protein with methanol.

Characterization of the Ligand. A portion of the radioactive-protein complex
isolated from plasma, erythrocyte cytosol or erythrocyte ghosts was freeze-dried
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and homogenized in methanol. The methanol extract was centrifuged (10,000xg,
20 min) and the resulting pellet was rehomogenized in methanol and centrifuged
(10,000xg, 20 min). The first and second methanol extracts were combined, taken
to dryness, redissolved in distilled water, and chromatographed by t.l.c. [0.5 mm
silica gel using the following solvent systems: ethylacetate-water-formic acid-
xylene; 35:2:2:1 by volume (solvent 1) and n-butanol-water acetic acid; 12:5:3 by
volume (solvent 2)].

RESULTS

Table I summarizes the distribution of radioactivity in the blood after fractionation
into plasma, erythrocyte cytosol and erythrocyte ghosts from rats dosed with l4c
propachlor. The plasma, erythrocyte cytosol and erythrocyte ghosts contained
41%, 15%, and 28%, respectively, of the 14 in the blood. These three fractions
were chromatographed on the G-75 column and the protein and 14C elution
patterns are shown in Figure 1. MW of proteins in various eluting volumes were
determined using SDS-PAGE (Figure 2). The plasma was found to contain a
number of proteins >67,000 Da in an initial protein peak (475-560 ml, Figure 1A).
A second plasma protein peak (560-750 ml, Figure 1A) contained a single 66 kDa
protein which was characterized to be serum albumin by its cochromatography
with bovine serum albumin on SDS-PAGE (Figure 2, Gel A) and its cross
reactivity with rabbit antibodies to rat serum albumin in a Western blot analysis
(Figure 4, Blot 1). A third protein eluted after the serum albumin (750-900 ml,
Figure 1) which was shown to contain a doublet protein band at 13.4-13.9 kDa.
These 13.4-13.9 kDa protein(s) are thought to be related proteins with apparent
MWs of 13.4 and 13.9 KDa as determined by comparing their migration rates
with the standards on SDS-PAGE (Figure 2). This doublet is believed to be the
result of protylic modification of/or differences in ligand content in the binding
protein. Association of 1“C-propachlor metabolites with blood proteins was shown
by cochromatography of 14C with the proteins eluted from the G-75 column. The
high MW proteins, albumin and the 13.4-13.9 kDa protein(s) associated with
4.6%, 5.9% and 2.4% of the plasma '“C, respectively, while 86.5% of the *C
remained unassociated with proteins (1350-1750 ml, Figure 1).

14C in the erythrocyte ghosts coeluted with a protein peak eluting from G-
75 at 600-900 ml, tailing off to 2000 ml (Figure 1B). SDS-PAGE analysis of this
600-900 ml eluting volumes showed only the 13.4-13.9 kDa proteins(s) [data not
shown but the SDS-PAGE identical to that shown in Figure 2B for erythrocyte
cytosol].

The majority of the protein in the erythrocyte cytosol (Figure 1C) coeluted
with 14C between 600-950 ml, although some *C remained unassociated with
protein and eluted between 1350-1900 ml from the G-75 column . SDS-PAGE
showed only protein(s) of MW 13.4-13.9 kDa in the protein 600-950 ml fraction.
The 1*C associated with the 13.4-13.9 kDa protein(s) represented 51.3% of the
4C in the erythrocyte cystol.

Table II shows that '*C-propachlor metabolites were associated with the
13.4-13.9 kDa protein(s) because, when these ”C-protein(s) obtained from plasma,
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TABLE I. FRACTIONATION OF RAT BLOOD FROM RATS

GIVEN “%C PROPACHLOR VIA STOMACH

Fraction 14C(dpm) % of '*C in blood  Fate
Whole blood 153,700
Plasma
1,600xg sup 51,900 33.8 to G-75 column
Erythrocyte wash 10,800 7.0 discarded
(1,600xg sup)
Erythrocytes 96,600 62.8
Erythrocyte cytosol
10,000xg sup 25,000 16.6 to 100,000xg
100,000xg sup 22,900 149 to G-75 column
Erythrocyte ghosts
10,000xg pellet 44,200 28.8 washed
10,000xg pellet 1,500 1.0 discarded
(washed)
resuspend 10,000xg 42,700 279 to G-75 column
(pellet)
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Figure 1. Elution patterns upon chromatography of (A) plasma, (B)
erythrocyte ghosts and (C) erythrocyte cytosol from a Sephadex G-75
column. Fractions were assayed for protein —— and radioactivity
--------- as described in Materials and Methods section.
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erythrocyte cytosol and erythrocyte ghosts were subjected to dialysis, the l4c.
propachlor metabolites remained associated with the 13.4-13.9 kDa protein(s).
Furthermore, chromatography on a S-200 column gave a single peak of protein
which cochromatographed with 4C (Figure 3).

Comparison of the elution volume profiles from the S-200 column of the
14C-protein (13.4-13.9 kDa) complex (306 ml) from erythrocyte cytosol with those
of globular protein standards gave an estimate of 43.5 kDa for the MW of the
native protein indicating that the native protein may consist of a trimer of 13.4-
13.9 kDa subunits. These MW data suggested that the 13.4-13.9 kDa protein(s)
might be retinol binding protein or transthyretin; however, the 13.4-13.9 kDa
protein(s) did not co-chromatogrophy with authentic retinal binding protein or
transthyretin on SDS-PAGE (Figure 2, Gel B).

When Western blots of the 13.4-13.9 kDa protein(s) were probed with
rabbit antibodies to liver or heart FABP or transthyretin, cross reactivity was not
observed. Cross reactivity was observed between authentic liver or heart FABP
and transthyretin and their respective rabbit antibodies (Figure 4, Blots 2, 3, and
4).

Binding studies were conducted with 4C-oleic acid to determine if the
13.4-13.9 kDa proteins have FABP capacity. Binding was not observed with
proteins which had not previously undergone delipidization with a solution of
butanol/diisopropyl ether. However, after delipidation these proteins bound l4c.
oleic acid only in low molar ratios as shown in Table III which indicates
nonspecific binding, not characteristic of FABP. These results indicate that they
may be a specific erthrocyte binding protein(s).

The cysteine conjugate of propachlor was the major unbound metabolite in
systemic blood (Davison and Larsen, Xenobiotia, in press). The radioactivity
associated with the 13.4-13.9 kDa protein(s) from a sample of freeze-dried
erythrocyte cytosol was extracted with methanol and characterized by t.l.c.
Virtually all of the 14C extracted with methanol (>98%) which shows this bonding
is noncovalent. T.l.c. of the radioactivity in the methanol extract gave four peaks.
These peaks cochromatographed with propachlor [solvent 1, R=0.94; solvent 2,
R=0.98; (25.4% of the *C associated with the 13.4-13.9 kDa protein(s)], the S-
oxide of the mercapturate [solvent 1, R=0.28; solvent 2, R=0.60; (18.4%), the
mercapturate [solvent 1, R=0.76; solvent 2, R=0.74; (17.7%)] and the cysteine
conjugate [solvent 1, R=0.18; R=0.69; (10.8%)].

DISCUSSION

Binding of l"C-propachlor and its mercapturic acid pathway metabolites to
this low MW erthrocyte protein is significant because this protein might bind
other xenobiotics and their MAP metabolites. Further glutathione conjugation
with subsequent mercapturic acid pathway metabolite formation represents a major
metabolic pathway for the metabolism of numerous electrophilic xenobiotics. We
considered whether this 13.4-13.9 kDa propachlor-binding protein (PBP) isolated
from erythrocytes might be related to the 14.0-15.0 kDa fatty acid-binding protein
(FABP) family. The erythrocyte PBP is similar in size to these proteins which are
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Figure 3. Elution pattern upon chromatography on a Sephacryl S-200
column of the erythrocyte cytosol fraction [13.4-13.9 kDa protein(s)] which
eluted from Sephadex G-75 (750-900ml). Fractions were assayed for
protein ——— and radioactivity --------- as described in Materials and
Methods section.
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Blot 1 Blot 2 Blot 3 Blot 4
) Binding Binding Binding
AIburpln Protein Trans- Protein  Lijver Protein-
Fraction Erythrocyte thyretin Erythrocyte FABP Erythrocyte FABp

G-75 cytosol ‘l— cytosol ]_ cytosol 1—'

Figure 4. Immunoblots (2.5pg, blots 1-4) of protein-propachlor metabolite
complex [erythrocyte cytosol from G-75 (750-900 ml)], plasma albumin [G-
75 (560-750 ml)], human transthyretin, rat liver FABP and rat heart FABP.
Aliquots from samples were separated on SDS-PAGE (figure 2), transferred
to nitrocellulose sheets. The blots were incubated with the following rabbit
antibodies: blot 1 with anti-rat albumin, blot 2 with anti-rat transthyretin,
blot 3 with anti-liver FABP and blot 4 with anti-heart FABP. Bound
antibody on the Western immunoblots were visualized following incubation
of the blots with goat anti-rabbit horseradish peroxidase conjugate antibody
developed with 4-chloronaphthol and hydrogen peroxide.

abundantly expressed in a variety of tissues and bind, in addition to fatty acids, a
relatively broad range of xenobiotics and organic anions (7-10). However, the
erythrocyte PBP displayed negligible fatty acid binding with oleic acid in the
binding assay, and also showed no immunological cross-reactivity with liver-
FABP or heart muscle-FABP. A relationship between erythrocyte PBP and the
FABP family of proteins therefore appears unlikely on the basis of the data at
hand, although definitive exclusion of this possibility must await primary
structural analysis of PBP. While the natural function of the erythrocyte PBP is
not known at this time, it may be involved in the uptake, intracellular transport,
storage and metabolism of xenobiotics and their mercapturic acid conjugates
within the erythrocyte. These processes may also be responsible for the transport
of metabolites of xenobiotics from organ to organ via the blood, resulting in
specific metabolism and/or accumulation of xenobiotic metabolites in a particular
tissue.
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Table III. Binding Assay for Delipidated Erythrocyte Cytosolic 13.4-13.9 kDa

Protein(s)
available
bound 13.4-13.9 kDa binding
14 oleic acid protein(s) molar ratio
oleic acid
(dpm) (nmole) (nmole)
13.4-13.9 kDa
protein(s)
Exp. 1 481 + 134 11.3 280 1724
Exp. 2 249 £ 65 5.8 87 1/14.9
Exp. 3 76 £ 17 1.8 87 1/48

Mention of trademark or proprietary product does not constitute a guarantee or
warranty of the product by the U.S. Department of Agriculture and does not imply
its approval to the exclusion of other products that may also be suitable.
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Chapter 12

Body Burden and Nonoccupational Exposure
Assessment

John A. Santolucito

Harry Reid Center for Environmental Studies, University of Nevada, Las
Vegas, NV 891544009

When assessing human exposures to pesticides or other toxicants,
ambient monitoring is often supplemented with measurements of
the toxicant’s concentration in a tissue or body fluid in order to
more accurately estimate exposure to internal targets. Tissue
analysis is routinely carried out despite the uncertainty of the
quantitative relationship between the amount of toxicant in a
tissue and the intensity/duration of the human exposure. Classical
toxicological studies, using experimental animals, do not
substantially contribute to identifying and characterizing the
uncertainties associated with human exposure assessments. There
is a need to replace or supplement tissue burden determinations
with measurements that will make more tangible contributions to
quantitative exposure assessments. To fill this need, major
emphasis is being placed on (1) the development of physiologically
based pharmacokinetic models for simulating internal exposures,
and (2) measuring, directly or indirectly, target tissue exposures.
This paper examines the relationship of tissue or body burden to
internal exposure for an organophosphate pesticide (EPN), a
metal (Pb), and a volatile organic compound (benzene), and
considers alternative approaches to more cost-effective exposure
assessment in the general population.

The determination of a body burden to assess exposure of small organisms to
environmental chemicals is a relatively straightforward task. Since the sample
analyzed is the entire body, the amount of parent compound or metabolite
present is the true body burden. For larger animals and humans, a true body
burden can only be obtained by analyzing samples of each tissue/fluid
compartment, estimating the mass of each tissue compartment, and summing the

0097-6156/94/0542—0178$06.00/0
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derived tissue burdens. While this approach is feasible at autopsy, biological
monitoring of living humans is usually restricted to tissues that can be sampled
using noninvasive methods.

The amount of toxicant present in less accessible tissues or in the whole
body can theoretically be estimated from the amount present in the sampled
tissue provided the pharmacokinetic and pharmacodynamic behavior of the
toxicant and the approximate exposure scenario are known (1). In this approach,
the tissue analyzed becomes a surrogate for the target tissue or whole body. In
practice, attention is usually directed toward estimating a target tissue
concentration rather than a body burden despite the uncertainty over which may
be a better biomarker of exposure.

Body burdens may reflect total exposure, as well as health risk, more
accurately than a surrogate measure for bioaccumulating toxicants because both
stored toxicant and that entering from ongoing exposure contribute to the target
tissue dose. And in the event current exposure ceases, stored toxicant can
impact target tissues until depleted. On the other hand, a surrogate measure
may adequately assess current exposures to non-accumulating pollutants.

Body Burden vs. Tissue Burden

An attempt is made here to elucidate the relationships between body burden,
tissue burden, and exposure by examining the results of published studies.
Studies were targeted in which experimental animals were repeatedly or
chronically exposed to toxicant and analyses performed on all or most of the
major tissue compartments. Though these criteria were not fully met, the studies
used contained data sets complete enough to reconstruct an approximate body
burden. Together, the three studies presented address the organophosphate
pesticidle EPN and two widely dispersed environmental chemicals, lead
(bioaccumulating) and benzene (non-bioaccumulating).

Study 1: EPN (O-Ethyl O-4-Nitrophenylphosphonothioate). In a study reported
by Abou-Donia et al. (2), hens weighing 1.5 kg were administered a single oral
dose of 10 mg/kg of uniformly phenyl-labeled [**C] EPN (LD,;) and sacrificed
at 0.5, 2, 4, 8, and 12 days after dosing. Tissue radioactivity (dpm/g, representing
parent compound and metabolites combined) was reported for spinal cord,
sciatic nerve, brain, lung, heart, RBC, plasma, liver, bile, kidney, muscle, adipose
tissue, and skin. Though the data are not reproduced here, the highest
concentration of “C attained during the 12-day period was reported for liver
followed by bile, kidney, adipose tissue, and muscle. Of the nervous tissues
reported, brain contained the highest concentration of C, except on day 0.5
when sciatic nerve was highest, and spinal cord contained the lowest amount.
The total body burden at day 12 was about 14% of the peak level seen at day
0.5. During the 12-day period of this study, approximately 90% of the measured
body burden of EPN was contained in the liver, muscle, fat, and skin.

For this exercise, the reported tissue radioactivities were multiplied by the
estimated tissue weights to obtain tissue burdens. The percentages of body
weight used to estimate each tissue weight for Gallus gallus were: brain, 0.3;
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spinal cord, 0.3; peripheral nervous system, 0.01; lungs, 0.6; RBC, 3.1; plasma,
4.7; heart, 0.6; liver, 2.2; kidneys, 0.6; muscle, 45.0; fat, 5.0; skin, 5.0; feathers,
3.7; skeleton, 5.0; and GI tract, 20 (Bradley, personal communication, and 3-5).

Relative tissue burdens, i.e., tissue burdens expressed as a percent of the
body burden, are shown in Table I for each time interval. The radioactivity
levels reported for sciatic nerve were considered representative of peripheral
nerve tissue for this exercise and were used to estimate the tissue burden of the
peripheral nervous system (PNS).

Table 1. Tissue Burdens of EPN (Expressed as Percent of Body Burden)

Days After Single Oral Dose of EPN
Tissue 0.5 2 4 8 12
Relative Tissue Burden
Brain 0.12 0.41 0.48 0.43 0.22
Sp. Cord 0.09 0.12 0.11 0.12 0.19
PNS! 6.01 9.72 9.43 3.20 7.02
Lung 0.58 73 0.57 0.20 27
RBC 0.26 1.45 1.30 0.83 1.09
Plasma 0.63 2.87 2.88 0.53 0.33
Whole Blood 0.09 4.31 422 1.35 1.42
Heart 0.09 0.54 0.37 0.19 0.20
Liver 5.68 25.50 32.20 12.14 7.46
Kidneys 0.92 4.30 3.61 4.31 8.04
Muscle 80.72 49.96 43.97 59.52 63.67
Fat 6.24 8.82 9.01 13.49 8.89
Skin 4.67 5.29 5.50 8.24 9.65
Feathers EPN content considered negligible
Skeleton EPN content considered negligible
GI Tract Tissue was not analyzed
' x10°
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Relative tissue burdens for plasma, brain, liver, and fat decreased between
days 8 and 12 and either increased or remained about the same for the
remaining tissues (Table I). Thus, plasma EPN may be a satisfactory surrogate
for brain, liver, and fat tissue burdens. However, of the nervous tissues analyzed,
brain is the least susceptible to EPN-induced delayed neurotoxicity.

Tissues with the least variable relative burdens of EPN over the 12-day
observation period are those whose EPN burdens fluctuated in closest agreement
with body burden and may be better surrogate markers of body burden than
tissues with greater variability. Tissues in Table I with lowest coefficients of
variation (CV) include: muscle, 24%; fat, 29%; spinal cord, 30%; skin, 32%; and
PNS, 38%, none of which are readily available for routine monitoring.
Admittedly, the short duration of the study is not representative of steady-state
conditions seen with prolonged chronic exposure. Further, the extent to which
the results obtained in this study, and the conclusions drawn from them, are
applicable to humans is not known.

Study 2: Lead. In this study, mice were administered a single intraperitoneal
injection of 50 pg *°Pb, and the uptake in various tissues, as well as whole
bodies, was plotted as a function of time. The data reported (6), were used to
reconstruct the tissue burdens of lead shown in Table II. The mass of each
tissue type, as percent of body weight, was obtained from compilations of
morphological/anatomical measurements of laboratory mice (3,4,7).

In addition to whole-body lead uptake, values were reported by Kumar
for blood cells, plasma, liver, kidneys, pancreas, lungs, stomach, intestine, heart,
thigh muscle, spleen, and femur (6). The lead content of tissues not analyzed
was approximated as follows: the measured lead concentration of skeletal
muscle was also used for abdominal fat based on a study of human accident
fatalities showing these tissues to be among the lowest in lead concentration (8);
the measured lead concentration of lung was applied to skin since both tissues
are high in collagen; 150% of the measured lead concentration in mouse femur
was applied to brain based on a study by P’an and Kennedy (9) showing the
uptake of lead by rat brain to be about 50% higher than for bone one week after
an injected dose; the measured lead concentration of the stomach was applied
to the cecum because they are of similar composition; and for the same reason
the measured lead concentration of spleen was applied to seminal glands, testes,
and lymph nodes/thymus.

The measured femur lead concentration was applied to the entire skeleton
even though the literature confirms that lead concentration as well as lead
kinetics varies between bones (10,11).

Between 2 and 10 days post-injection, liver, erythrocyte, intestine,
stomach, and cecum lead burdens decreased 70-80%; muscle, skin, kidney,
pancreas, and lung decreased 50-60%; seminal gland, testis, lymphatic tissue, and
spleen decreased 30-40%; abdominal fat, skeleton, and brain either remained the
same or increased slightly. The plasma lead burden was very low at both 2 and
10 days post-injection.

Examination of Table II shows good agreement between the lead body
burden obtained by summing the individual tissue burdens (34.04 pg) and that
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Table II. Reconstruction of lead body burden in mice

% of Tissue Percent of dose? /gm of tissue
Tissue B.W. wt! (Tissue burden, pg)
(gm) 2 Days 10 Days

Skeletal Muscle 44.0 11.0 0.10 (0.55) 0.05 (0.28)
Skin 16.0 4.0 0.40 (0.80) 0.20 (0.40)
Abdominal Fat 10.0 2.5 0.10 (0.20) 0.05 (0.25)
Skeleton 82 21 22.00 (22.6) 23.00 (23.6)
Plasma 4.6 1.2 0.07° (0.04) <0.05 (NC)*
Liver 43 1.1 2.00 (1.1) 0.30 (0.17)
Erythrocytes 32 0.8 0.80° (0.32) 0.25° (0.10)
Intestine 23 0.6 0.80 (0.24) 0.20 (0.06)
Kidneys 1.5 0.4 4.60 (0.92) 1.80 (0.36)
Brain 14 0.4 33.00 (6.6) 34.50 (6.90)
Pancreas 0.7 0.2 1.70 (0.17) 0.60 (0.06)
Seminal Glands 0.7 0.2 1.30 (0.13) 0.80 (0.08)
Testes 0.7 0.2 1.30 (0.13) 0.8 (0.08)
Heart 0.4 0.1 <0.05 (NC% <0.05 (NC)*
Lung 0.4 0.1 0.40 (0.02) 0.20 (0.01)
Lymph tissue’ 0.3 0.1 1.30 (0.07) 0.8 (0.04)
Stomach 0.3 0.1 0.80 (0.04) 0.25 (0.01)
Cecum 0.2 0.1 0.80 (0.04) 0.25 (0.01)
Spleen 0.2 0.1 1.30 (0.07) 0.90 (0.05)
P 99.4 253 (34.04) (32.46)
Whole Body’ 100.0 25.0 2.40 (30.00) 1.50 (18.75)

! Calculated for 25 gm mouse

? Single intraperitoneal injection of 50 ug lead as lead nitrate
3 per ml of tissue

* Not Calculable

* Lymph nodes + thymus gland

¢ Sums of column entries

7 Whole body counts reported by Kumar (6)
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determined by whole-body counting (30.00 ug) on day 2, but not day 10 (32.46
pg vs. 18.75 pg) (6). Depending upon which value is used, the body burden
decreased either 4.6% or 37.5% between days 2 and 10.

Thus, between days 2 and 10, seminal gland, testes, lymphatic tissue, and
spleen, none of which are suitable for routine monitoring, reflected the change
in lead body burden more accurately than other tissues analyzed.

Of greater relevance to markers of lead exposure in the general popula-
tion are the results reported by P’an and Kennedy (9) for rats receiving repeated
injections of lead acetate for six months. Two groups of animals were intra-
peritoneally administered 10 and 20 mg/lead acetate/kg, respectively, at intervals
of 1,2, 4, 8, 12, 16, 20, and 24 weeks. Twenty-four hours after each treatment,
8 rats were randomly selected from each treatment group and placed in
metabolism cages for a 24-hour urine and feces collection. Following this
collection period, saliva and blood were obtained under ether anesthesia before
the animals were sacrificed. Lead analyses were performed on femur, kidney,
brain, whole blood, plasma, plasma filtrate, liver, salivary glands, testes, urine,
saliva, fur, and feces (Table III).

Table III. Lead concentration of selected tissues following repeated
injections of lead acetate in rats

Dose! 10 20

Week of 6 12 24 6 12 24
Sacrifice

Lead Concentration Lead Concentration

Femur? 200 270 590 250 350 692
Brain® 1.1 2.1 33 1.6 2.6 39
Kidney? 100 150 228 150 360 649
Blood® 60 75 79 90 101 149
Liver® 32 4.6 7.4 6.9 12.1 20.7
Fur? 6.3 25 34 9.7 34 37
Urine* 2 .1 3 2 2 3
Feces® 24 106 54 41 121 133

! mg PbAc/kg administered on weeks 1, 2, 4, 8, 12, 16, 20, and 24

2 ug/g
3 pg/100ml

* pg/mg creatinine
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In this study, the small number of tissue types analyzed precluded
reconstructing a meaningful lead body burden.  Nevertheless, several
relationships of interest can be seen. The lead concentration in salivary gland,
saliva, testes, and urine remained fairly constant during the approximately 6-
month treatment period at both dose levels. These tissues were not good
surrogate measures of duration of exposure, dose level, or other tissue burdens
(only urine is shown in Table III). Blood lead was not a very sensitive indicator
of duration or intensity of exposure. Of the remaining tissues, bone, fur, and
brain reflected uniform increases with duration of treatment at both dose levels,
but showed little difference between dose levels. Both liver and kidney reflected
the difference between duration of exposure and dose rates much better than did
other tissues. In both treatment groups, fecal lead correlated highly with bone,
fur, and brain lead. Liver and urine lead began to rise only after 12 weeks of
treatment. Of the tissues studied, fur offers the greatest potential for convenient
repeated sampling and could serve as a surrogate for brain lead level; neither
distinguished differences between doses very well.

Study 3: Benzene. An early paper by Schrenk et al. (12) examined benzene
concentrations in the major tissue compartments of dogs following different
exposure regimes to benzene vapor. It was found that blood benzene levels of
continuously exposed dogs reached a plateau in about two hours, and this
equilibrium level correlated with the concentration of benzene in the air. In this
study, each 100 ppm benzene vapor in air resulted in an equilibrium blood
concentration of 0.21 mg/100 ml. Thus, during a continuous exposure of at least
two hours, benzene exposure rate could be assessed from the concentration of
benzene in the blood.

In the same study, other dogs were exposed to benzene vapor for several
hours per day for prolonged periods and their tissues analyzed for benzene
content (12). Using these data together with body composition data reported by
Andersen (13), benzene body burdens were reconstructed for this exercise.

The results for two dogs, each receiving a different amount of exposure,
are presented in Table IV. Because the data available were incomplete, certain
assumptions and omissions had to be made. For example, bone tissue was not
analyzed; therefore, bone benzene burdens could not be approximated (12).
Benzene concentrations were reported for brain, heart, kidneys, liver, lung, and
pancreas separately. Together, they account for an estimated 8.6 % of the dogs’
body weight. A weighted mean benzene concentration was calculated for this
group of six organs using the fractional contribution of each to the 8.6% of body
weight. This weighted mean appears in Table IV as the benzene concentration
for OST (other soft tissue). Since the concentrations of benzene in skin and GI
tract were not reported by Schrenk (12), they were assigned the benzene
concentration calculated for OST. Accordingly, their percentages of B.W. are
included in the OST percent of B.W. column, and their approximated tissue
burdens are included in the OST tissue burden columns.

Benzene burdens of tissues rich in hemo-myoglobins (skeletal muscle,
blood, and heart) appear to remain constant or decrease slightly between days
38 and 192 (benzene concentrations reported for heart at 38 and 192 days were
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7.3 and 6.2 mg/100 g, respectively) (12). Whether tissue compartments had
reached a steady state at 192 days could not be determined. However, in
another trial, the tissue concentrations of benzene in one dog carried to 272 days
were not higher than those exposed for 192 days (12).

Table IV. Reconstruction of benzene body burden in dogs

Air Conc. (ppm) 800 800
Daily Exposure (hr) 8 8
Exp. Duration (days) 38 192
Tissue Per- Tissue Tissue Tissue Tissue
cent Conc. Burden' | Conc. Burden'
of mg per mg per
B.W. 100 gm mg 100 gm mg
Blood 8.0 14 10.1 1.3 94
Skeletal Muscle 46.0 4.5 186.3 3.0 124.2
OST? 30.6° 3.0 82.6 4.0 110.2
Fat 7.0 18.6 117.2 25.7 161.9
Bone® 9.0
TOTAL = 100.6 396.2 405.7

Tissue burdens are calculated for 9 kg dog.

2 Other Soft Tissues.

3 Includes: analyzed organs, 8.6% B.W.; Skin, 17% B.W.; GI tract, 5.0%
B.W.

Determined by summing the products of each tissue’s fractional
contribution to the 8.6% of B.W. times that tissue’s benzene
concentration.

Bone represents about 9% of body weight and is included only to
document total body composition.

Under the prolonged exposure conditions in this study, blood benzene
burden remained approximately the same for the two exposure durations, as did
body burden. Thus, blood benzene burden was a useful surrogate measure of
body burden but not of total exposure. On the other hand, benzene levels in fat
or OST showed a slight increase at the higher exposure level and may potentially
be considered as insensitive surrogate measures of total exposure but even
poorer measures of body burden. However, these tissues are not readily
available for long-term monitoring studies.
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Inferences Drawn

The studies presented above demonstrate the need for a better understanding
of the relationships between pesticide exposures and the resulting tissue/body
burdens. The most conspicuous deficiencies were associated with interpreting
the relationship between blood toxicant level and exposure. For example,
plasma EPN levels (but not whole blood) reflected EPN levels in the brain tissue
of chicken, but not in the more critical peripheral nervous tissue (2); though
blood lead reflected both the dosage and the duration of repeated lead injections
in rats, it was an insensitive indicator of either (9); and blood benzene levels of
dogs did not reflect the fivefold difference in duration of exposure (12). Keeping
in mind that animal studies are conducted under rigidly controlled conditions
while investigations of population exposures are not, human studies would be
expected to reflect even greater inconsistencies. Uncertainties notwithstanding,
surrogate body burden measurements are frequently made when assessing
exposures in the general population.

The most compelling reasons for doing so are (1) the large body burden
database already in existence, for both experimental animals and humans,
represents a valuable resource deserving of better utilization and continued
expansion; (2) methodologies already developed for sampling and analysis of a
number of pesticides and other toxicants can usually be adapted for use with
other pollutants of concern with minor modification; (3) the information
obtained is useful for identifying patterns of exposure over time (trend) and
space (hot spots); (4) when the pharmaco-dynamics and pharmacokinetics of a
pollutant are fully understood, body burden measurements can be used as inputs
to mathematical models that will yield accurate exposure assessments; and (5)
body burden measurements, or their surrogates, can contribute significantly to
risk assessments. The extent to which each of these expectations has been
realized is discussed briefly below.

Existing General Population Body Burden Databases

EPA’s National Human Monitoring Program (NHMP) was established in 1967
to determine and assess changes in detectability and concentrations of pesticide
residues in the general population. Its main component is the National Human
Adipose Tissue Survey (NHATS), although a National Blood Network is also
planned. Initially directed toward pesticides, the NHATS was later expanded
to include other environmental chemicals as well (14).

Other data bases include the National Center for Health Statistics’
National Health and Nutrition Examination Surveys (NHANES) which
determine blood levels of selected environmental chemicals in cooperation with
other programs, and EPA’s Total Exposure Assessment Methodology (TEAM)
study which measures personal exposures of selected populations to selected
airborne pollutants. Of these, NHANES is the only program that uses a
population-based sample and only NHATS provides regularly repeated
observations with sufficient frequency to detect reasonably current changes. In
addition to these ongoing programs, numerous animal and human studies have
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been carried out to define the relationship between an exposure and a surrogate
measure of body burden.

In general, useful correlations are found between exposure and
concentration of parent compound (or its metabolites) in (1) exhaled air, for
many volatile compounds (VOC’s in blood can potentially equilibrate with
alveolar air so that exhaled air can proxy for blood as a biological matrix); (2)
fat, for fat-soluble compounds; (3) bone, for some inorganics; and (4) urine, for
water-soluble parent compounds and/or their metabolites. However, for human
exposure monitoring, practicality limits the number of biological matrices
available for sampling to those which the subject is willing to share; usually
blood, urine, saliva, sweat, and breath.

Surrogate measures of body burden have been used most successfully for
monitoring occupational exposures. In contrast to general population exposures,
samples can be obtained on a regular schedule and in known relationship to time
and duration of chemical exposures in the workplace. Thus, correlations can be
established between exposure histories, body burden measurements, and
associated signs/symptoms. Such correlations are difficult to establish in the
nonoccupational setting.

The chemicals in Table V are those for which surrogate measures of body
burden are frequently used as markers of internal exposure, primarily in occupa-
tionally exposed populations.

Sampling and Analysis

With reference to exposure monitoring, analytical methods research has usually
been directed first to the detection of toxicants in air, water, and food and later
to biological samples. Analytical methods, using traditional instrumental
analyses, are sufficiently well developed for biological monitoring programs in
the workplace for about 70 chemicals (20). Not all of these methods are
suitable, however, for detecting the low levels usually encountered in the general
population. In addition, the hazardous chemicals potentially of concern number
in the thousands. Thus, a substantial need remains for analytical methods which
are cost-effective and have the specificity and sensitivity required for exposure
assessments in the general population.

Trend and Distribution Analysis

The data collected by NHMP has documented widespread pesticide exposures
in the general population (14). It has also shown that reduced use of PCBs,
DDT, and dieldrin resulted in lower tissue concentrations of those compounds.
Despite the demonstrated success of NHMP for trend identification, few uses
have been made of the data base for this purpose (14).

Single or sporadic studies, such as NHANES, are not expected to identify
trends in a timely manner, but have been able to provide information on the
presence and regional distribution of selected pesticides (14).
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Table V., Environmental Chemicals and Commonly Used Surrogate
Measures of Body Burden
Toxic! Biological’ Monitor

Chemical Agent Target® Ref.
Antimony P entr; s; ns | antimony; ur 15,16
Arsenic P entr; s; ¢; ns | arsenic; ur 16,17
Benzene P cns benzene; bl, br 16,18
Benzene M hem phenol; ur 15
Cadmium P entr; k cadmium,; ur, bl 15,17
Carbaryl P ns 1-naphthol; ur 16
cc? P ns; I; k CClL%; br 16
Chlordane P ns; I; k oxychlordane; bl 16
Chlordecon P ns, | chlordecon; bl 16
Cobalt P s;p; € cobalt; ur 15,17
Cresol P ns; p; I; k | cresol; ur 16
Cyanide P ns thiocyanate; ur 15-17
Diazinon M ns org. phosph.; ur 16
Dieldrin P ns dieldrin; bl, fat 16
2,4-D* P ns; I; k 2,4-D conjug.; ur 16
Dioxins P s; f dioxin; bl, fat 15,16
Diquat P entr; ns diquat; ur 16
DDT* P ns; r DDT; b, fat 16,19
DDT M DDA; ur, bl 16,19
DDT M DDD; ur, bl 16,19
DDT M DDE,; ur, bl 16,19
DMF* P I; k; ns DMF; br 16
DMF M MF; ur 16
DNOC* P s; ns DNOC; bl 16
Endrin P ns endrin; bl 16
Ethylbenzene P entr; ns mandelic acid; ur 16
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Table V. Continued
Toxic! Biological’ Monitor
Chemical Agent Target? Ref.
Hexachloro- P s hexachlorobenzene; 16
benzene bl
2-Hexanone M ns 2-hexanone; bl, br 16
Lindane P ns; hem lindane; bl 16
Malathion M ns org. phosph.; ur 16
MEK* P ns; entr MEK; bl, br, ur 15
Nitrobenzene M hem; ns methemoglobin; bl 16
Nitrobenzene M p-nitrophenol; ur 16
Paraquat P p; k paraquat; ur 16
Parathion P ns parathion; bl, ur 16
Parathion M p-nitrophenol; ur 16
Pentachlorophenol P s; ns pentachlorophenol; 16
bl, ur
Perchlorethylene P s; ns; 1; k perchlorethylene; br 16
Styrene P entr; ns styrene; bl 15
Styrene M 1 mandelic acid; ur 16
Trichlorethylene M I; k; ns trichlorethylene; br 16
2,4,5-T* P ns; s 2,4,5-T; bl, ur 16
Toluene P ns toluene; bl, br 16
Toluene M hippuric acid; ur 15
Vinylchloride P bone; ns; 1 | vinylchloride; br 16
Phenols P entr; ns; 1; k | phenol; ur 15
Lead, Inorg. P hem; ns; k | aminolevulinic acid; | 15-17
ur

Lead, alkyl P ns lead; ur 16
Mercury, Inorg. k mercury; ur 15-17
Mercury, alkyl ns; f alkyl mercury; bl 15,16

Continued on next page
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Table V. Continued

Toxic! Biological’ Monitor
Chemical Agent Target® Ref.
Selenium P entr; s selenium; ur 15,16
Tin, alkyl P ns alkyl tin; feces 16
Hydrazine P }:; I; p; hem; | hydrazine; bl 15
PC/PB-biphenyls P s; s ;’ICéPB- biphenyl; 16
, fat

! P=parent compound; M =metabolite.

? c=cardiovascular; entr=eye, nose, throat, resp. tract; f=fetus;
hem =hematopoietic sys.; k=kidney; 1=liver; ns=nervous sys.; p=lung;
r=reproductive sys.; s=skin.

* bl=blood; br=exhaled air; ur=urine.

* CCl =Carbon tetrachloride; 2,4-D=2,4 dichlorophenoxyacetic acid;
DMF =Dimethylformamide; DDT= Dichlorodiphenyl-trichloroethane;
MEK =Methyl Ethyl Ketone; 2,4,5-T =Trichlorophenoxyacetic acid.
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Exposure Assessment

Biomarkers of exposure can be either bioindicators which reflect only the
presence or absence of a pollutant, e.g., residues of toxic chemicals in human
tissues (21), or biomonitors which provide for regular surveillance and
quantification of the exposure. Tissue levels have not yet proven to be reliable
biomonitors of pesticide exposure in the general population. The development
of exposure assessment methodology usually emphasizes improving the accuracy
and precision of the analytical methods used to measure tissue levels of toxicant
at the expense of the more difficult task of gaining an understanding of the
biological system. A consequence is that tissue concentrations of environmental
chemicals can be estimated with far greater accuracy and precision than can their
pharmacodynamic (PD) and pharmacokinetic (PK) behaviors, and the analytical
chemical ‘signal’ becomes buried in biological ‘noise’.

The development of holistic PK models for estimating doses to human
target tissues from surrogate body burden measures represents a significant
effort. Target tissue dose depends upon the exposure rate and the kinetics of
pollutant uptake, intake, internal distribution, and elimination. While external
exposure rates can be derived from environmental monitoring data applicable
to both humans and animals, the development and verification of PK models are
derived mainly from data obtained from animal experiments. Thus, the model
must be able to extrapolate PK data between species. The amount of
physiological, biochemical, and behavioral data needed, in addition to tissue
burden data, for successful extrapolation between species is not known. Nor is
it known, with respect to humans, whether the additional data must be obtained
in conjunction with the tissue sampling or whether they can be acquired at
another time.

At present, PK models suitable for assessing human exposures from body
burden data are not available. However, rapid progress is being made toward
incorporating physiologically based parameters into the modeling effort.
Pharmacokinetic non-linearities occur between different doses and between
different species. Physiologically based pharmacokinetic models are accurate
tools for taking these non-linearities into account (22). As a result, more
realistic and usable physiologically based pharmacokinetic (PBPK) models soon
may become available,

Risk Assessment

Neither detection nor determination of concentration of a toxicant in tissues of
individuals or the general pepulation has satisfactorily provided a quantitative
estimate of risk to human health. A major difficulty is the large variation in
susceptibility to toxicant insult of the general population (23). For example,
people living downstream from a defunct DDT plant in Triana, Alabama, were
chronically exposed to DDT in their diets for many years and had several times
the national geometric mean for DDT (and related chemicals) in their serum.
However, a survey of the health status of 499 of them (out of approx. 600),
indicated that the total DDT body burdens were not associated with specific
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illness or ill health (24). Admittedly, the limited number of epidemiological
studies to date suggest that DDT is relatively nontoxic in humans. However,
even for the more toxic pesticide kepone, the variability of blood kepone levels
precluded a quantitative risk assessment when comparisons were made between
workers with and without overt signs of toxicity from kepone exposure (25).
Some chemicals are cleared from the body or degraded in the body so rapidly
that they cannot be detected in tissues with conventional analytical methods,
even a few hours after exposure. Examples are benzidine, aflatoxin, vinyl
chloride, and formaldehyde. Therefore, failure to detect a chemical in human
tissues does not mean that potentially toxic exposure to it has not occurred (14).

The extent to which a human population is susceptible to a toxic stressor
depends not only upon the intensity and duration of exposure but also upon the
rate of uptake, intake, metabolism, storage, excretion, abundance of target
macromolecules at the cellular level, and potential for adaptation to the toxicant.
These processes are in turn regulated and/or modified by the genetic makeup
of the individuals, their health status, and variable numbers of host (lifestyle)
factors (26).

Discussion

Surrogate measures of human body burden repeated with some regularity over
time, such as the NHMP, have proven effective in revealing trends of pesticide
exposure (27). Similarly, single determinations in selected subpopulations have
disclosed geographic gradients of exposure.  Surrogate measures that
quantitatively reflect exposure have been described for a few volatile (e.g.,
benzene) or gaseous (e.g., carbon monoxide) environmental pollutants at present.

No reports were found which quantitatively relate tissue toxicant level
with the degree of health risk in the general population. However, examples to
the contrary are readily found for toxicant measured in nontarget tissue, e.g.,
DDT in blood (24, 25) or a presumptive target tissue, e.g., chlorinated
hydrocarbons and PCBs in bone marrow of children (28).

As a result, three main approaches have evolved toward achieving the
capability to quantitatively assess exposure and health risk. First, the
development of holistic, PBPK models for pollutants, or pollutant classes, of
concern. In traditional kinetic analysis, empirical compartments are inferred
from fitting a model to the data obtained experimentally. In PBPK models
compartments are, to the extent possible, characterized beforehand based on the
physical structure of the organism and are defined realistically with respect to
pertinent biological or physicochemical parameters (29). If the relevant
biological structure and chemical-specific parameters are correctly described, e.g.,
the tissues involved, blood flows, reaction pathways, tissue solubilities of toxicant,
specific binding proteins, etc, then the physiologically based model will
accurately simulate the uptake, intake, tissue distribution, metabolism, and
excretion of pollutants under different exposure scenarios.

Species differences in PK and PD behaviors for a given toxicant are due
to quantitative and/or qualitative species differences in biological structure
and/or metabolic pathways. To the extent that these differences are adequately
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described in a physiologically based model, the model will also simulate actual
interspecies differences in the toxicant’s PK and PD behavior. In other words,
PBPK models can be powerful tools for interspecies extrapolation provided the
biological processes are understood and pertinent parameter values can be
accurately measured (29).

For each pollutant of concern, input data to the model must be derived
from human and animal experiments. Stringent design of animal experiments
(e.g., randomization) ensures that relatively simple methods of data analysis will
discriminate between exposure groups and that probabilistic statements made
about these differences will be valid. However, most human population exposure
assessments cannot be carried out within the design constraints of a randomized
controlled trial. For this reason, the standard mathematical models based upon
animal experiments can lead to biased or imprecise results. Population PK/PD
has been proposed as a way to exploit less stringent observational data for which
standard models and analyses do not work (30).

A second approach to quantitative exposure assessment is to develop
functional biomarkers of internal exposure. These include changes in molecular,
genetic, biochemical, immunologic, physiological, or behavioral status. They
offer the potential of relating more directly to risk assessment than do tissue
pollutant concentrations. Functional biomarkers can be extremely sensitive but
usually lack pollutant specificity. For example, alterations in behavior were
measured in rats dosed with the insecticide carbaryl at a time when tissue levels
of parent compound or metabolite(s) were undetectable using conventional
analytical methods (31). Even with the advent of analytical methods having the
required sensitivity, the behavioral changes seen were not specific to carbaryl.
Similarly, cholinesterase inhibition is not peculiar to a particular pesticide or
chemical class of pesticides (32), nor is the alteration in erythrocyte proto-
porphyrin profile unique to lead exposure (33). The nonspecific nature of
functional biomarkers limits their usefulness in human exposure assessments at
present.

Yet to be explored are biomarkers that combine elements of both tissue
burden and functional biomarkers. A reactive toxicant molecule initiates its
action by binding to critical macromolecules on or in cells. Therefore,
determining the level of toxicant, or its metabolite, bound to the critical
macromolecule may be both sensitive (measures an incipient functional change)
and specific (measures the pollutant concentration at a critical molecular site).
These markers may also support health risk assessments more directly than
would tissue concentration measurements.  Analytical methods utilizing
immunoassay and biosensor methodologies, alone or in combination, can
potentially measure macromolecular-bound toxicant with high sensitivity and
specificity (34,35).

The third approach to quantitative exposure assessment is development
of indirect indicators (used as predictors of body burden, critical tissue
concentration, or macromolecular-bound toxicant) which are more cost-
effectively obtained than body burden data. Considerable progress has been
made toward this end first using selected physico-chemical properties and, more
recently, computer-aided molecular prediction (CAMP) methods. While these
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methods are useful for suggesting possible metabolic and kinetic behaviors of
toxicants, they are characteristics of the toxicant and do not totally replace
animal experimentation (36). Thus, there is a need for a predictor which
includes characteristics of the biological system.

Conclusions

The quantitative exposure assessment methods discussed above are not
sufficiently developed for routine application in human population studies. In
the meantime, there is a need for indicators of internal exposure which can be
used to cost-effectively screen large numbers of chemicals in the same way the
LD, is used to screen for acute toxicity.

The method of statistical moments (37) has been extensively used in the
pharmaceutical industry. The method is based on the knowledge that movement
of the individual molecules through the body is governed by probability, since all
will not be metabolized or excreted at the same time. The time course of the
plasma concentration following a single dose (i.e., transfer function) can be
regarded as a statistical distribution curve. It is an individual characteristic and
implies the complete kinetics of a compound or metabolite in the body. Analysis
of the distribution curve can be made by the use of the method of statistical
moments: the area under the curve (AUC), the mean residence time of the
intact molecules (MRT), and the variance of the MRT are the zero, first, and
second moments, respectively. The MRT can be defined as the mean time for
intact molecules to transit through the body; it involves a composite of all kinetic
processes. In contrast with the t,,, the MRT of a chemical or metabolite
depends upon the whole concentration/time profile (37). And as pointed out by
Yamaoka et al. (37), analysis of the distribution curve (a transfer function) can
be made without knowing the kinetics of the toxicant. The method of statistical
moments may satisfy the need for a biologically based characteristic to be used
for development of predictors of body burden, critical tissue concentration, or
macromolecular-bound toxicant. It has been suggested that an indirect indicator,
e.g., a ‘black box’ transfer function, may be feasible in the short term and provide
very usable exposure assessments while the more accurate holistic model is under
development (38).

A systematic determination of the transfer functions of pesticides in
experimental animals has not yet been reported. However, many studies have
been reported in which periodic determinations were made of plasma or blood
pesticide levels following administration of a single dose. The method of
statistical moments applied to these data could provide an initial evaluation of
the transfer function as an indirect indicator of ‘internal’ exposure.

In addition, transfer functions could be determined for compounds
representative of the major chemical classes of pesticides in humans and in
commonly used experimental animal species. Comparisons among these would
provide a systematic basis for extrapolating toxicological data between species.
The animal experiments required to determine transfer functions are
straightforward, and computer programs are available for calculating the
statistical moments (39). In combination with CAMP and other physico-chemical
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based predictors of body burden, the transfer function should enhance the
predictability of internal exposure.
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Chapter 13

Chronic Organophosphorus Exposure

Biomarkers in the Detection of Immune Dysfunction
and the Development of Lymphomas
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The health effects of chronic organophosphate
(OP) exposures are incompletely understood, but
evidence in animals and man suggests an
association between organophosphate exposure,
immune dysfunction, and the occurrence of
hematopoietic tumors, especially lymphomas.
Epidemiological studies have shown an excess of
these tumors in populations exposed to OPs, and
immune dysfunctions have also been associated
with the development of lymphomas in animals and
man. Despite the predisposition to lymphomas in
humans with immune dysfunction and the increased
risk of lymphoma in OP-exposed populations, links
between organophosphates and the immune system
have not been defined. Evaluation of in vitro
human natural killer (NK) cell and cytotoxic T
lymphocyte (CTL) activities in the presence of
OPs shows that the cytotoxic functions of these
cells are significantly inhibited by some
organophosphate compounds. Such functional OP-
induced changes may represent sensitive
biomarkers of chronic organophosphate exposure
and effect when integrated with duration and
intensity of exposure. In turn, possible
linkages to the development of hematopoietic
tumors in some human hosts through the
suppression of immune surveillance mechanisms may
be uncovered in this process.
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Acute organophosphorus exposures and their health effects
have been extensively investigated and characterized (1),
but chronic exposures to this same class of chemicals have
been incompletely evaluated even though there is evidence
relating OP exposures to the development of hematopoietic
tumors. Since organophosphates are not generally
identified as definite human carcinogens, the association
between OP exposure and tumorigenesis may represent either
a yet to be defined carcinogenic effect or may occur by an
indirect mechanism that places the host at risk for the
development of cancer.

In this paper, the evidence supporting the potential
for chronic OP exposure to promote the development of
serious human health effects such as lymphomas is first
reviewed. Then, the mechanisms by which this class of
chemicals causes suppression of the human immune
surveillance system is described. Biomarkers of exposure
and effect are defined for the recognition and possible
prevention of immune dysfunctions and their serious health
effects in humans exposed to organophosphates.

Epidemiological Studies of Organophosphate Exposed
Populations

Lymphomas in Farmers. The initial impetus for our
laboratory to examine the mechanisms by which significant
health effects might be associated with chronic
organophosphorus exposures arose from published
epidemiological studies (2-6). A large number of studies
determined that farmers succumb more frequently to
lymphomas or hematopoietic tumors than would be expected in
healthy non-farming populations (2-6). Such data have been
documented not only for farmers residing in the United
States, but also for those in other countries (3,6). An
excess of lymphomas has been most recently reported in
Italian farmers (7). There have been no epidemiological
data supporting a specific chemical compound or group of
compounds as contributors to this increment in lymphatic
cancers in farming populations, but pesticides have been
prominently suggested as possible etiologic factors. The
reasons for the excess of lymphomas observed in some
farming populations and not others has remained elusive.
To date it is not known whether such factors represent
differences in host responses to chemicals, the use of
different chemicals, or the habits of farming groups in
their use and application of chemicals.

Lymphomas in Grain Mill Workers. Investigations of grain
mill workers who also have been determined to have more
lymphomas than would be expected in normal populations have
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provided additional data as to the possible causative
agents for the excess tumors in these workers. Studies
performed by epidemiologists from the National Cancer
Institute have reported that the workers who acquire these
tumors in excess have been exposed to pesticides (8), and
the latter substances have been postulated to be prime
candidates as the cause for the development of such tumors
in exposed hosts. Further, only janitors cleaning around
grain storage silos and those working directly in the silos
that have been treated with pesticides to prevent rodents
and other animals from damaging the grain stores show an
increased risk for the development of lymphomas (9).
Malathion, an organophosphorus pesticide, was one of the
several chemicals identified by workers exposed to
pesticide-treated grain (9).

Lymphomas in Resin Workers and Automobile Manufacturers.
Finally, two additional population groups, resin workers
and automobile manufacturers, have also been shown to have
an excess of lymphomas (10). It is clear that resin
workers in the course of their work may be exposed to
organophosphorus chemicals used either as flame retardants,
stabilizers, or plasticisers. However, such workers have
not been evaluated for their exposures to specific
chemicals that may be lymphomagenic. Automobile
manufacturers may also be exposed to plastic components in
addition to a number of other substances that could
contribute to the increased expression of lymphomas in this
group. Nonetheless, one should recognize that about 30 to
40 percent of the components in an automobile are made of
plastic, and some automobile workers may be involved in the
molding of these plastic parts. Such a group could well be
at risk from exposure to molten plastics containing
organophosphorus agents.

Organophosphorus-induced Immune Dysfunction

The determination that organophosphorus compounds are
potent inhibitors of in vivo and in vitro monocyte esterase
activity (11-16), an enzyme known to be an essential
component of the cytotoxic effects of monocytes and other
immune cells, was a key link between impaired immune
functions and organophosphorus exposures. Perhaps the
earliest clue to an organophosphorus-induced defect in
monocyte esterase activity comes from the work of Lee and
Waters (15). These investigators determined that a variety
of organophosphorus pesticides and carbamate insecticides
inhibited, to a significant degree, human peripheral blood
monocyte esterase activity. Such inhibition occurred in
the absence of direct contact with Shell pest strips in
which the chemicals were imbedded since these pesticides
were volatile. The inhibitor concentrations resulting in
50 percent inhibition of the target enzyme (IC.,) for the
various pesticides tested by Lee and Waters have been
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calculated from their published data and are shown in Table
I (15) along with the LD,, values given in the same paper.
As can be seen from these data, the organophosphorus
insecticides investigated by these workers are fairly
potent inhibitors of human monocyte esterase activity. The
key to the significance of this work came later when Oertel
and his colleagues first showed that inhibiting monocyte
esterase with bis nitrophenyl phosphate resulted in a
significant suppression of the capacity of this cell to
form conjugates with a target cell, the K562
erythroleukemic cell (12). Consequently, the monocyte
failed to lyse these same target cells (12). Although the
doses of the bis nitrophenyl phosphate in this study were
relatively high and the decrement in conjugate formation
and lysis was not striking, these data provided the first
evidence that organophosphorus compounds could impair the
monocyte's ability to carry out cytotoxic reactions against
the tumor cell line, K562.

Organophosphorus Suppression of NK Cell Activity. Both
cytotoxic T lymphocytes and natural killer cells are
essential for cell-mediated immunity, the elimination of
virus-infected cells, and provide immune surveillance for
premalignant cells. We postulated that organophosphate-
induced defects in human immune surveillance systems might
provide a possible 1link between immune dysfunction,
lymphoproliferation, and lymphomagenesis. Initial studies
by our group showed that non-pesticide organophosphates
used in the manufacture of plastics resulted in both in
vivo and in vitro inhibition of monocyte esterases (17).
Subsequently, we showed that some organophosphorus
compounds suppressed NK cell activity (Fig. 1). In these
studies, peripheral blood lymphocytes were isolated by
standard procedures and incubated for one hour in the
presence or absence of organophosphorus compounds. K562
cells were labeled for 1 hour with °Cr and graded doses of
organophosphorus-treated or control peripheral blood
lymphocytes were exposed to target cells for four hours.
Target cell lysis was then measure by quantifying the
release of radiolabeled chromium after corrections were
made for nonspecific release. As can be seen in this
figure, tetra-o-cresylpiperazinyl diphosphamidate (TCPD),
triphenyl phosphate (TPP), and tertiary butyl triphenyl
phosphate (TBTPP) at 20 uM concentrations significantly
suppressed NK cell activity when compared to controls
containing no organophosphates (p<0.001). Triphenyl
phosphine oxide (TPPO) and triphenyl thiophosphate (TPTP)
di? not significantly alter NK cell activity from control
values.

Organophosphorus Suppression of CTL Function. We have also
examined the effects of OPs on cytotoxic T lymphocyte
function. Allogeneic CTLs, harvested on day 7, were
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Table I. Monocyte Esterase Inhibition by Insecticides

PESTICIDE COMMON NAME | LD, (mg/kg) IC,(M)*

PHOSPHORIC ACID, VAPONA 52-80 1.0 x 107
2,2-DICHLOROETHENYL
DIMETHYL ESTER

PHOSPHORIC ACID, RABON 1,100 4.5 x 107
2-CHLORO-1-(2,4,5-
TRICHLOROPHENYL)
ETHENYL DIMETHYL ESTER

PHOSPHORIC ACID, NALED 250 9.0 x 107

1,2-DIBROMO-2,2-
DICHLOROETHYL DIMETHYL
ESTER

PHOSPHOROTHIOC ACID, PARATHION 2 1.3 x 107
0,0-DIETHYL O-(4-
NITROPHENYL) ESTER

PHOSPHOROTHIOC ACID, DURSBAN 941 5.2 x 107°
0,0-DIMETHYL O-(3,5,6-
TRICHLORO-2-PYRIDYL)
ESTER

PHENOL, BAYGON 83 6.7 x 1077
2-(1-METHYLETHOXY ) -
METHYL CARBAMATE

1-NAPHTHALENOL, CARBARYL 250 5.5 x 107
METHYL CARBAMATE

*Data derived from reference 15, «copyright 1977.
Insecticides were diluted in saline (0.9%)-EDTA (0.5%), and
esterase activity was determined after a 15 minute
incubation in the presence or absence of insecticide using
an assay designed for the Hemalog D cell counter.

DOSE: 20 uM ——

% SPECIFIC LYSIS

CONTROL DILUENT
——

' 1 1

0
100:1 50:1 25:1

EFFECTOR TO TARGET RATIO
Figure 1. The Effect of Organophosphorus Compounds on
Natural Killer Cell Activity
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exposed to various OP compounds for 1 hour and then
examined for their ability to se PHA-blasts from the
stimulating cells in short-term “chromium release assays.
The mean percent lysis inhibition * one standard deviation
for five separate experiments in which each compound was
compared with diluent control is shown in Table II. The
effector to target ratio was 30:1. Each organophosphorus
treatment (10 uM for 60 minutes) significantly impaired the
cytotoxic capacity of CTLs. Triphenyl thiophosphate had
the weakest effect, only inhibiting this killing process by
approximately 40 percent as compared to diluent treated
controls, whereas tetra-o-cresylpiperazinyl
diphosphoridate, triphenyl phosphate, and triphenyl
phosphine oxide all inhibited cell lysis by 50 percent or
greater when compared to appropriate controls. Thus, our
studies and those of other investigators have shown
organophosphorus-induced abnormalities in human cytotoxic
T lymphocyte, natural killer cell, and cytotoxic monocyte
functions that regulate human immune surveillance.

Immune Dysfunctions and Lymphomas

Recent studies by the hematology group at the Belfast
Hospital have provided some striking findings with regard
to human monocyte esterase and the development of lymphomas
(18,19). Their studies on a woman with a lymphoma
documented the absence of monocyte esterase in her family
and described an autosomal dominant inheritance of this
immune cell enzyme deficiency (20). Subsequently, they
evaluated the frequency of monocyte esterase deficiencies
in hospitalized patients with malignancies, in normal
healthy blood donors, and in patients hospitalized for non-
malignant diseases (18).

The data from their publications is reproduced in Table
III. It shows that monocyte esterase deficiency was almost
four times more frequent with malignancies than in normal
individuals. Further, monocyte esterase deficiency
occurred twice as often in those with malignancies as
compared with patients hospitalized for non-malignant
disease.

Esterase Deficiencies and Hematopoietic Tumors. When those
with malignancies were characterized further,
reticuloendothelial malignancies were found to be
significantly increased in patients expressing a deficiency
in their monocyte esterase and included patients with
Hodgkin's disease, non-Hodgkin lymphoma, and B cell chronic
lymphatic leukemia (18). These data clearly suggested a
relationship between lymphoma/leukemia and monocyte
esterase deficiencies. Although the effects of therapeutic
drugs as a cause for the monocyte esterase deficiency were
excluded in these hospitalized patients, no occupational
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Table II. Organophosphorus Inhibition of Cytotoxic T cells

in an Allogeneic Mixed Lymphocyte Reaction

ORGANOPHOSPHORUS AGENT

LYSIS INHIBITION (%)

TRIPHENYLPHOSPHINE OXIDE 8917
TRIPHENYL PHOSPHATE 7615
TETRA-O-CRESYLPIPERAZINYL 50%6
DIPHOSPHORIDATE

TRIPHENYL THIOPHOSPHATE 3816

Table III. Monocyte Esterase Deficiency

SUBJECTS NUMBER OF SUBJECTS MONOCYTE ESTERASE .
i DEFICIENT SUBJECTS
HEALTHY BLOOD 474 4 (0.8%)
DONORS
MALIGNANT NEOPLASIA 808 32 (3.9%)
NONMALIGNANT 3172 54 (1.7%)
DISEASE

Only subjects with greater than 73% esterase negative
monocytes were classified as monocyte esterase

deficient.

18, copyright 1990.

Reprinted with permission from reference
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histories were reported and previous chemical exposures
with the exception of therapeutic drugs were not defined
for this large population of patients. It is of interest
to note that cancer of the stomach was also significantly
increased in patients with monocyte esterase deficiencies
although not to the degree observed with the
lymphoma/leukemia group (18). An increase in cancer of the
stomach has also been reported in patients with ataxia
telangiectasia (21), a disorder associated with a striking
increase in the frequency of lymphomas. These
investigators also showed that monocytes expressing
esterase deficiency were much less efficient in their
capacity to lyse K562 cells when compared to monocytes with
no esterase deficiency (19). Such studies supported the
concept that defective monocyte cytotoxicity could play a
significant role in the increased frequency of lymphomas
observed in monocyte esterase deficient patients.

Organophosphorus Inhibition of Monocyte Esterase Activity.
In our laboratory, investigations examined the inhibition
of human monocyte esterase (carboxylesterase) purified to
homogeneity and determined the inhibitor constants (K;) for
trlphenyl phosphate and tetgaphenyl regor01nol dlphosphate
to be in the range of 10° to M (22). We also
determined that the interaction between these compounds and
monocyte esterase did not result in covalent binding of the
inhibitor to the enzyme (22). Such data suggest that at
least some organophosphorus compounds are reversible
inhibitors of monocyte esterase and may bind to these
enzymes through hydrophobic rather than covalent bonds.
How this reversible inhibition leads to the development of
lymphomas remains to be defined.

Oncogenic Viruses and Organophosphorus-induced Mutations

Since tumor development is preceded by an initiation and
promotion step, several factors appear to be essential for
the generation of lymphomas in man. Epstein-Barr virus
(EBV) infection is associated with both malignant and non-
malignant lymphoproliferative disorders (23). African
Burkitt's lymphoma was the first tumor shown to be
associated with EBV, and subsequently other types of
Hodgkin's and non-Hodgkin lymphoma have been shown to be
associated with this same virus (24).

Immunodeficiency and Lymphomas. Immunocompromised patients
are also prone to clonal B cell expansions and malignant
lymphomas. NK cell-deficient patients and
lmmunocompromlsed patients are often prone to repeated
viral lnfectlons, including those with EBV (25). The NK
cell-deficient bg'/bg’ mouse is also more likely to develop
lymphomas than its normal counterpart (26). Patients with
congenital immune deficiencies have an increased frequency
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of lymphomas, and the cells isolated from such individuals
almost always contain EBV genomes (27). These facts all
suggest that EBV infections are closely related to the
expression of lymphomas.

Immune Deficiencies and Epstein-Barr Virus Infections.
Since NK cells, CTLs as well as cytotoxic monocytes can
recognize virus-altered cells and destroy them, a
deficiency in the functions of these cells could result in
an increased risk of EBV-mediated B cell immortalization
and virus-altered lymphoproliferation. Further,
reactivation of a latent EBV infection could cause
unregulated B cell proliferation, thus increasing the risk
of mutations leading to carcinogenesis. Therefore,
chronic organophosphorus exposures causing an impairment in
esterase-dependent immune surveillance systems may
facilitate oncogenic virus infection, an increase in the
frequency of lymphocyte mutations, and the subsequent
development of lymphomas.

Organophosphorus~-induced Chromosomal Aberrations. Several
in vitro studies have also shown organophosphorus-induced
mutations in human peripheral blood lymphocytes and human
lymphoid cell lines of B-cell origin (28). Those
investigations have documented an increase in sister
chromatid exchanges and stable chromosomal mutations such
as translocations in these cells when they were exposed in
vitro to a variety of organophosphorus insecticides (28).
Similar chromosomal changes have frequently been observed
in patients with acute organophosphorus intoxications

(29-34). Until very recently no attempt has been made to
characterize these chromosomal aberrations further. It has
now been determined that farm populations including farmers
exposed to pesticides in the production of grain, dairy
farmers, and organic farmers have chromosomal mutations in
antigen-receptor genes identical to those mutations
observed in individuals with the autosomal recessive
immunodeficiency disease, ataxia telangiectasia (35).

Ataxia Telangiectasis, Lymphoma, and Pesticide Exposure.
It is well known that about 15 percent of individuals with
ataxia telangiectasia die from cancer and frequently the
tumors observed in this group are leukemias and lymphomas
(21,36). The lymphomas observed with this heritable
disease include both T and B cell type lymphomas. In fact,
whites with this disorder have a frequency of cancer sixty-
fold greater than normal individuals, and in blacks, there
is a one hundred and eighty-fold excess of cancer. Such
frequencies approximate the rate at which the hybrid
antigen-receptor gene forms in the peripheral blood
lymphocytes of patients with ataxia telangiectasia.
Mutations from translocation of T cell receptor genes to
the immunoglobulin heavy chain genes in such individuals
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are frequently associated with lymphomas. There is a
strong implication that the variable-(diversity)-joining
recombinase is associated with or contributes to the
transformations seen in both ataxia telangiectasia and
agricultural workers. Nonetheless, there is a difference
between the frequency of lymphoid malignancies in these two
populations since ataxia telangiectasia patients have a
much higher propensity to develop these tumors than do
agricultural workers. In fact, the latter group may
require some additional steps to trigger tumorigenesis.

The frequency of such mutations has been shown to be
significantly greater in workers with high exposures than
in those with low exposures to pesticides (35). In fact,
the low exposure group did not manifest chromosomal changes
significantly different from controls. Another indication
that such mutations are related to pesticide exposure has
been derived from evaluations of the chromosomal
aberrations observed in peripheral blood lymphocyte
chromosomes recovered prior to exposure, during exposure,
and post-exposure (35). In the small number of
agricultural workers (n=5) studied in this manner, the
frequency of hybrid antigen-receptor genes in their
peripheral blood lymphocytes has been determined to be
higher during pesticide application times than before or
after pesticide use. Furthermore, this increase has been
shown to be significantly greater than controls, but
samples evaluated from the pre-exposure and post-exposure
periods did not differ significantly from controls. Such
data also suggest that chromosomal aberrations associated
with pesticide exposure are transient and decrease when
exposure is discontinued, but the disappearance of these
mutations is a significant parameter that needs further
documentation in a larger population group.

Recent studies have developed a method for screening small
amounts (0.2 ml) of peripheral blood for a marker of
genomic instability that has been found in excess in
populations with inherited or acquired chromosomal damage
from environmental genotoxins (37). Genomic instability of
this type is often associated with lymphomagenesis.

Immune Function Biomarkers in Organophosphate-exposed
Populations. The foregoing data serve to emphasize the
need to evaluate the status of both cell-mediated immunity
and chromosomal integrity in individuals who are
chronically exposed to organophosphates. Although changes
in both these parameters have clearly been associated with
in vivo and in vitro organophosphate exposures, the natural
history of such chemically-induced alterations is essential
to our understanding of the role they might play in the
development of lymphomas. If a definitive role can be
defined for these organophosphorus-induced alterations in
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chromosomal structure, immune function, and the subsequent
development of lymphomas, then immune function biomarkers
with their specificity and sensitivity defined would
provide a means for the early detection and prevention of
these harmful effects.

Immune Cells as Markers of Organophosphorus Exposure. Both
chromosomal aberrations and cell-mediated immunity can be
readily assessed using peripheral blood samples from
populations at risk with appropriate protocols and
schedules. 1In addition to the data showing the in vitro
organophosphate-induced defects in natural killer cell and
cytotoxic T lymphocyte activities, we have compared the
inhibitor constants (K; values) obtained from the human

enzymes, monocyte carboxylesterase and plasma
butyrylcholinesterase. Preliminary data show that the
monocyte carboxylesterase enzyme preparations have lower
K; values than those determined for plasma

butyrylcholinesterase under the same conditions (Table IV).
These data suggest that immune cell esterases may be a more
sensitive marker of organophosphate exposure than plasma
butyrylcholinesterase, a standard biomarker frequently used
to detect organophosphate exposures.

Specificity and Sensitivity of Immune Cell Esterases.
Although both the data on mononuclear cell esterases
presented here and the studies of others reviewed in this
paper provide substantive evidence that an association
exists between organophosphate exposure, immune cell
dysfunctions, and lymphomagenesis, several additional
issues must be addressed before these immune cell
biomarkers of effect can be accepted for screening
purposes. The genes for both human monocyte
carboxylesterase and mouse cytotoxic T lymphocyte have been
cloned (38-43). Both enzymes are known to contain a serine
molecule at their active sites (38-43). However, a
complete panel of serine reactive compounds has not been
examined to assess the specificity of the organophosphate
inhibition of these enzymes. It is essential to identify
other classes of chemicals that may inhibit these enzymes
so that false positive test results can be excluded. Even
though most, if not all, organophosphates are likely to be
inhibitors of these immune cell esterases, their avidity
for the active sites of these enzymes will vary. Such
variances may limit the usefulness of these biomarkers
since compounds with low inhibitory capacity are not likely
to impair function to a significant degree. Since the
concentrations of some industrial organophosphorus
compounds resulting in 50 percent inhibition of monocyte
esterase have been shown to be in the range of 1-20 uM
(44), workers exposed to the same chemicals who show
decreased monocyte esterase activity may have circulating
in vivo concentrations at or greater than the in wvitro
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Table 1IV.

Human Monocyte

BIOMARKERS OF HUMAN EXPOSURE TO PESTICIDES

Carboxylesterase and Plasma

Butyrylcholinesterase: Comparative Inhibitor Constants

COMPOUNDS CHOLINESTERASE | CARBOXYLESTERASE | DIFFERENCE
K, (M) K, (M)

TRIPHENYL 2.0 x 1075 8.0 x 107° 2500

PHOSPHATE

DIPHENYLMETHYL 5.0 x 1075 1.8 x 107 277

PHOSPHATE

TRIPHENYL 8.0 x 107 4.8 x 1078 166

PHOSPHITE

TRICYCLOHEXYL 7.8 x 1075 4.8 x 1077 164

PHOSPHATE

TRIETHYL N.I.* 2.0 x 10°° -

PHOSPHITE

TRIBUTYL N.I. 3.4 x 1078 -

PHOSPHITE

All assays for enzyme activity were performed with alpha-
naphthyl butyrate as the substrate using the ultraviolet
spectrophotometric method as described in reference 22.

*N.I.= not inhibited.
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inhibitory range. For screening purposes, inhibitory
concentrations must be determined for each chemical and in
vivo concentrations of the toxic chemical measured as well.

Further, some organophosphates may react covalently
with the active sites of both these enzymes as has been
shown for diisopropylfluorophosphate (22,45). Such
covalent reactants may be important to identify since the
killing functions mediated by covalently inhibited
esterases will be completely impaired as long as
significant exposures continue and enzyme turnover is
unable to replace organophosphorus-inhibited enzyme with
new, active enzyme.

In addition to the incomplete knowledge about the
specificity of these tests of cell-mediated immunity and
the mode of inhibitor binding, the sensitivity of these
biomarkers must be determined by measuring monocyte and
lymphocyte cytotoxic responses using human cells exposed
under standard conditions to organophosphates in vivo and
in vitro. Presently, there are no known methods to assess
in vivo cytotoxic reactions in the human, so cells from
exposed individuals must be obtained and assayed in vitro.
Finally, to derive data as to the validity of these
potential biomarkers of exposure and effect, large control
and organophosphate-exposed population groups must be
studied in a prospective manner.

Conclusions

Epidemiological studies have identified occupational groups
at risk for lymphomas, and organophosphates represent work-
related exposures that may contribute to the pathogenesis
of such lymphomas. Immune dysfunctions including ataxia
telangiectasia, acquired hypogammaglobulinemia, beige
(natural killer deficient) mice, acquired immunodeficiency
syndrome, Chediak-Higashi syndrome, common variable
immunodeficiency disease, iatrogenic immunosuppression,
Klinefelter's syndrome, rheumatoid arthritis, systemic
lupus erythematosus, Swiss-type agammaglobulinemia,
Sjogren's syndrome, Wiscott-Aldrich syndrome, and x-linked
lymphoproliferative syndrome are also associated with an
increased frequency of hematopoietic tumors in animals and
man suggesting that altered immune defense functions could
represent a key event linking chemical exposures and the
occurrence of lymphomas. There is also evidence that
chromosomal translocations and virus infections (EBV) are
often observed in some types of lymphomas. Recent studies
have clearly shown an increased frequency of chromosomal
mutations similar to those observed in the immune disorder,
ataxia telangiectasia, and patients with this disease are
also at increased risk for the development of lymphomas.

Our group and others have documented an
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organophosphate-induced inhibition of monocyte esterase and
cytotoxic T lymphocyte esterase (17,46-48) which results in
a decrease in the capacity of such cells to kill target
cells. Human natural killer cell activity is also
significantly reduced in the presence of organophosphates
(17), and NK cell deficiencies are also associated with
lymphoma development (26,49,50). In vivo these same immune
surveillance cells are utilized to destroy virus-infected
and transformed cells that may be the precursors of
malignant lymphomas. Similarly, the absence of monocyte
esterase has been shown to be associated with an increased
frequency of hematopoietic tumors. Although the
mechanistic pathway leading to the production of these
tumors remains to be mapped, assays of esterase-dependent
immune function biomarkers and the delineation of
chromosomal aberrations in  organophosphate exposed
individuals coupled with prospective clinical evaluations
could serve to document the longevity of such chemical-
induced immune dysfunctions, to identify specific risk
factors for lymphomas, and to design methods for the early
recognition and prevention of such tumors. Clearly, any
analysis of pesticide-induced cellular changes in exposed
populations must be accompanied by information about the
type, magnitude, and duration of pesticide exposure.
Further, the permanence of any observed cellular changes
should be related to the characteristics of the exposure.
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Chapter 14

Validation of a Pharmacokinetic Model
To Predict Exposure of Ground Boom
Mixer—Loader—Applicators
to Chlorophenoxyacetic Acid Herbicides

Comparison to Conventional Approaches

D. G. Baugher

Orius Associates Inc., 615 North Market Street, P.O. Box 4187,
Frederick, MD 21705—4187

The pharmacokinetics (PK) of human absorption and urinary excretion
of the chlorophenoxyacetic acid herbicides 2,4-D and MCPA were
determined from 2 clinical studies and 1 occupational exposure
monitoring study. A quantitative model based on the MCPA clinical
study of percutaneous absorption after a single exposure was cascaded
to predict absorption and urinary excretion after multiple exposures to
different amounts of active ingredient. Excretions predicted by the
MCPA clinical model were validated by comparison to observed
dermal exposures and urinary excretions in a second occupational
exposure study of ground boom mixer/loader/applicators  working
barehanded. A regression of 81 comparisons of predicted versus
measured daily urinary excretions resulting from 26 different applica-
tions of 2,4-D by 6 different workers yielded an excellent fit of the
model to the data: intercept near zero (0.025 ug/kg BW/day); slope
near 1.0 (1.009); and, > = 0.65 (r = 0.80). The validated PK model
was calibrated with linearized and corporeally regionalized percutane-
ous absorption rates from the 2 clinical studies. Absorbed daily doses
observed in the second field study and predicted by the PK model were
compared to exposures estimated by the current convention of
multiplying dermal exposure times the percent percutaneous absorp-
tion. The current convention was not validated by the PK model or
observed exposures: absorbed doses were substantially under-esti-
mated or overestimated, depending on the conventions used. The PK
model provided the best estimates of daily absorbed dose after
occupational exposure.

The structurally similar chlorophenoxyacetic acid herbicides (CPAH), 2,4-
Dichlorophenoxyacetic acid (2,4-D) and 2-Methyl-4-chlorophenoxyacetic acid
(MCPA), are used worldwide in ground boom application equipment. Estimates
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of occupational exposure to CPAH have been based on passive dermal dosimetry
(classical "patch" monitoring), biological monitoring (urinary excretion), combined
passive dermal dosimetry and biological monitoring, or surrogate data from
mixer/loader/applicator monitoring studies with other pesticides. As is typical,
the estimated rates of exposure from the different types of monitoring studies
have varied widely. And, although the absorption, distribution, and excretion of
CPAH have been extensively studied in humans and other mammals, it has been
generally concluded that the results from passive dosimetry, biological monitoring,
and human metabolism studies could not be quantitatively correlated. However,
with the recent availability of more powerful graphics and curve-fitting programs
for personal computers, key studies could be re-evaluated from a pharmacokinetic
(PK) point of view, with the goal of developing a quantitative model for estimat-
ing both dermal exposure and absorbed dose. The following stepwise process was
used to develop and validate a predictive model: absorption and excretion in
urine were qualitatively and quantitatively evaluated after oral, intravenous, and
dermal administration of CPAH to humans; a PK model of percutaneous
absorption and excretion was developed; the PK model was validated with results
from passive dermal dosimetry and urinary monitoring of ground boom mix-
er/loader/applicators  using CPAH; the PK model was calibrated; and, the
calibrated PK model was used to predict daily and seasonal exposures for a
typical use scenario.

The appropriateness of conventional approaches to estimating absorbed doses
and of clinical study designs were also quantitatively evaluated.

Pharmacokinetics of MCPA and 2,4-D in Humans

In man and other mammals, absorbed CPAH are protein-bound in plasma and
excreted as parent compound in urine. Although there are species-specific
differences in the rates of excretion, residues do not accumulate in tissues (1).
It is generally accepted that urinary excretion of CPAH represents absorption of
an administered or occupationally acquired dose.

Since agricultural occupational exposure to CPAH is primarily dermal, 2
clinical studies and 1 field study were used to quantitatively assess the pharmaco-
kinetics of percutaneous absorption and/or urinary excretion of MCPA and 2,4-D
in humans. In the first clinical study, 5 volunteers had a 10 cm? soft paper pad
applied to the skin of the thigh (2). The pad was soaked with 10 mL of 10%
MCPA salt in water prepared from a 75% liquid formulation (= 1.0g MCPA/-
pad). After 2 hr the pad was removed and the application site was thoroughly
washed with soap and water.

In the second clinical study of several pesticides (3), radiolabelled 2,4-D in
acetone was applied to the skin of the ventral forearm at a concentration of 4
pg/cm?® in 6 subjects. The application site was not occluded, and after 24 hr the
site was washed. Urinary excretion of the topical dose was adjusted for
incomplete urinary excretion of an intravenous dose of the same magnitude into
the antecubital vein of the ventral forearm. In the case of 2,4-D,excretion of the
intravenous dose was 100% and no adjustment was necessary.

The third study (4) was a biomonitoring study with 2,4-D applied to wheat in
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the northern United States in 1980. Ground crews provided 7 consecutive 24-hr
urine samples following a single 2,4-D application. No attempt was made to alter
work habits or clothing--the subjects were free-living. From each worker’s
reported excretion (ug excreted/kg BW/day) presented in Table V in Reference
4, the mean percent of the total (seasonal excretion) excreted per day was
calculated for 7 applicators, 7 mixer/loaders, and 9 mixer/loader/applicators.
For mixer/loader/applicators, the daily geometric means were also calculated.
Hereafter, this study will be referred to as the "Northern US" study.

The time-course of urinary excretion was graphed from the cited data. After
inspection of the graphs, and fitting curves with TableCurve Curve Fitting
Software, Version 3.11, Jandel Scientific, it was concluded that excretion was
incomplete at the end of the sampling intervals. Therefore, the excretion curves
were extrapolated to nearly complete elimination at 10 days from the curve-fitting
parameters in Table I: the "predicted total excreted” was the sum of 10 days
excretion predicted by the curve-fitting equations. From the predicted 10-day
total excretion, the observed percent of the predicted total excreted during each
day was calculated and shown in Table 1. The predicted daily percent excretion
was graphed as shown in Figure 1.

Table I. Observed and Predicted Human Urinary Excretion
of MCPA and 2,4-D After a Single Dermal Exposure’

OBSERVED PERCENT OF PREDICTED TOTAL EXCRETED:

Clinical Studies: Field Studies, 2,4-D M/L/A:

Day MCPA 2,4-D M/L A Mean Geo. Mean
0 0.0 0.0 0.0 0.0 0.0 0.0
1 17.3 8.2 0.1 0.1 1.4 1.1
2 30.8 25.7 23.8 24.8 17.3 14.2
3 24.0 31.0 24.7 26.6 19.1 18.4
4 11.3 16.2 24.3 24.2 21.1 19.9
5 6.0 10.2 12.3 10.2 22.2 20.3
6 4.5 10.5 6.9 12.6 10.7
7 3.0 4.3 7.3 7.7 7.3
Curve-fitting r:

0.99 0.98 0.96 0.95 0.90 0.95
Curve-fitting Parameters:
a= 0.3715 0.2720 -1.2808 -0.4072 -9.8440 -1.4082
b= 31.4118 30.5556 28.9019 29.5441 31.9818 22.7615
c= 1.8684 2.5601 2.8312 2.7579 3.2271  3.6719
d= 0.5556 1.1677 0.5140 -0.4767 0.7897  1.9046

* M/L = Mixer/Loader; A = Applicator; M/L/A = Mixer/Loader/Applicator.
Recalculated from References 2, 3, and 4.
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Figure 1. Human urinary excretion of dermal doses of MCPA or 2,4-D:
percent of total excreted by day calculated from curve-fitting parameters in
Table I. Peaks, in descending order: MCPA, clinic; 2,4-D, clinic; 2,4-D,
mixer/loaders, applicators, mixer/loader/applicators, and geometric mean
mixer/loader/applicators.
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The curve-fitting equations for the parameters in Table I, where x = days
postexposure and y = daily percent of total excreted, were:

MCPA and Field Studies:
y = a + bexp(-0.5(In(x/c)/d)*2)

2,4-D, Clinical Study:
y = a + bexp(-((x-c)/d)) - (((x-c)/d)+1)

Although some of the equations predicted small negative numbers or were not
solvable at time zero, this was handled in a very practical manner. Time zero was
pre-exposure, therefore all time zero predictions were constrained to be zero, as
would be expected when no exposure had occurred.

As shown in Figure 1, the shapes of the urinary excretion curves were
different. The differences in phase and magnitude of the excretions were
probably related to the different durations and routes of dosing: 2 hr on a patch
on the skin of the thigh for MCPA compared to 24 hr on the forearm skin for
2,4-D in clinical trials compared to unknown durations and multiple routes in
free-living subjects occupationally exposed to 2,4-D. The differences may also
reflect the diluents and perhaps minor differences in the structure/activity of each
substance.

From data presented in the Reference 2, the kinetics of absorption into plasma
after oral and dermal administration were also evaluated. Likewise, where
possible, subsequent urinary excretion was also evaluated. In general, the shapes
of the plasma concentration versus time curves were similar to the urinary
excretion versustime curves, with peak urinary excretion occurring approximately
24 hr after peak plasma concentrations were measured. From this observation,
it was concluded that urinary excretion was a good biological marker of
absorption of MCPA and 2,4-D and that the PK of urinary excretion was
representative of the PK of absorption into plasma.

The Pharmacokinetic Model for Multiple Dermal Exposures.

Farmworkers are often serially exposed to the same agrochemicals over a growing
season. The greatest potential for absorption and accumulation of an agro-
chemical would occur when serial daily applications are made over part of the
growing season. For MCPA and 2,4-D, the following hypothetical use scenario
based on current U.S. Environmental Protection Agency (USEPA) exposure
assessment conventions was used to construct an additive PK model of excretion.
Assume that a ground boom mixer/loader/applicator treats an average of 50
ha/day at a rate of 0.5 kg active ingredient (AI)/ha; that the rate of dermal
exposure is 30 pg/kg bodyweight (BW)/kg Al handled; and, that 0.72% of the
dermal dose is absorbed (see Modelling Exposures section for basis). By current
USEPA conventions, the "point estimate" total exposure for the day would be:

50 ha/day x 0.5 kg Al/ha/day x 30 pg/kg BW/kg Al x 0.72% absorp. = 5.40
ug/kg BW
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The daily total exposure would be absorbed and excreted in urine over a
period of 10 days, with each day’s fractional excretion predicted by the excretion
curve equations above. By cascading the model, and adding the daily contribu-
tions to exposure and excretion, daily and seasonal absorbed and excreted doses
may be predicted. In Table II, the model was cascaded with the MCPA curve-
fitting equations for 6 consecutive daily applications and the use rates in the
above example. One use rate, treated ha/day, was varied by +50% to reflect
variation in daily work productivity. Absorption and excretion were considered
to be complete 10 days after the last application.

Table II. Modelled Urinary Excretion of MCPA After
Dermal Exposure of Ground Boom Mixer/Loader/Applicators”

Kg Al 12.5 25.0 375 12.5 25.0 37.5

Dermal: 375 750 1,125 375 750 1,125
Absorbed: 2.7 5.4 8.1 2.7 5.1 8.1
Work Day: 0 1 2 3 4 5
Day: Excreted ug/kg BW: Total:
0 0
1 0.46 0 0.46
2 0.85 0.92 0 1.77
3 0.60 1.70 1.38 0 3.69
4 0.34 1.20 2.56 0.46 0 4.56
5 0.19 0.68 1.80 0.85 0.92 0 4.45
6 0.10 0.37 1.03 0.60 1.70 1.38 5.19
7 0.06 0.21 0.56 0.34 1.20 2.56 4.93
8 0.04 0.12 0.31 0.19 0.68 1.80 3.14
9 0.03 0.08 0.18 0.10 0.37 1.03 1.79
10 0.02 0.05 0.11 0.06 0.21 0.56 1.01
11 0 0.04 0.08 0.04 0.12 0.3 0.59
12 0 0.06 0.03 0.08 0.18 0.34
13 0 0.02 0.05 0.11 0.18
14 0 0.04 0.08 0.12
15 0 0.06 0.06
16 0 0
Total: 32.40
Min.: 0.46
Max.: 5.19
Mean: 1.08
S.D.: 1.72

* Dermal = ug/kg BW @ 30 pg/kg BW/kg Al
Absorbed = Dermal pg/kg BW x 0.72% percutaneous absorption.
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Daily urinary excretion can be modelled for virtually any combination of rates of
use, rates of dermal exposure, rates of percutaneous absorption, days of
application, and days postapplication. In the example in Table II, and in the
following discussions, programs written in LOTUS 123 Release 3.1+ were used
to cascade the model for different scenarios based on actual reported occupation-
al conditions. Since the models based on the MCPA and geometric mean 2,4-D
mixer/loader/applicator ~ curve-fitting parameters yielded better predictions with
better r’ than the other models, all of the following work was based on those 2
models.

Validation of the Pharmacokinetic Models

If certain major assumptions are true, then the PK models derived above should
predict the time and magnitude of urinary excretion of CPAH by occupationally
exposed people. The assumptions include, but are not limited to: (A) the kinetics
of percutaneous absorption and subsequent urinary excretion of the wide range
of dermal doses acquired occupationally are the same as for the doses adminis-
tered clinically or acquired occupationally in the 2,4-D field study (= linearity and
nonsaturated over the dose range); (B) repeated exposures result in additive
absorption and excretion; (C) oral and inhalation exposure are minor compared
to the dermal route; and, (D) the time of each occupational dermal exposure, the
magnitude of each repeated dermal exposure, the percutaneous absorption from
each, and the daily urinary excretion of CPAH are known.

Ideally, the assumptions of linearity and additivity would be tested clinically
before being validated in the workplace. Such studies have not been published
for MCPA or 2,4-D. Therefore validation of the model was dependent upon
occupational monitoring studies.

Two reports of occupational monitoring studies provided sufficient informa-
tion to attempt validation of the PK models. In addition to the Northern US bio-
monitoring study described above, a combined passive dosimetry and biomonitor-
ing study was used.

Passive Dosimetry and Biomonitoring of Ground Boom Mixer/Loader/-
Applicators. Two companion publications of the results of a large occupational
monitoring study provided sufficient information to attempt validation of the PK
models: kg Al handled/day; ug dermal exposure/day; workers’ kg BW; total ug
urinary excretion; and, graphically represented ug urinary excretion for each day
of the application season and several days after the last application (5 and 6).

Reference 5 was a combined biomonitoring and passive dosimetry study with
2,4-Dapplied by tractor-drawn ground sprayers with rear-mounted booms in 1981
and 1982 in Saskatchewan, Canada. Eight farmers applied liquid formulations of
the dimethylamine salt of 2,4-D to their own fields at rates of 315 to 630 g acid
equivalent (AE = Al)/ha in spray volumes of 45 to 123 L/ha. During the
application season, the farmers mixed/loaded/sprayed 2 to 7 times over 1 to 17
days, treating 16 to 194 ha per spray operation and handling 6.7to 88.3 kg Al per
spray operation which lasted 55 to 870 min. The workers wore standardized sets
of laundered clothing consisting of cotton work pants, a short-sleeved cotton
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T-shirt, and a long-sleeved heavyweight cotton coverall. Composite 24-hr urine
samples were collected preexposure and then continuously during the spray
operations and through 7 days postapplication: total excretion was reported.
Dermal dosimeters were placed underneath the clothing on the chest, upper arms,
wrists, knees, and ankles. Potential dermal exposures were extrapolated from the
dosimeters based on the workers’ bodyweights and calculated body surface areas.
Exposure of the hands was measured by 750-mL rinses with 1% NaHCO,
solution. All exposures were standardized by the authors to mass of 2,4-D Al/kg
BW/kg AI handled. From the data presented in References 5 and 6 (primarily
Table 5 in 5), the following rates of exposure were calculated for the barehanded
mixer/loader/applicators in Table III. Three outliers identified by the study
authors were excluded: F(81) dermal exposure excursion on head patch; C(82)
wearing chemical resistant gloves; and, C(81) exposed before the monitoring.

Table III. Measured Dermal Exposure and Urinary
Excretion of 2,4-D by Ground Boom Mixer/
Loader/Applicators in Canada, 1981-82°

Hr/ Urinary
Worker, Exposure Total pug/kg BW/kg AL as % of
Kg BW  (Exposures) Kg Al Dermal Urinary Dermal

A(82), 84 1.88(4) 102.0 14.8  0.221 1.49%
B(81), 84 1.90 (3) 60.1 22.8 0.111 0.49
B(82), 84 4.50(2) 49.3 40.5 0.199 0.49
D(82), 88 4.45(4) 89.9 81.8 0.210 0.26
E(81), 68 2.82(7) 71.3 124.1  0.216 0.17
G(82), 82 6.25(6) 186.0 107.5 0.414 0.39

Mean: 82 3.63(4)  93.1 653 0.229  0.55
SD.: 7 1732  49.4 458  0.100  0.49

Geo.
Mean: 3.29 84.4 49.6 0.212 0.43
G.S.D: 1.65 1.59 2.39 1.52 2.09

* Recalculated from References 5 and 6.

The mean exposure on the hands was 78.5 £ 16.5% of the total dermal
exposure. Potential inhalation exposure was considered trivial: <0.5% of the
dermal dose in 7 of 9 cases; and, a maximum of 1.6% of dermal dose. Exposure
by the oral route could not be measured, but would probably consist only of the
nonrespirable fraction of the potential inhalation exposure estimated from air
sampling.

In the companion reference (6), the authors graphically presented the daily
urinary excretion of each subject, along with the kg AI handled on each day.
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Each worker’s daily excretion was numerically estimated from the graphs and
standardized to pg/kg BW/day.
Hereafter these reports will be referred to as the "Canadian" study.

Validation of the Pharmacokinetic Models with the Occupational Monitoring
Data. Urinary excretions predicted by the cascaded MCPA clinical PK model
and the 2,4-D field study PK model were compared to observed urinary excre-
tions after multiple exposures in the Canadian field study and single exposures
in the Northern US field study. The model was cascaded with the individual use
rates (kg Al handled) and individual absorption rates (or total urinary excretion,
Northern US study) for each of the mixer/loader/applicators and the predicted
daily urinary excretions were compared to the observed daily excretions. Since
the sampling regimen did not go through 10 days after the last application,
comparisons were made only when measured excretion results were reported.

In all, there were 81 comparisons of predicted and measured urinary excretion
resulting from 26 different applications of 2,4-D by 6 different workers in the
Canadian study. One observation was an obvious outlier (Subject G, Observation
5 in Reference 5) and was deleted from statistical analyses of the results.

In the Northern US study, there were 61 comparisons of predicted and
measured urinary excretion resulting from single applications of 2,4-D by 9
different workers. Again, 1 observation was an obvious outlier (Worker 20, Day
6, Table V in Reference 4) and was deleted from statistical analyses of the results.

If a model nearly perfectly describes the monitoring data, then a linear
regression of predicted excretion versus observed excretion would have an
intercept of zero, a slope of 1.0,and r* > 0.99. Likewise, the model would predict
the mean and maximum excretions--values useful for risk assessments.

As shown in Table IV, the cascaded MCPA clinical PK model fit the
observed daily excretion of 2,4-D in the Canadian field study very well: the
intercept was near zero; the slope was essentially 1.0;and, the r* of 0.65 (r =
0.80) was considered quite acceptable for these types of data, especially since the
residuals of predicted versus observed values appeared to be random. Because
the data spanned 4 orders of magnitude, the log-log graphic representation is
shown in Figure 2 (y = -0.066 + 0.957x,r* = 0.68). Likewise, the predicted
maximum, mean, and geometric mean were similar to the observed values. The
MCPA clinical PK model did not fit the Northern US field study data: the
intercept was substantially greater than zero; the slope of 0.259 was substantially
less than 1.0;and, the r* was only 0.07. However, the predicted maximum, mean,
and geometric mean were similar to the observed values: the model predicted
the magnitude but not the kinetics of exposure and excretion.

The cascaded 2,4-D field PK model did not fit the observed daily excretion
of 2,4-D in the Canadian field study as well as the MCPA model: the intercept
was greater than zero; the slope was less than 1.0;and, the r* of 0.47 (r = 0.69)
was considered marginally acceptable for these types of data, although the
residuals of predicted versus observed values appeared to be random. The
predicted maximum, mean, and geometric mean were similar to the observed
values. The 2,4-D field PK model fit the Northern US field study data much
better than the MCPA clinical PK model: although the intercept was greater
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Table IV. Statistical Summary of Predicted versus
Observed Urinary Excretion of 2,4-D by Ground
Boom Mixer/Loader/Applicators

DATASET: CANADIANFIELD STUDY
Daily Urinary Excretion--ug/kg BW:
MCPA Model: 2,4-D Model:

Observed Predicted Predicted
Maximum: 12.72 13.19 12.90
Mean: 1.61 1.65 1.66
S.D.: 2.03 2.55 2.43
Geo. Mean: 0.85 0.74 0.78

G.S.D.: 3.24 3.92 3.73
Regression Parameters--Predicted Excretion vs. Observed:
No. of Observations: 81
Degrees of Freedom: 79
Intercept: 0.025 0.329
Std. Error of Y Est. 1.540 1.794
X Coefficient: 1.009 0.823
Std. Error of Coef.: 0.084 0.098

r-squared: 0.65 0.47

DATA SET: NORTHERN US FIELD STUDY
Daily Urinary Excretion--ug/kg BW:
MCPA Model: 2,4-D Model:
Observed Predicted Predict

Maximum: 10.40 10.95 7.30
Mean: 2.61 2.51 2.39
S.D.: 2.39 2.36 1.75
Geo. Mean: 1.27 1.50 1.66
G.S.D.: 5.20 3.06 2.65
Regression Parameters--Predicted Excretion vs. Observed:
No. of Observations: 61
Degrees of Freedom: 59
Intercept: 1.833 0.753
Std. Error of Y Est. 2.314 0.918
X Coefficient: 0.259 0.627
Std. Error of Coef.: 0.124 0.049
r-squared: 0.07 0.73
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Figure 2. Daily urinary excretion predicted by the MCPA clinical model
versusobserved season-long daily urinary excretion of 2,4-D by Canadian mix-
er/loader/applicators.

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.

1.5



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch014

September 9, 2012 | http://pubs.acs.org

14. BAUGHER  Exposure to Chlorophenoxyacetic Acid Herbicides 225

than zero and the slope of 0.627 was less than 1.0,the r* was 0.73 (r = 0.85).
Again, the predicted mean and geometric mean were similar to the observed
values, but the predicted maximum was meaningfully less than the observed
maximum: 7.3 versus 10.4 ug/kg BW/day.

That the MCPA clinical PK model did not fit the Northern US field study
was not surprising. The free-living mixer/loader/applicators in 1980 probably
wore contaminated clothing during part of the postexposure monitoring and
certainly did not thoroughly wash after 2 hr of exposure, a significant element of
the underlying clinical PK study.

That the MCPA clinical PK model fit the multiexposure data from the
Canadian field study was surprising until the conditions of the study were
reconsidered. In the Canadian study, most of the dermal residue was removed
by handwashing immediately after exposure (mean time = 3.6hr); and, the provi-
sion of freshly laundered clothing prevented prolonged or repeated exposures
from contaminated clothing. Compared to the Northern US field study, the
Canadian study could be considered a "clinical" field study. Importantly, the
practices in the 1981-1982 Canadian field study were representative of the
practices now required by mid-1990’s labels on the CPAH: washing after
occupational exposure and laundering clothing after use in addition to the
wearing of chemical resistant gloves. The Canadian field study was therefore
considered relevant to today’s issues in exposure assessment.

The 2,4-D field PK model did not fit the Northern US field study from which
it was derived as well as expected. That was because the PK model was derived
from geometric means and compared to individual observations which had a high
variance. However, since the work practices represented in the 1980 study of
free-living mixer/loader/applicators  should not be relevant to today’s work
practices, this model and field study will not be used in the following analyses.

Calibration of the Pharmacokinetic Model.

In the above comparison of predicted and observed urinary excretion of CPAH,
the total occupational excretion was known and the clinical model described the
kinetics. In order for the model to be more useful for occupational exposure
assessment, the magnitude of absorption must be known in addition to the
kinetics. By current convention, the magnitude of dermal exposure to pesticides
is estimated from individual monitoring studies using passive dermal dosimetry
or from collections of passive dermal dosimetry studies, such as the recently
released Pesticide Handlers Exposure Database (PHED)(7). The rate of dermal
exposure is normalized to ug/kg BW/kg AI handled for risk assessments.
Percutaneous absorption of the dermal dose is typically estimated from total
percutaneous absorption in vivo in the rat (8), or, when such studies exist, in vivo
in the human. In vitro absorption studies with rat, rabbit, and human cadaver
skin are also used to estimate human occupational percutaneous absorption. The
percutaneous absorption studies typically do not account for the route or duration
of occupational exposure.

Since urinary excretion of the CPAH represents total absorbed dose, the
MCPA clinical PK model with its excellent fit to the Canadian field study data
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provided an ideal empirical test of the current theoretical practice: applying a
percutaneous absorption rate to a rate of dermal exposure to estimate absorbed
occupational doses of a substance.

Theoretically, if the true mean or geometric mean rate of dermal exposure
(ug/kg BW/kg AI) is multiplied by the true mean or geometric mean rate of
percutaneous absorption and the kg Al handled during each application, and used
an inputs to the PK model, then the cascaded MCPA clinical PK model will yield
an intercept of zero and a slope of 1.0 with the Canadian field study data, as
above. The model, which accurately predicted absorbed doses, was used to test
the robustness of current conventions for estimating occupational exposures in the
following examples. Any combination of dermal exposure and percutaneous
absorption which resulted in a slope near 1.0 could be considered sound. When
the slope was greater than 1.0,exposures were overestimated by the conventions.
When the slope was less than 1.0, exposures were underestimated by the
conventions. To make comparisons less complicated, all regressions of predicted
versus observed urinary excretions were constrained to have an intercept of zero.
This condition was nearly true in identical nonconstrained regressions except
when slopes were substantially greater or lesser than 1.0. For the illustrative
purposes, the values below were editorially rounded.

Example A. The 24-hr percutaneous absorption rate of 2,4-D in the human

clinical study was 6%. When applied to the measured mean and geometric mean

dermal exposure rates of 65 and 50 ug/kg BW/kg Al in the Canadian field study,
the slopes were >8. Assuming that the rate of absorption in the clinical study
was linear over time, and could be reduced to 0.9% to simulate the observed

mean 3.6-hr exposure, then the corresponding slopes would be >1.4--again
substantial overestimates of exposure. When the 24-hr percutaneous absorption

rate was applied to other rates of dermal exposure (e.g.,20 to 27 [=30] ug/kg

BW/kg AI from the PHED and Orius Associates Inc. unpublished databases for
barehanded ground boom mixer/loader/applicators), the slopes were >3.6--
overestimates. When the 3.6-hr absorption rate was used, 1 prediction was an
underestimate (slope = 0.56 for 20 pg/kg BW/kg AI) and 1 prediction was
reasonably robust (slope = 0.84 for 30 ug/kg BW/kg AI cell). That 1 estimate

was robust was considered fortuitous, as the surrogate rate of dermal exposure

was less than one-half the observed mean rate of dermal exposure in the field
study.

Example B. The 2-hr percutaneous absorption rate of MCPA in the human
clinical study was 0.2%. When applied to the measured mean and geometric
mean dermal exposure rates of 65 and 50 pg/kg BW/kg Al in the Canadian field
study, the slopes were <0.45,substantial underestimates. When applied to the
lesser rates of dermal exposure from the PHED and Orius Associates Inc.
databases, exposures were even more substantially underestimated. Assuming
that the rate of absorption in the clinical study was linear over time, and could
be increased by 1.8X to 0.36% to simulate the mean 3.6-hr exposure, then the
corresponding slopes for the mean and geometric mean dermal exposures were
<0.75--approaching 1.0 but nevertheless underestimates.
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When applied to surrogate rates of dermal exposure of 20 to 30 ug/kg BW/kg
Al the slopes ranged from 0.35 to 0.45--again substantial underestimates.

Discussion of Examples. The potential rates of dermal exposure ranged from
geometric means of 20-30 ug/kg BW/kg AI in PHED and Orius Associates
surrogates to a geometric mean of 50 and a mean of 65 ug/kg BW/kg Al in the
Canadian field study. The differences were considered to be meaningful and to
be related both to the changing work practices over the last decade and to the
products studied in the respective databases.  Specifically, the Orius (and
probably PHED) database relied on studies with products known or expected to
be highly toxic by the monitored workers: MCPA and 2,4-D were considered to
be not very toxic in 1980-1982. The mean and geometric mean from the
Canadian study were similar, and there was no reason to believe that the
dosimetry in that study was flawed. However, that rate of exposure may not be
representative of exposures of trained and certified applicators in the mid-1990’s.

Examples A and B directly illustrate a conventional wisdom: the results from
passive dermal dosimetry and biomonitoring studies are difficult to correlate, are
seldom corroborative of each other, and often cannot be reconciled with clinical
studies of percutaneous absorption. More importantly, the examples show that
the conventional practice of applying a single percutaneous absorption rate to a
single rate of exposure is not valid for occupational exposure assessment when the
percutaneous absorption rate fails to account for routes of exposure, durations of
exposure, and kinetics of absorption.

Partitioning of Exposures. In other studies of human percutaneous absorption,
the rate was different depending upon the body region exposed (9). For example,
absorption by the palm of the hand was 0.83X that of the forearm for hydrocorti-
sone, 0.85X for malathion, and 0.96X to 2X for parathion (by the palm compared
to the arm). Likewise, many studies have shown that the magnitude of absorption
can be linear over time. Using these observations as assumptions, the mean
exposures in the Canadian field study were partitioned into "hand exposure" and
"body exposure" and the relevant clinical absorption data were linearly extrapo-
lated to the mean time period of exposure in an attempt to match magnitudes of
exposure with the kinetics of exposure. There were insufficient data in the
referenced studies to do more detailed partitioning (see Reference 10 for an
example).

Direct application of 2,4-Dto the forearm skin was considered representative
of exposure of the hands. Prorating the 6% absorption after 24 hr residence on
the skin (0.25%/hr) to the mean 3.6 hr duration of the exposure periods in the
Canadian field study yielded a percutaneous absorption rate of 0.9% for the
hands. Adjusting that rate by 0.8 for the regional difference of palm to forearm
yielded an effective percutaneous absorption rate of 0.72% for the hands.
Applying that rate to the mean exposure of the hands (78.5% x 65.4 ug/kg
BW/kg Al) yielded an absorbed exposure rate for the hands of 0.369 ug/kg
BW/kg AI handled.

Exposure of the rest of the body, mostly clothed, was considered to be
represented by the test of the saturated patch application of MCPA to the thigh.
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Prorating the 0.2% absorption after 2 hr in contact with the skin (0.1%/hr) to the
3.6 hr duration of the exposure periods in the Canadian field study yielded a
percutaneous absorption rate of 0.36% for the body excluding the hands. There
was insufficient information to estimate an adjustment factor for the thigh to
other body regions, therefore a factor of 1.0 was assumed. Applying the linearly
extrapolated rate of absorption to the mean exposure of the body (21.5% x 65.4
wng/kg BW/kg Al) yielded an absorbed exposure rate for the body of 0.051 ug/kg
BW/kg AI handled.

The sum of the absorbed doses from the hands and body, as calculated above
from the extrapolated rate functions from clinical studies, was 0.42 ug/kg BW/kg
Al handled (0.369 + 0.051). This was remarkably close to the total calculated
from the field study: 0.36 ug/kg BW/kg Al (65.4 ug/kg BW/kg Al mean dermal
x 0.55% mean absorption, see Table III). Reasonably assuming that the hands
of farmworkers are more calloused and resistant to chemicals than the hands of
university employees in clinical studies, and that some of the residues on
farmworkers’ hands would be sloughed off during work, a palm to forearm
percutaneous absorption ratio of approximately 0.7 (reasonably reduced from 0.8)
would yield hand exposure of 0.323 pg/kg Bw/kg Al and a whole-body sum of
0.374--within4 % of the observed magnitude of excretion and in concordance with
the predicted and observed kinetics of absorption and excretion (based on parti-
tioned rates of exposure: slope = 1.16 @ a = 0; slope = 0.96 @ a = 0.797).

Modelling Exposures. Based on the validated MCPA clinical PK model, and
partitioning of the exposures and magnitudes of the rates of absorption between
the hands and the remainder of the body as above, exposure scenarios can be
modelled as in the example in Table II. The only modification required for the
example in Table II is partitioning of the single rate of dermal exposure and
single rate of percutaneous absorption into manual and corporeal rates. The
example single rates of 30 ug/kg BW/kg Ai and 0.72% percutaneous absorption
are the weighted averages of the partitioned rates. More precisely, the header
to Table II would show the following elements for use in calculating exposures
for an 8-hr workday with a lunch break at midday, with washing of the hands at
midday and changing of clothing at the end of the work day:

Kg Al/day: 25
Dermal ug/kg BW/kg Al 30

% on hands: 80%
Hr on hands: 4
Absorption rate, %/hr, hands: 0.25%
Absorption factor, regional: 0.7
Absorbed pg/kg BW, hands: 4.2
% on body: 20%
Hr on body: 8
Absorption rate, %/hr, body: 0.1%
Absorption factor: 1.0
Absorbed ug/kg BW, body: 1.2

Total ug/kg BW absorbed, hands+body: 5.4
Each column header in Table II would be expanded as shown here, although the
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calculated results would not change. In this example the rate of dermal exposure
was derived from the PHED and Orius databases and rounded up to 30 from 20-
27: the CPAH probably are not handled as carefully as the more toxic pesticides
in the underlying databases.

By current conventions, the point estimate of daily absorbed exposure to 25
kg AI would be 5.4 pg/kg BW/day. In contrast, as shown by column 3 of the PK
model in Table II, the maximum daily absorbed dose would be 1.7 ug/kg
BW/day and the mean daily absorbed dose over the 10 days of absorption and
excretion would be 0.54 ug/kg BW/day. The maximum, mean, and area under
the time curve from the PK model provide more realistic estimates of exposure
than the conventional approach for ground boom barehanded mixer/loader/-
applicators. Other scenarios of exposure may be modelled and compared to the
conventional approach simply by altering the input data: the resulting compari-
sons are generally the same as in the above example.

Conclusions

Because the chlorophenoxyacetic acid herbicides MCPA and 2,4-D are quantita-
tively excreted in urine after percutaneous (or other) absorption, studies with the
CPAH were used to model the kinetics of dermal absorption and excretion in
clinical and occupational settings. From a series of independent clinical and field
studies, a valid model of the kinetics of dermal absorption in clinical studies was
found to be applicable to occupational exposures of ground boom mixer/loader/-

applicators practicing currently labelled hygienic standards of washing and
wearing freshly laundered clothing. Linear extrapolations of magnitudes of
percutaneous absorptions from studies which simulated routes of exposure but not
durations of exposure were found to be valid. Although true in this case, linear
extrapolations may or may not be true as a general rule. Therefore, it is
recommended that clinical studies of the magnitude and kinetics of percutaneous

absorption be designed to represent routes and durations of relevant occupational

exposures.

The application of a single percutaneous absorption rate from clinical studies
to a single rate of dermal exposure from occupational exposure studies, as is the
current conventional practice, was found to be invalid. Except in fortuitous cases,
the current conventional practice is expected to be generally invalid and will yield
erroneous estimates of absorbed doses.

Since a model could be validated and calibrated with independent clinical and
occupational monitoring studies with MCPA and 2,4-D,similar models should be
developed for other substances with appropriately designed clinical and
occupational pharmacokinetic studies.
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Chapter 15

Dermal Absorption and Disposition
of Formulations of Malathion
in Sprague—Dawley Rats and Humans

Curtis C. Dary!, Jerry N. Blancato!, Mark Castles?, Vijayapal Reddy?,
Michael Cannon?, Mahmoud A. Saleh3, and Gordon G. Cash*

!Exposure Assessment Research Division, Environmental Monitoring
Systems Laboratory, U.S. Environmental Protection Agency, Las
Vegas, NV 89109
2Department of Life Sciences, Midwest Research Institute, Kansas
City, MO 64110
3Environmental Chemistry and Toxicology Laboratory, Department
of Chemistry, Texas Southern University, Houston, TX 77004
4Office of Pesticides and Toxic Substances, Chemical Management
Division, U.S. Environmental Protection Agency, Washington, DC 20460

Dermal absorption of neat malathion, a 50% emulsifiable concentrate
(50% EC), and a 1% and 10% aqueous mixture of the 50% EC
formulation was examined in human volunteers. The absorption and
elimination profiles of [14C]-malathion equivalents in the urine of the
human were compared with the rat. Constants of absorption and
elimination were calculated. Distribution of [ 14C]-malathion equivalents
in selected tissues were examined in the rat. The 50% EC formulation
was absorbed as readily as the neat malathion. The absorption of the
organic based formulations was influenced by the increase in the
surface area of the site of application. The total cumulative absorption
was concentration dependent. The rate of absorption of the neat
malathion, the 50% EC formulation, and 10% aqueous mixture was
less than the rate of elimination resulting in a depletion of the body
burden. The rate of absorption and elimination of the 1% aqueous
mixture were coincident. The elimination of malathion was efficient and
independent of surface area, concentration, and formulation. The
disposition of malathion favored organs of metabolism and elimination,
liver and kidney. A substantial portion of the dose remained at the site
of application. The results suggest that acute human toxicity could
occur from handling the concentrate when a substantial portion of the
exposed skin is contaminated. Acute toxicity from contact with surfaces
treated with the aqueous mixtures would be unlikely. Repeated
exposure, however, could burden organs of metabolism and
elimination, skin, liver and kidney.

Human exposure to insecticides used in the residential non-occupational market-
place may occur during mixing the concentrate by the untrained consumer or from
contact with treated surfaces upon re-entry in treated microenvironments. The rate
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of dermal absorption, disposition, and elimination of a contacted dose would
greatly impact on the analysis of risk (1). Without such information, understanding
the human activities that relate to the rate of contact and transfer of residues are not
as meaningful (2-5). Dislodgeable residues, even if contacted and entirely
transferred to the skin, may not be appreciably absorbed and when absorbed may
be readily and efficiently eliminated (5-7). Understanding bioavailability of selected
pesticides could greatly reduce the need and the associated cost of environmental
monitoring (4).

The elimination half-times and cumulative percent of the dermal dose of
certain pesticides excreted indicate a great deal of variation in the rate of clearance
(1,8). The percent of the dermal dose varies from 0.18% for diquat and 0.50% for
aldrin to as much as 12.5% and 15.9% for azinphos-methyl (Guthion) and
propoxur (Baygon) respectively (1). These results suggest that no more than 15%
of a dermal dose of a given pesticide is absorbed and eliminated in urine. However,
intravenous and intraperitoneal doses are efficiently eliminated in urine (8-9). The
human studies protocol using the indirect method of adjustment for incomplete
metabolism (8-9) does not account for evaporative and mechanical loss and
retention of the dose at the skin surface and the epidermis (10).

This study was designed to determine the rates of absorption and elimina-
tion of malathion as an organic concentrate and aqueous mixture when applied to
the ventral forearms of human volunteers. The additional aim was to account for the
dermal dose on the surface of the skin and epidermis of the human. When
additional information on the disposition of malathion in tissues appeared compel-
ling, a limited dermal absorption study was conducted in the rat. The overall
purpose of the study was to compare the absorption kinetics of the organic based
concentrates that impact on mixer/loader activities and contact and transfer of
surface (wet) aqueous mixtures that might result from exposure upon re-entry.

Methods

Human Exposure Study. Twelve healthy men and women ages 21 to 35
years were selected to participate in this study. The subjects were briefed on the
goals, procedures, risks and benefits of participation. Each subject received a
physical examination. The subjects were reported to have no history of acute or
chronic disease or disability or previous exposure to malathion within the last six
months. The subjects were admitted to the study upon receiving their written
informed consent. Recruitment, selection and testing complied with U.S. EPA
Order 1000.17, "Policy and Procedures for Protection of Human Subjects in
Biomedical and Behavioral Research".

Experimental Design. The subjects were divided into two groups of
six. Each subject within a group would receive a nominal dose of a particular
dosing solution of [14C]-malathion applied to a 4.6cm?2 area of the ventral forearm
(Table I). After completing the exposure and urine collection period for the first
application, the subjects were allowed to rest for two weeks prior to the application
of the second dosing solution. Pre-dose urine was examined for residual radioactiv-
ity prior to dosing. Thus individuals in group A that received neat malathion in the
first application received the 1.0% aqueous mixture in the second application as
members of group C. Individuals in group B receiving the concentrated commercial
formulation in the first application received the 10.0% aqueous mixture in the
second application as members of group D.

Test and Control Articles. [14C]-Malathion(31.1uCi/mg) was
obtained from Sigma Chemical Company, St. Louis, Missouri. The radiochemical
purity was confirmed as 98.3% by reverse phase HPLC with a Perkin-Elmer
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LC55B variable wavelength detector at 230 nm and a Radiomatic Flo-One Hewlett-
Packard radiochemical detector. The system was equipped with a Spherisorb ODS-
2 reverse-phase C;g column ( 150 mm x 4.6 mm, ID 5 pm). A C,g guard column
(Brownlee, 15 mm x 3.8 mm, ID) was placed ahead of the analytical column. The
mobil phase (0.2% trifuoroacetic acid in water [A] / 0.1% trifluoroacetic acid in
acetonitrile [B] ) was delivered at 1.0 mL/min with a Perkin-Elmer Model 250
binary pump.

The HPLC/radiochemical column eluent was collected and diluted with
scintillation cocktail for liquid scintillation counting (LSC) on a Packard Tricard
Model 4530. Standards were prepared from aliquots of the sample solution used for
chromatographic analysis. The radiochemical purity was determined as the
percentage of the malathion peak to the total radioactivity. Column recovery was
determined as the percentage of radioactivity eluted from the column as compared to
the direct measurement of 100 pL of the standard by LSC.

The non-labeled malathion was obtained from Chem Service Inc., West
Chester, Pennsylvania. The commercial product, Ortho Malathion 50, containing
50% malathion by weight was purchased over the counter from a department store
in the Kansas City area.

Dose Preparation. The dosing solutions were prepared separately three
to four hours before dosing. The [14C]-malathion in toluene was reduced to near
dryness and resuspended in non-labeled malathion to yield a predetermined amount
of radioactivity for each dosing solution (Table I). Before dose application, aliqouts
of the dosing solution were counted to determine final radioactive content.

Dose Application. Baseline urine samples were collected prior to
dosing. In preparation to dosing, each subject's arm was washed once with soap
and water and allowed to air dry. A 4.6 cm? test area was outlined with a graphite
pencil on the ventral forearm. The dose was applied within the test area from the
lure tip of a glass Hamilton Gas-Tight microliter syringe. The weight of the loaded
syringe was obtained prior to application and again following the delivery of the
dose to determine the final weight of the dose delivered. The final dose adminis-
tered was adjusted for loss of dosing solution due to running of the neat and
concentrated commercial formulation(Table ITI).

The application site was observed for four hours after application for
spreading of the test substance beyond the test area. The area of application was
adjusted to reflect spreading of the neat and commercial formulation(Table II). At
the conclusion of the four hour period of observation, the test area was covered
with an occlusive patch.

Sample Collection. Collection intervals were based on the time from
dose application. Urine was collected at four hour intervals up to 12 hours post
application(Table II). After 12 hours of exposure, urine was collected and pooled at
12 hour intervals. The site was examined after 24 hours and gently washed two
times with soap and water and rinsed three times to remove only the residual
amount of the applied dose and not any of the material that had penetrated the
integument. The gauze sponges used to clean the site and the occlusive patches and
contaminated bench paper were extracted in methanol to obtain residual site
concentrations.

Radiochemical Analysis. Aliquots of urine(2.0g) were prepared in
duplicate for LSC. The well mixed samples were prepared in 10 mL Ultima Gold®
(Packard, Downers Grove, Illinois) scintillation cocktail. The vials were kept at 8°C
for 24 hours prior to LSC for 10 minutes on a Packard, Model 2000CA liquid
scintillation spectrophotometer. Counts per minute(CPM) were corrected for
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background automatically. CPM were converted to disintegrations per minute
(DPM) by the external standard method. The efficiency curve was derived from a
set of commercially prepared standards. Duplicate samples that differed by more
than 10% of the mean were sampled again in duplicate.

Metabolite Identification. Pre-application and post-application (12-24
hour) urine samples from subjects A1l and B5 were characterized for metabolites.
The post-application samples were lyophilized and reconstituted in wa-
ter/acetonitrile(90%/10%). The reconstituted samples were filtered through a
0.45 pm Acrodisc-CR (Gelman, Ann Arbor, Michigan) syringe-tip filtration
system. The radiochromatographic HPLC system was the same as that used to
determine radiochemical purity. A linear gradient was initiated from 100% [A] to
100% [B] in 50 minutes following 5 minutes at initial conditions. Aliquots
(100 pL) were injected and the chromatographic eluant was collected in 100 0.5
minute fractions using a FOXY model fraction collector (ISCO, Lincoln, Nebras-
ka).

Multiple injections of each sample were made and the chromatographic
eluent from each injection was overlaid with prior collections such that the effective
volume of urine injected was approximately 2.0 mL. The collected fractions were
mixed with 5 mL Scintiverse LC(Fisher Scientific) scintillation cocktail and the
radioactivity determined (10 minute counts) by LSC on a Packard Model 4530
liquid scintillation spectrophotometer.

Metabolites were identified by Gas-Chromatography with flame photometric
detection (GC/FPD) and confirmed by Gas-Chromatography/Mass Spectrometry
(GC/MS). The pre-application and post-application samples (12-24 hours) from
subject B5 were lyophilized and reconstituted in 4.0 mL deionized water. The
reconstituted urine was acidified (1.0 mL, 1 N HCI) and extracted with two 7.0 mL
portions of diethyl ether. The ether extracts were combined, mixed, and divided
into two equal portions. One portion was treated with etheral diazomethane and the
other was treated with diazoethane. Following a reaction time of 30 minutes at room
temperature, the ether extracts were evaporated to near dryness and reconstituted in
acetonitrile (1.0 mL).

Analysis was performed using a Hewlett Packard 5890 gas chromatograph
equipped with a 30 meter DB-1 Megabore capillary column (J&W Scientific,
Folsom, California) and an on-column splitless (45 s) injection system. The injector
temperature was 250°C. Helium was used as the carrier gas at a flow rate of 5.0
mL/min. The column temperature was held at 50°C for 5 minutes and then
programmed to 220°C at a rate of 10°C/min. The detector was operated in the
phosphorus mode at a temperature of 260°C.

Identification of metabolites by GC/FPD was confirmed by GC/MS in full
scan mode (40 to 400 amu, 70 eV) using a Finnigan 4000 quadrapole mass
spectrometer interfaced with a Hewlett-Packard Model 5890A gas chromatograph
and an INCOS 2400 data system. Separations were accomplished with a 30 meter
DB-5 capillary column (J&W Scientific, Folsom, California) and a splitless (45 s)
injection system. The injector temperature was 270°C. Helium was used as the
carrier gas at a flow rate of 5.0 mL/min. The column temperature was held at 50°C
for 5 minutes and then programmed to 250°C at a rate of 10°C/min.

Samples were compared with standard solutions of the dicarboxylic (DCA)
and monocarboxylic (MCA) acid esters of malathion. Analytical standards of
malathion, MCA (85% alpha and 15% beta), DCA, and maloxon were generously
provided by American Cyanamid (Princeton, New Jersey). Reconstructed ion
current chromatograms (RIC) and mass spectra were obtained for the diazoethane
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and diazomethane ether extracts. MCA and DCA, prepared as methylated deriva-
tives, were used as reference standards.

Dermal Absorption in the Rat. Adult male albino rats (Rattus norvegicus L.)
Sprague Dawley strain were obtained from Bantin and Kingman Inc. Laboratories.
The average weight at treatment was 180 grams. The animals were kept individually
in well aerated cages under hygienic conditions with standard diet. The animals
were allowed to acclimate for one week in their cages prior to the experiment. The
experiment was conducted according to strict adherence to the "Guide for the Care
and Use of Laboratory Animals" (NIH Publication No. 85-23), the Animal Welfare
Act (Public Law 89-544, as amended by Public Law 91-579 and Public Law 94-
279) and the standard operating procedures concerning care and use of laboratory
animals of Texas Southern University.

Experimental Design. Three rats were randomly assigned to each of
three groups according to sample collection and time of sacrifice. A total of nine rats
were exposed to neat malathion and nine to the concentrated commercial formula-
tion. Three rats were prepared as untreated controls. Urine and feces were collected
from three rats in group 1, 24 hours after dose application. Excreta were collected
from rats in group 2, 24, 48 and 72 hours after dosing. Collection of excreta in
group 3 was extended for seven days post application. Animals in group 1 were
sacrificed after 24 hours. Animals in groups 2 and 3 were sacrificed on days three
and seven respectively. At the time of sacrifice the following tissues were collected:
blood, liver, kidney, small intestine, large intestine and skin at the site of applica-
tion. The animals were sacrificed by decapitation.

Test and Control Articles. Neat malathion (purity 94.6%) was
obtained from American Cyanamid Co., Princeton, New Jersey. The commercial
product, a 50% emulsifiable concentrate (E.C.) of malathion was obtained from
Southern Mill Creek Products, Inc., Houston, Texas. [14C]-malathion (14.2
mCi/mmol) was purchased from Sigma Chemical Company, St. Louis, Missouri.
lfiIFS gissue solubilizer was purchased from Amerscham Searle, Arlington Heights,

inois.

Dose Preparation. The dose was selected as 10% of the dermal LDs,
a nominal concentration of 73.8 mg malathion per animal of the neat and the 50%
E.C. formulation. The dosing solutions were spiked with 1.0 pCi [14C]-malathion.
The concentration of [14C]-malathion in the dosing solution was confirmed by a
standard curve of expected and observed DPM per volume of dosing solution.
Before dose application, aliqouts of the dosing solutions were counted to determine
final radioactive content.

Dose Application. Twenty four hours before dosing, a 6.452 cm?2 area
on the back was shaved with care not to abrade the integument. The shaved area
was washed with acetone. A nominal dose of 11.4 mg/cm2 (410mg/kg) was
applied within the marked area from the lure tip of a glass microliter Hamilton
syringe. The amount delivered in an appropriate volume of 500 pL to the site was
determined as the difference between the weight of the loaded syringe and the
empty syringe after application. The site of application was occluded with an
adhesive patch.
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Sample Collection. Urine and feces were collected on ice from
metabolism cages and stored frozen until analysis. Metabolism cages were rinsed
with aqueous ethanol after each collection. After collection of the final urine and
fecal specimens, the animals were sacrificed by decapitation. Blood was heparin-
ized and stored briefly before analysis. Tissues were weighed and stored frozen.

Radiochemical Analysis. Radioactivity was measured by LSC using
a Wallac 1409 liquid scintillation spectrophotometer. Aligouts (100 puL) of the urine
samples were well mixed and prepared directly for LSC. Blood, feces, and tissues
were processed according to the procedure of Muan and Nafstad (11) with
modifications. To each sample, 30 mL methanol was added and homogenized and
digested in NCS tissue solubilizer for 24 hours. The clear digest (100 uL) was
prepared for LSC. All samples were prepared in triplicate by weight and counted in
duplicate cycles. The counting efficiency was determined by the external standard
method.

Data Reduction and Statistical Analysis. Repeated measures analysis of
variance (rm-ANOVA) was used to test the interaction of the main effects, the
repeated measurements of [14C]-malathion equivalents in urine, with the subjects
within groups (12). The repeated measures were sorted by ranks. The rm-ANOVA
was performed on the ranked data (13). This transformation was made because of
the violation of the sphericity assumption. The rm-ANOVA on ranked data was
justified over angular and logarithmic transformations because of the stabilization of
the variance over the number of zero events.

Multiple linear regression was used to obtain regression statistics for the
curvilinear absorption profiles (14). The multiple regression model was used as the
first iteration of the curvilinear regression. The multiple linear regression analysis
did not constrain the minima at the origin.

Linear regression analysis was used to obtain absorption and elimination
rate constants (14). Multiple linear regression was used to determine relationships
between predictor and response variables (14). Cluster analysis was used to
identify closely related cases (14). The clusters were formed in a stepwise fashion
from independent variables and a single response variable. Single variable clusters
were legitimized by examining the clustered values against the 95% confidence
intervals for the clustered values.

Results.

Human Exposure Study. Concentrations of 14C equivalents of malathion in
urine increased to a maximum at 24 hours after exposure(Figure 1). The greatest
concentration of 14C equivalents of malathion was recovered in urine of volunteers
exposed to neat malathion (Figure 1). The main effect for the ranks of the repeated
measures of 14C-equivalents in urine collected within selected time intervals was
found to be significant (Fg 160=148.14, p<0.001). As expected, the ranks of the
totals differed between measurements. More substantively, a significant group/time
interaction (F,20=30.49, p< 0.001) was found which indicated that the pattern of
excretion for subjects within the groups was dependent on whether they were
exposed to an organic based formulation or an aqueous mixture. This significant
interaction was attributed to a significant difference between groups (F3,20=45.07,
p< 0.001). Tests on the differences between group means (Newman-Keuls
procedure) revealed significant differences between group C and groups A, B, and
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Figure 1. Elimination Profile of [14C]-Malathion Equivalents
in Urine of Human Volunteers Exposed to Neat Malathion
(Group A), the 50% EC Formulation (Group B), and the 1%
(Group C) and 10% (Group D) Aqueous Mixtures.
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D. Significant differences were observed between group A and groups B and D.
Groups B and D were not significantly different.

These differences between group means are graphically portrayed as the
cumulative amount of malathion at each time interval (Figure 2). When normalized
as percent of the applied dose, the mean of group C was found to be significantly
different from groups A, B, and D (Figure 3). The results suggest that lower
concentrations of malathion are more rapidly and readily absorbed than higher
concentrations. More precisely, establishment of steady state relative to concentra-
tion was more rapidly achieved with the 1% aqueous mixture. The total amount
absorbed was dose dependent while the rate of absorption was controlled by factors
that influence the attainment of steady state.

Another factor that might influence attainment of steady state and ultimately
the rate of absorption is surface area of exposure. An unplanned outcome of this
study was the increase in the surface area of the application site due to spreading of
the neat and 50% emulsifiable concentrate on the forearms of volunteers in groups
A and B. The 4.6 cm? area of the site of application increased to 11.7 cm2 on the
forearm of subject A4 to as much as 75.0 cm2 on the forearm of subject A3
(Table II). This increase in surface area afforded an opportunity to study surface
area effects.

Normalizing the cumulative percent of malathion recovered as given in
figure 3 to the surface area of exposure resulted in significant differences between
group C and groups A and B, and significant differences between group D and
groups A, B and C (Figure 4). The significant differences between group C and
groups A and B were attributed to dose. The group D differences were attributed to
surface area. The influences of surface area and dose on the rate of absorption and
cumulative absorption can be more readily gleaned from plots of cumulative amount
recovered among subjects within groups. The total amount of neat malathion
absorbed was greatest for those subjects with larger surface areas of exposure,
subjects Al and A3 (Figure 5). The cumulative totals for the subjects exposed to
neat malathion in group A were found to be significantly different. The cumulative
total for subject A5 was significantly less than for subjects A3, Al, A4, and A6 at
the 1.0% level of significance and for subject A2 at the 5.0% level.

Normalizing the cumulative absorption to dose and surface area of exposure
resulted in a reordering of absorption profiles for subjects in group A (Figure 6).
Following this normalization, the cumulative totals for subjects A3 and A5, and A5
and A6 were found to be not significantly different. The profiles for the subjects
were significantly different as indicated by the time-subject interaction
(F9,40=77.22, p<.001). The surface area of exposure and the dose applied to the
site influenced the rate of the "apparent" absorption profile and the total cumulative
recovery in urine.

The rate of "apparent” absorption may be seen as the shaded portion of the
absorption profile (Figure 5). The term "apparent” is used to distinguish between
events that contribute to dermal penetration and events underlying the appearance of
drug in the urine for the in vivo situation where plasma concentrations are not in
evidence. The apparent rate of absorption was taken from the regression on
cumulative amount of [14C]-malathion equivalents in urine as a function of time
with the regression constrained at t=0 and 24 hours (Figure 7). The "apparent" rates
of absorption were used to gain statistical inferences between groups and among
subjects as a model independent form of analysis.

For subject Al, the apparent rate of absorption was extremely rapid
compared to other subjects in group A (Table III). The curvilinear regression
coefficients for the six subjects in group A were significantly different
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Figure 2. Cumulative Elimination [14C]-Malathion
Equivalents in urine of Human Volunteers Exposed to Neat
Malathion (Group A), the 50% EC Formulation (Group B),
and the 1% (Group C) and 10% (Group D) Aqueous
Mixtures.
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(Fs,12=126.69, p< 0.001). Between subjects, the slopes for subjects A6 (1.94
pg/hr) and A4 (1.55 pg/hr) were not significantly different (t=2.027, p< 0.10).
The apparent rates of absorption of neat malathion were significantly different for
all subjects except subjects A6 and A4 in group A.

The apparent rates of absorption for subjects treated with 50% EC
formulation in group B were significantly different (Fs 12=54.16, p< 0.001) as
indicated by the curvilinear regression coefficients (Table III). A pairwise
examination of the slopes revealed, that the slopes for subjects B1 (0.93 pg/hr), B2
(1.16 pg/hr), and B3 (1.71 pg/hr) were not significantly different. Likewise, the
slopes of subjects B3 and B4 (1.78 pg/hr) could be grouped.

The apparent rates of absorption for the subjects in group B were taken
from the shaded portion of the absorption profile (Figure 8). As previously
observed for subjects in group A, the absorption profiles for subjects in group B
were significantly different as indicated by the time-subject interaction
(F3,40=31.88, p< 0.001). This significant interaction was attributed to the repeated
measurements (between collection intervals) as observed for group A and not
between subjects (Fs 49=2.07, p< 0.10). The cumulative total absorption was not
significantly different between subjects in group B. Moreover, the cumulative
absorption totals between subjects in groups A and B were not significantly
different. This finding together with the significant (group X subject X repeated
measures) interaction pointed to an influence on the rate of absorption and
elimination for subjects in groups A and B.

To explain the apparent rate of absorption in terms of surface area of
exposure and concentration at the site (external dose), the curvilinear slopes for the
subjects in groups A and B (Table III) were plotted and analyzed by multiple linear
regression. The stepwise multiple regression (F-to-enter 3.84, F-to-remove 2.71)
produced a significant correlation (r= .6660, F,10=7.973, p< 0.018) with slope
and surface area. External dose and the possible internal dose (the difference
between external dose and the concentration removed at the site by washing-site
wash) were not allowed to enter. The apparent rate of absorption may be partially
explained by surface area. However, less than 45% of the variability in the
regression could be explained by surface area. The plot of the curvilinear slope and
surface area revealed a cluster of cases (subjects) with surface areas and slopes less
than 40cm? and 3.0 pug/hr respectively; subjects Al, A3, and B5 were distinct
outliers (Figure 9).

With surface area and curvilinear slope as the grouping variables, nearest
neighbor cluster analysis revealed a common cluster for subjects in groups C and D
as expected and a single cluster for subjects A2, A4, AS, B1 and B2. Subjects Al,
A3, and BS formed clusters at the extremes. The addition of external dose to the
analysis produced two distinct clusters for groups C and D and a single cluster for
all subjects in groups A and B except subjects A1, A3, and BS. The apparent rate of
absorption was greatest for those subjects where the surface area of exposure was
greatest.

Increased surface area did not influence the "apparent” lag-time which was
taken as the tangent intercept of the curvilinear regression line (Figure 7). The
"apparent” lag-times for the subjects (Table III) were not significantly different
between groups (F320=1.29, p< 0.30). The mean "apparent” lag-time for the
groups was 12.340.4 hours. This index may be seen as the time required to reach
steady-state in the system and not for the establishment of steady-state flux across
the membrane (15). For the in vitro system where the thickness of the membrane is
known, steady state flux is achieved 2.7 times later than the lag-time (15). For the
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the Cumulative Absorption Profiles for Subjects in Groups A
and B in Terms of Surface Area of Exposure.
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in vivo situation, the "apparent" lag-time may represent the balance point between
circulating concentrations and the front of the elimination profile.

The apparent lag-time was not dose or surface area dependent. In keeping
with the appearance of measurable urinary concentrations, the rates of elimination
among subjects were not significantly different between groups (F3,20=0.66,
p< 0.58); the rate of elimination was not dose or surface area dependent (Table III).
However, the slope of subject AS (-0.05596) was significantly less than slopes of
other subjects in group A (Fs36=3.25, p< 0.05). This subject had a final dose of
10.5mg compared to the expected 24.6mg per subject in group A. The elimination
rate constant, k.=0.1287 hr-1, was outside the 95% confidence interval
(0.0896<u<0.1165) for subjects in group A. The elimination half-time was as well
outside the 95% confidence interval (6.05<1<7.55) for subjects in group A.

The group A mean elimination rate constant (k.=0.1030+.0128) indicated

that approximately 10.3% of the [14C]-malathion equivalents were excreted per
hour (Table IIT). An average of 6.80+.72 hours would be required to eliminate half
of the absorbed concentration. The mean group k. for groups C and D were slightly
but not significantly less than groups A and B (Table III). Subjects in group C
eliminated an average of 9.40% per hour while subjects in group D averaged 9.87%
per hour. Correspondingly, the mean half-times for groups C (7.50%1.10 hrs) and
D (7.20%1.23 hrs) were more protracted than groups A and B (6.71+0.64 hrs).

The mean apparent lag-time (12.310.4 hrs) and mean elimination rate
constant (ke=0.0999+.0135 hr-1) and corresponding mean elimination half-time
(Te1im1/2=7.0530.95 hrs) for the groups suggested the attainment of circulating
concentrations after 12 hours of exposure with 10 percent of the body burden
eliminated per hour to reach 50% in seven hours. Moreover, elimination as
g(pegtcd was not external dose or surface area dependent and followed first order

netics.

The major urinary metabolites were identified as the mono- and dicarboxylic
acids of malathion by radiochromatographic analysis. The predominant metabolite
was the monocarboxylic acid (MCA) which represented approximately 29% and
36% of the radioequivalents excreted in the urine of subjects BS and A1 respective-
ly. The dicarboxylic acid (DCA) represented 23% (subject BS) and 27% (subject
A1). The parent malathion represented 8% (subject BS) and 2% (subject A1). Other
trace 14C-equivalents were tentatively identified as maloxon and desmethyl-
malathion. The GC/FPD profiles obtained for the ethylated and methylated urine
samples supported the identification of MCA and DCA as the predominant urinary
metabolites. The isomeric configuration of the major urinary metabolite was
identified as the beta isomer of MCA. The alpha isomer was identified at much
lower concentrations.

The apparent rate of absorption and the total amount absorbed were
dependent on surface area. The absorption profiles were significantly different
between groups and between subjects within groups. The mean percent rate of
absorption taken from the absorption profiles for subjects in group C
(2.60+1.29%/hr) were significantly different (F3 20=6.48, p< 0.003) than subjects
in groups A (1.07£.92%/hr), B (0.79+.49%/hr) and D (0.71%*..42%/hr).
Approximately 2.6 percent of the 1% dose of malathion applied to the ventral
forearms of subjects in group C was absorbed per hour compared to 1.07% for
subjects in group A treated with neat malathion, 0.79% for the 50% EC formulation
(group B), and 0.71% for the 10% mixture (group D).
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This statistical treatment of absorption was in agreement with the classical
approach (16) as obtained by the relation:

In M/M, = -kgt

where M is the amount of malathion remaining at the site at 24 hours, M, is the
amount initially applied to the site and k, is the rate constant for absorption
(Table III). The mean absorption rate constant for subjects in group C
(0.064210.0523 hr-1) was significantly different (F3 20=5.32, p< 0.007) than the
means of groups A (0.0152+0.0082 hr-1), B (0.0164+0.0037 hr-1), and D
(0.010710.0065 hr-1). For subjects treated with the 1% aqueous mixture of
malathion in group C, approximately 6.42% of the external concentration was
absorbed per hour.

As previously observed (Figure 3), the mean relative rate of absorption was
rapid for the subjects exposed to the 1% aqueous mixture as compared to the 10%
mixture (1.07%/hr), the 50% concentrate (1.64%/hr) and neat malathion
(1.52%/hr). However, the mean total recovery of [14C]-malathion equivalents in
urine of subjects treated with neat malathion in groups A (1.66£1.46 mg) was
significantly different (F3 20=5.51, p< 0.01) than the means for the 10% mixture,
group D (0.3040.10 mg) and the 1% mixture, group C (21.8+7.4 jig). The mean
total recovery for group B (1.16+0.61 mg) was not significantly different than the
group A mean. After adjusting for the applied dose, however, the mean cumulative
percent of the applied dose of group C (16.2+7.0%) was significantly different
(F3,20=5.77, p< 0.005) than the means for groups A, B and C (Table III). The
1.0% aqueous mixture appeared to be more readily and efficiently absorbed than the
other formulations with greater concentrations of malathion.

The relative rate of absorption of the 1% aqueous material was significantly
more rapid than any of the other materials yet the rate of elimination was not
significantly different (Table III). For certain subjects exposed to the 1% material in
group C (C2,C3,C4, and CS5), the rate of absorption was nearly equal to the rate of
elimination as indicated by the k./k, ratio (Table III). However, in like manner,
other subjects in group C demonstrated a far slower rate of absorption compared to
elimination (ke/k,210). Subjects in groups A and B demonstrated consistently but
not significantly (F3 20=1.61, p< 0.22) slower rates of absorption relative to rates
of elimination than subjects in groups C.

A substantial amount of the external concentration remained unaccounted for
as part of the site wash and that recovered in urine (Table IT). This material might
have become associated with the stratum corneum or absorbed and distributed into
other tissues and organs. To understand the disposition of the applied dose a dermal
absorption study was conducted in the rat.

Dermal Absorption Study in the Rat. The distribution of[14C]-malathion
equivalents in selected tissues of the rat may be viewed in Figure 10. The percent of
the applied dose (73.8 mg) declined rapidly leaving 19.540.7% of the neat and
12.530.2% of the 50% EC formulation in the excised skin at 24 hours. The
amounts in skin were significantly different between days (Fs,12=2612.29,
p<0.001) when the animals were sacrificed and the tissue excised. The total amount
in skin was not significantly different (F;,12=0.041, p< 0.50) between formula-
tions (Table IV). The 50% EC malathion appeared to be retained in the skin longer
than the neat formulation. The rate constant for absorption of the neat malathion
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Figure 10. Cumulative Percent of the Applied Dose of [14C]-
Malathion in Selected Tissues of Rats Treated with Neat
Malathion and the 50% EC Formulation.
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(ka=0.0289 hr-1) as determined from the slope of the log-linear regression
(b=0.6945, r2=0.9967) over the seven day period of exposure was significantly
greater (t14=4.307, p< 0.01) than the rate constant for 50% EC formulation
(b=0.5033, r2=0.9882, k,=0.0210 day-1).

By this means of analysis, the remaining neat malathion was absorbed at the
rate of 2.89% per hour and the 50% EC malathion at the rate of 2.10% per hour
over the seven day period of exposure. The absorption half-time for the neat
malathion was nearly 24 hours (T absorp1/2=23.9 hrs). The absorption half-time for
the 50% EC formulation was more protracted (Tapsorp1/2=33.0 hrs). The rates of
absorption of the neat and 50% EC formulation in the rat were more rapid but not
inconsistent with those for the human, k;=0.0152 hr-1 and k,=0.0164 hr-1 for the
neat and 50% EC formulation respectively.

The amount of malathion entering the vascular compartment after one, three
and seven days of exposure (Figure 10) did not differ between days (F4,12=1.13,
p<0.25) and formulations (F;,;2=1.97, p<0.25). Conceivably, blood amounts had
reached a minimum after 24 hours of exposure. Amounts of malathion in selected
tissues were similarly near limits of detection and acceptance (Figure 10).
Concentrations of [14C]-malathion equivalents in brain, heart, and lung were below
the twice background level of detection and acceptance. While the mean percent of
the applied dose of malathion in blood declined over the sampling time points, the
mean percent in the selected tissues increased (Figure 10). Significant increases
were observed among sampling time points (days) in liver (F4,12=45.6, p<0.01),
kidney (F4,12=131.8, p<0.001), small intestine (F4,2=340.1, p<0.001), and large
intestine (Fy4,12=224.5, p<0.001). Mean percent accumulated in the tissues was not
significantly different between formulations.

No more than an average of 2.0% of the applied dose of the 50% EC
formulation and the neat malathion were recovered at any collection period in the
selected tissues, liver, kidney, and small and large intestine. The circulating
concentrations remained at less than 0.3% of the applied dose of neat malathion and
the 50% EC formulation at each collection period (Table IV). A cumulative total of
25.7% of the applied dose of the 50% EC formulation and 26.5% of the neat
malathion were recovered in the urine excreted over the seven day period
(Figure 11). Cumulative recovery of the 50% EC formulation (0.92%) and the neat
malathion (1.80%) in feces represented less than 2.0% of the applied dose
(Figure 11).

These observations suggest that more than 80% of applied dose of neat
malathion and the 50% EC formulation was either lost through evaporation or
absorbed and distributed in the carcass within the first 24 hours. From figure 11, it
can be seen that 8.58+1.05% of the neat malathion and 11.5+1.0% of the 50% EC
formulation were excreted at 24 hours suggesting that 60% of the absorbed dose
remained in the system. The excretion rate constant for the neat malathion
(ke=0.00447 hr-1) would predict that 10.7% of the absorbed dose would be
excreted in 24 hours (Figure 11). The excretion half-time was determined as 6.46
days. Excretion of neat malathion appeared to be incomplete.

The excretion of the 50% EC formulation was more rapid than the neat
malathion (Figure 11). The excretion rate constant (k.=0.0118 hr-1) would predict
that 28.1% of the absorbed dose would be excreted in the first 24 hours and half of
the absorbed dose would be excreted in 2.45 days. However, this prediction like
that for the neat malathion was inconsistent with the cumulative recovery in urine.
The excretion of the 50% EC formulation appeared to be complete.
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This accounting summary points out that approximately 70% of the applied
dose of the formulations remained unaccounted for in the excreta and in the selected
tissues. It also points out the importance of incorporating material balance as part of
a dermal absorption protocol. We may assume that the remaining 70% of the
applied dose may be accounted for in the carcass or through loss due to evapora-
tion.

Discussion.

In a study aimed at determining skin penetration and distribution of selected
insecticides including malathion, Reifenrath et. al. (10) observed a significant loss
by evaporation of [14C]-malathion (4.0 pg/cm?2) applied topically to excised pig
skin in vitro after increasing the air flow over the skin surface for 48 hours. The
rate of evaporative loss increased from 24 percent of the applied dose at 60 mL
air/min to 74% at 600 mL air/min. However, at the air flow rate of 60 mL/min,
31% of the applied dose remained associated with the skin surface and the
epidermis while 21% penetrated into the receiving fluid.

These results demonstrate, as pointed out by Reifenrath et. al. (10) the
importance of controlling experimental conditions that influence surface loss and
penetration. In the human study reported herein, the site of application was
occluded after a four hour period of observation for skin irritation. The occlusive
patch was removed after 24 hours of exposure. An average of 29.5+13.0% of the
applied dose was found in the occlusive patches used to cover the application sites
of subjects exposed to neat malathion in group A. This average percent of the
applied dose which was unavailable for absorption was not significantly different
than those of groups B (32.246.2%) and D (21.8+11.9%). The mean percent of
the applied dose found in the patches of subjects in group C (65.4131.3%) was
significantly greater than groups A, B, and D (F320=6.75, p< 0.0025).

The percent of the applied dose recovered in the occlusive patches may
represent evaporative and mechanical loss. On average this loss was greatest for
subjects treated with the 1.0% aqueous mixture. Loss of the dose applied to the rats
would be expected to have occurred as it did for the humans. Reifenrath et. al. (10)
observed a 48% evaporative loss of parathion (4.0pg/cm? in ethanol) in the absence
of a flow of air over the skin surface over 24 hours. At the same time, the skin
surface and the epidermal layer retained 78% of the applied dose which declined
steadily to 26% after 24 hours. Four percent of the applied dose penetrated the
excised skin to enter the receiving fluid while seven percent remained in the dermis;
approximately 18% of the applied dose remained unaccounted for (10).

By accounting for percent of the recovered dose of dermally applied [14C]-
carbaryl and [14C]-parathion in the carcass as well as urine, feces, blood and liver,
Shah and Guthrie (9) were able to account for more than 95% of the carbaryl and
nearly 99% of the parathion. After four hours of exposure, approximately 25.7% of
the carbaryl and 5.77% of the parathion were found in the carcass. The proportion
of the dose of both insecticides declined in the carcass to less than 2.0% after 120
hours as the cumulative recovery in the feces and urine increased. As was observed
for malathion in this study, the proportion of the applied dose of carbaryl and
parathion in blood remained below 0.10%; the proportion in liver less than 0.6%.

Shah and Guthrie (9) observed that the direct measurement of radio-
equivalents in blood, tissues and excreta correlated with the method of indirect
excretion analysis of Feldman and Maibach (8) where the recovery of the dermal
dose in urine is adjusted for incomplete elimination in the system by a paired
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analysis of recovery of an intravenous dose. By this method, Feldman and Maibach
(8) determined that 8.21+2.7% of a dermal dose of [14C]-malathion (4.0 pg/cm?2 in
acetone) applied to the ventral forearm of human volunteers was eliminated in a five
day period. The elimination went to near completion. They did not derive elimina-
tion rate constants or elimination half-times from the dermal data. The elimination
half-time for the intravenous administration of malathion was given as three hours.
The elimination went to completion and 90.2+9.7% of the dose was recovered in
the urine.

Using the data of Feldman and Maibach (8), Fisher et. al. (1) determined a
peak excretion rate of 0.073 hr-1 for the dermal application of malathion by their
method of deconvulution. The peak excretion rate of the i.v. dosing was 14% per
hour. The time required to reach the peak ranged from 2 to 3 hours (T ¢jjm 1/2= 9.49
hours). Peak excretion of the dermal application was not given but could be
estimated as between four and eight hours. The total cumulative percent absorbed
was estimated as 6.53% of the applied dose. The body burden over the 120 hour
period of exposure was estimated as 0.67% of the dose. The peak body burden was
2.2% at eight hours.

The results of the human study reported here for the absorption of malathion
appear to be consistent with Feldman and Maibach (8) and Fisher et. al. (1). The
mean percent recovery of the neat malathion (7.35+5.93%), the 50% EC formula-
tion (5.74%3.09%) and the 10% aqueous mixture (6.00+2.82%) were in near
agreement with the estimates reported by Fisher et. al. (1). The mean recovery of
the 1.0% aqueous (16.2+7.0%) mixture was significantly different than the other
formulations. The 1.0% aqueous mixture was more readily absorbed on the basis
of the percent of dose and efficiently excreted than the other formulations
(Table III). From the point of view of exposure assessment, absorption of a 1.0%
mixture of an active ingredient (mean concentration of 31.0+5.0 pg/cm?) at the rate
of 6.4% per hour would likely represent less of a health risk than exposure to a
concentrated formulation absorbed at the relative rate of 1.6% per hour as observed
for the 50% EC formulation.

However, as has been observed from this study both for the human and the
rat treated with malathion as well as the work of Reifenrath et. al. (10), Shah and
Guthrie (9) and Feldman and Maibach (8), a substantial portion of the dermal dose
of the insecticide formulation remained outside of the system. For the work of
Feldman and Maibach (8), more than 90% of the applied dose of [14C]-malathion
remained external to the human system. Knaak et. al. (17) predicted the retention
(half-time) time of [14C]-parathion (40 pg/cm2) on the skin of the rat to be from
24.3 to 28.6 hours. Parathion was absorbed at the rate of 0.5 g/hrecm2 which may
be interpreted as a relative absorption rate of 1.25% per hour. Knaak et. al. (17)
predicted the plasma half-time to be 28.5-39.5 hour. The skin retention half-time
(40 hours) and plasma half-time (67 hours) for [14C]-carbaryl was more protracted.

The intravenous dose of malathion is rapidly and efficiently eliminated in the
human system (8) and the rat (11). Clearance of malathion is equally efficient by the
oral route (18-19). Uptake in the tissues favored organs of metabolism and
elimination. The intravenous dose of malathion is rapidly (within 1 minute after
administration) distributed to the kidney and liver of the rat (11). After accounting
for concentrations in the stomach, the oral dose of malathion is distributed in liver
and kidney (18) although the proportions may differ between studies (19). In
human forensic cases (n=6) where the apparent suicide was caused by ingestion of
a single lethal bolus of malathion, highest concentrations were recovered in kidney,
blood, spleen and liver (20). From this study, a dermal dose of neat malathion and
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50% EC formulation may be expected to be distributed to the liver and kidney
(Table IV).

In an exposure scenario where the consumer contacts residues of the
organic based pesticide concentrate on the surface of the container or splashes the
concentrate or aqueous mixture on the skin (probably the hands), approximately
80% of the dose may become associated with the skin surface and the epidermis in
the first 15 minutes to an hour after exposure (10). Evidence from this study
indicates that 70.5£13.0% of the neat malathion and 67.816.2 of the 50% EC
formulation can be removed from the site of application through washing. The
removal of the organic based formulations was not significantly different than the
removal of the 10% aqueous material (78.2111.9%). However, removal of the
1.0% aqueous material (34.5+31.3%) was significantly different than the other
formulations (F3,20=6.75, p< 0.003). Thus washing the site within one hour after
exposure could reduce the external dose of an organic based pesticide concentrate or
aqueous mixture on the skin surface and the epidermis by 70 percent. The
remaining 10% of the dose would be absorbed.

In the event that the site could not be washed, approximately 40% of the
external dose might be lost through evaporation (10). Air flow over the site ( 600
mL/min) could reduce the residual concentration by 70 percent (10). The residual
30 to 40 percent of the external concentration of malathion might be absorbed at the
rate of 1-6% per hour (Table III). The rate of absorption would be compound and
formulation dependent (8,10) exacerbated by dose and surface area exposed (Table
III). Reifenrath et. al. (10) observed nearly a tenfold greater recovery of ethanol
based [14C]- parathion in urine of female Yorkshire pigs compared to neat [14C]-
parathion. The choice of vehicle has been established as a means to enhance
percutaneous absorption of topically applied drugs in a variety of animal models
and man (21,22). Pesticides are manufactured in a variety of formulations
containing a diluent (vehicles) and wetting agents. Ingredients are listed on the
label. Malathion as a 50% emulsifiable concentrate (50% EC) would contain a
certain percentage of an organic solvent and inert ingredients. The product is sold in
a reusable container from which aliquots are drawn to prepare an aqueous mixture.
Exposure may be expected to occur through repeated handling of the container and
through sloppy methods of mixing and loading the sprayer.

With malathion because of its relatively low mammalian toxicity (20)
compared to other organophosphorus insecticides (23) untoward effects from a
single dermal exposure would be minimal unless the concentrate covered a substan-
tial portion of the skin surface. Repeated exposure might, however, lead to injury to
certain organs including the skin from repeated contact and the burden exerted on
organs of elimination, primarily the kidney (21). Study of injury to these tissue may
require an examination of clinical chemistries (liver enzyme profiles) in addition to
histo-pathology (25).

Conclusion.

When assessing exposure to pesticides used by the untrained consumer, consider-
ation should be given to the rate of absorption and rate of elimination of the concen-
trated product and the aqueous mixture. We observed that the undiluted product, a
50% emulsifiable concentrate of malathion, is as readily absorbed by the skin of
human volunteers and the shaved unabraded skin of the rat as neat malathion. The
rate of absorption of neat malathion and the 50% EC formulation was dependent on
surface area of exposure which increased through spreading beyond the treated area
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on the ventral forearms of human volunteers. The absorption profiles of the 1.0%
and 10% aqueous mixtures were significantly different than the neat malathion.

Absorption of the aqueous mixtures was concentration dependent. The
relative rate of absorption was greater for the 1.0% aqueous mixture although the
absolute rate of absorption and total amount of malathion absorbed was greatest for
the neat malathion, the 50% EC formulation and the 10% aqueous mixture.
Absorption of malathion was therefore concentration dependent. Elimination of the
absorbed dose primarily through the urine, however, was not concentration
dependent. Distribution of the neat malathion and the 50% EC formulation in
tissues of the rat indicated retention of as much as 17% of the applied dose in the
skin after 24 hours. Accumulation in the tissues favored organs of metabolism and
excretion, primarily the kidney and liver.

Human exposure to malathion would likely occur through handling and
spillage of the concentrate or aqueous mixture or from contact with treated surfaces.
Washing the exposed site would remove approximately 70% of the concentrate
from the skin surface and epidermis. An unwashed site would retain better than
80% of the dose for up to an hour after exposure. After 24 hours, 30 to 40 percent
of the dose would be lost through evaporation. Circulating concentrations would be
established within 12 hours after exposure. Ten percent of the residual concentra-
tion would be absorbed with nearly 90% eliminated in the urine. The slow rate of
absorption and efficient rate of elimination would reduce the risk of acute toxicity
for all exposures except where the concentrated formulation comes in contact with
substantial portions of unprotected skin. However, repeated exposure from contact
with treated surfaces could burden organs of metabolism and elimination.

A dermal absorption protocol where the purpose is exposure assessment
should be based on material balance with direct measurement of tissue concentra-
tions in the rat. Absorption profiles should be set to collect urine and feces during
the early (alpha) phase (0-24 hours) after dosing and until the concentrations fall to
limits of detection (twice background) up to five days (beta phase). Tissues should
be harvested at the close of the study to minimize the number of animals for
sacrifice. The site of application should be excised or cleared of residual concentra-
tions. Examination of blood should include clinical chemistries where a base line
may be established prior to dosing. From this approach, absorption profiles should
be examined statistically. Absorption constants (k,) and elimination constants (k)
should be estimated. Concentrations in tissues and organs should be examined in
relation to the chemicals effect on metabolism and elimination.
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Chapter 16

Physiologically Based Pharmacokinetic Models

Examples of Their Use in Exposure and Risk Assessment
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Pharmacokinetics describes the time course disposition of a
xenobiotic, its biotransformed products, and its interactive products
within the body. It includes a description of the compounds's absorption
across the portals of entry, transport and distribution throughout the
body, biotransformation by metabolic processes, interaction with
biomolecules, and eventual elimination from the body.

Pharmacokinetic (PK) analyses or assessments can be used in two
very general ways. First, they can be applied for forward analysis.
Such PK analyses use exposure data to calculate biologically meaningful
measures of dose. Second, they can be applied for reconstructive dose
assessment. In this case, data on measured biomarkers or tissue
concentrations of a compound and/or its metabolites are used to calculate
total dose of a xenobiotic received by an organism. This paper will
focus on general concepts of model structure, examples of their use and
examples of the use of models for analysis of biomarker data.

Pharmacokinetics is the study and description of the processing of chemical
compounds by living organisms. The movement of compounds throughout the body
is a kinetic rather than static process. Foreign molecules and endogenous bio-
molecules exhibit, like all other molecules in the universe, continuous motion.
Thus, the representation of the interaction of xenobiotics and biologic tissues as a
static process is an inaccurate over simplification. It is easy to imagine foreign
invaders cross membranes, floating in the blood, attaching themselves as free riding
passengers onto the surfaces of cells, organelles, and receptors. They may readily
embrace and interact with the very enzymes and molecules that maintain life itself.

0097—-6156/94/0542—0264$06.00/0
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More specifically, pharmacokinetics describes the time course disposition
of a xenobiotic, its biotransformed products, and its interactive products within the
body. It includes a description of the compound's absorption across the portals of
entry, transport and distribution throughout the body, biotransformation by
metabolic processes, interaction with biomolecules, and eventual elimination from
the body.

There are two general ways to use pharmacokinetic (PK) analyses. First,
they can be used for forward analysis. For forward analysis the risk assessor uses
exposure data to calculate meaningful measures of dose. Second, the assessor can
apply PK analysis to reconstruct dose from biomarkers of exposure. ~ There are
several ways to do such analyses but pharmacokinetic models are the emerging
technique of choice. These models include a series of mass balance equations that
describe the total disposition of the xenobiotic within the body. These models are
formulated in as a complex or simple fashion as the data allow or demand and then
set up and solved on computers.

Two types of models can be used. Classical models have been traditionally
used in clinical situations to help optimize therapeutic doses. These depend on rate
constants describing the transfer of xenobiotics usually between one and two
arbitrary compartments. Although simple mathematical manipulation shows the
rate constants to be meaningfully related to actual physiologic and thermodynamic
parameters, the utility of the classical models tend to be better suited for descriptive
rather than predictive purposes. While useful for optimizing therapeutic doses, they
do not lend themselves easily for interspecies extrapolations of dose. Because these
classical models tend to describe the body as one or two compartments, many
physiologic and metabolic process are implicitly lumped together. As stated, the
intercompartmental rate constants for transfer can be mathematically shown to have
physiologic meaning. However, because of this implicit lumping, the models only
fit the actual data when the rate constants are adjusted from their theoretical
mathematically derived values. As a result, their actual value can no longer be
exactly predicted from actual physiologic and thermodynamic properties. When
clinical or environmental conditions and the exposed species change, the rate
constants must be readjusted to fit the new data. New data sets are needed for each
perturbation of the environmental and exposure conditions.

The second type, termed physiologically based pharmacokinetic (PBPK)
models tend to be a more direct and accurate description of the actual anatomy and
physiology and represent many of the body's actual organs and tissues. These
models lend themselves to being better predictors of target level dose within and
between species. These models have parameters that are actual physiologic
constants such as blood flows, organ volumes, and metabolic rates. Although curve
fitting routines are sometimes used to find values for constants that are chemical
and experiment specific, values of many of the constants such as blood flow are
learned from known biological data, allometric extrapolation, or independent
experiments. As such, the models can be adjusted to predict for different species
and for widely different exposure regimens. Frequently, the models are formulated
in conjunction with experimental data for the chemical of interest. Based on these
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data, other experiments, other biological data, and sometimes allometric scaling,
the model can be reformulated to apply to humans exposed under various scenarios
of interest. It is because of this flexibility that physiologic models are being
increasingly used in exposure and risk assessments. Many physiologic processes are
non-linear and the characteristics of these non-linear processes may differ between
dose levels and between species. Basically the physiologic models enable the risk
assessor to account, quantitatively, for differences in pharmacokinetics that occur
between different species, dose levels, and exposure regimens.

The risk assessor often extrapolates from high dose animal experiments to
low dose human exposure conditions. Understanding and quantifying the
pharmacokinetic non-linearities can greatly reduce some uncertainties associated
with this extrapolation process. It is important to note that differences in incidence
of pathology between species and even individuals is probably due to more than just
pharmacokinetic differences. Different organisms have different repair
mechanisms, immuno-surveillance, cell numbers, and sensitivities. However
quantifying pharmacokinetic differences reduces at least some of the uncertainties
that exist with most assessments.

MODEL REPRESENTATION

Figure 1 shows a typical diagrammatic representation of a physiologically based
pharmacokinetic (PBPK) model which describes disposition into several body
organs. Foreign substances such as pesticides and other agricultural chemicals can
be introduced into the body through the respiratory system, gastrointestinal system,
and the skin. Each of these portals of entry has its own unique properties and is
described accordingly. The foreign substance is delivered to each of the body's
organs via the arterial blood flow. This, of course, is analogous to the delivery of
oxygen. Blood leaving each organ enters the venous blood and returns to the heart
where it is pumped to the lungs. Here exchange occurs with alveolar air that is a
mixture of pulmonary air and environmental air. It is this environmental air that
may contain the foreign substances. At this point such substances may cross the
pulmonary membranes into the blood to enter the arterial blood and thus to the
various organs inside the body. It should also be noted that the pulmonary mem-
brane is a possible route of elimination to the environment, especially for volatile
compounds, which are in the blood. This would be analogous to the elimination
process for carbon dioxide.

Although the physical and chemical nature of the substances may differ as
do the exact micro-physiologic processes, similar access to the body can be gained
through transmembrane passage at the other portals of entry. It should be noted
however that for the case of the skin, the foreign substance enters venous blood and
must be circulated through the right side of the heart and the lungs before entering
the arterial portion of the circulation. Only after passing into the arterial blood
does it become available for transcapillary passage into the body's organs and
tissues. Thus it is possible that some materials, depending upon their physical
properties, may be partially eliminated from the body before becoming available
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Figure 1: Diagramatic representation of organ level physiologically based
pharmacokinetic model
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to the arterial circulation. Similarly for the gastrointestinal system, absorbed
substances enter the venous circulation. In this case however, they must first pass
through the liver via the portal vein, before entering the general systemic venous
flow leading to the heart, lungs, and arterial blood. As result, biotransformation
of the xenobiotic to more or less active products may occur to some extent even
before the substance has become first available to the other organs via the arterial
circulation. This is known as the "first pass effect” described in the pharmacology
literature.

Each of the body's organs can extract some chemical from the blood with
each pass of blood. Obviously, the concentration of a chemical in an organ is the
difference between the concentration of the entering arterial blood and the exiting
venous blood. This typical model depicts each organ as a homogeneous collection
of tissues, with the chemical quickly passing into the organ and achieving equilibri-
um within all elements of the organ. The two assumptions inherent in this descrip-
tion are the perfusion limited and well-stirred assumptions. Perfusion limitation
simply means that the rate limiting step (or slowest) of the process is delivery by
the blood flow. That is, the passage of the chemical across the membranes into the
organ is rapid compared to the perfusion rate of the blood. The well stirred
assumption implies that the chemical distributes homogeneously within an organ.
While these assumptions generally result in adequate models, alternate structures
can be described if biologic information so warrants. Such models are described
elsewhere (1-2)..

Any physiologic process affecting the chemical, such as biotransformation,
can be accounted for in any of these models. Further, if the toxic chemical of
interest is a product of such biotransformation it can also be incorporated into the
model.

MATHEMATICAL DESCRIPTION

Mathematically, these models consist of mass balance equations that account for all
of the mass of the substance or substances of interest. In the typical physiologic
models, as depicted here, the equations are ordinary differential equations. Many
have no obvious analytic solutions and are solved by numerical methods.

The following equation is an example of one description at one portal of
entry, the skin:

dC,  PA(Cs,~Cs/Rs,) + 04(Cape - Cs/Rs)

- su a (1)
dt Vg

V,: Volume of dermal portion of skin in area of absorption

dC,/dt: Rate of change of concentration of chemical in dermis in area of absorption

P: Permeation coefficient for substance across skin in cm/time
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A: Area of absorption on skin in (CM?)

Cu: Concentration of substance of surface of skin

C.: Concentration of substance in dermis at area of absorption

Cae Concentration of substance in arterial blood

Re: Partition coefficient between skin surface and exposure medium
R,: Partition coefficient between skin and blood

The integral of the above equation over time results in the instantaneous
concentration. The left side of Equation 1 is the rate of change of the concentration
within the skin. The first term in the numerator of the right side describes the
diffusion of the chemical from the skin surface into the dermis of the skin. This
term actually describes the transport process at the environment to body interface.
The second term in the numerator of the right side of Equation 1 describes the
removal of the substance from the dermis by the circulating blood. This term
describes the movement of the chemical from the interface (skin) to the rest of the
body via the blood stream. Hence, it represents the "exposure" component for the
internal body organs. This equation assumes no loss of substance to the
atmosphere. If such loss occurs suitable terms would be added to the system of
equations. It should also be noted that the permeation coefficient is usually a
steady-state parameter. That is, it is derived from in-vitro experiments under
steady-state conditions. Suitable corrections can be made for the dynamic nature
of the transport process for the non steady-state conditions usually occuring in-vivo.
One might expect that for some substances the permeation rate changes with time
and might, for example, result in a lag time during the early exposure phase.

A typical description for entry via the lungs, at least for chemicals which
reach rapid equilibrium between alveolar air and blood and for which no storage
is assumed to occur in the lungs, follows (3-5):

QAvainhdt + thvandt = Qalvcalvdt + thartdt 2
(2)

(Ref:5)

Q,.:Alveolar ventilation flow

Ci.n:Concentration of chemical in inhaled air

dt:time interval

Q.:Total Blood Flow; C,.:Concentration of chemical in arterial blood

C....Concentration of chemical in venous blood; C,,:Concentration of chemical in alveolar air

Basically this equation describes the conservation of mass within the lung. The left
side of equation 2 represents the amount of chemical entering the lung from both
the inhalation of contaminated environmental air and from the systemic venous
return of blood from the body's organs. The right side of equation 2 represents the
amount of chemical leaving the lung by exhalation and by the circulating arterial
blood that carries the chemical to the rest of the body. Equilibrium between
alveolar air and pulmonary blood is assumed and described according to:
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G = —art (3)

alv

With the relationship described in equation 3 and with algebraic manipulation
equation 2 can be transformed to:
= (Qalvcinh + Qccven)
Catl.' -
0, (4)
(O + ?)

It should be noted that with this description it is assumed that alveolar
ventilation is continuous rather than cyclic. The lungs are depicted as a large
mixing tank into which environmentally contaminated air and material from the
blood is mixed with existing pulmonary air. This continuous ventilation assumption
is not necessarily physiologically accurate, but for many chemicals under typical
exposure conditions the error introduced is relatively minor. For other cases, such
as when concentration in the inhaled air is low or for chemicals that do not readily
pass into the blood, the lung can be described in more exact and physiologic terms.
In such cases the lungs can be subdivided into various dead space compartments
and the ventilation described according to various oscillating patterns (6).

Gastrointestinal absorption is also described by mass balance equations.
There are varying descriptions based on physiology and the characteristics of the
particular exposure situation (7-8).

As previously discussed, a typical organ level representation assumes rapid
equilibrium between tissue and the venous outflow blood from that tissue and that
the organ is well stirred. The mathematical description for an organ under these
assumptions is:

dc; - 0; (Care = Cui)
dt V; ()

1

Vi:Volume of organ, i

Ci:Concentration of chemical in organ, i

t:time

Q;:Blood flow to organ, i

C.:Concentration of chemical in arterial blood
C.::Concentration of chemical in venous blood leaving organ, i
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Equation 5 means that the rate of change of concentration of a chemical in organ
i (left side of equation), is equal to the difference between the concentration in the
incoming arterial blood and the outflowing venous blood of organ i (right side of
equation). The equilibrium assumption is represented by:

i =R, (6)

which when transformed and substituted equation 5 results in:

(7

C,
0; (Care—=2)
dci . 1 art Rj

de 7

These organ specific equations, with their limiting assumptions already
described, are derived from equations that describe the transport processes within
the various organ subcompartments. In such more detailed descriptions the organs
are divided into three separate regions. Chemical is depicted as passing first into
the organ's blood volume as a result of of some of the blood flow being shunted
from the main arteries into the local capillaries. The flow through the capillaries
is much slower than the main arterial flow. As capillaries fill more and more open
and receive the toxin containing blood from the main arterial suppy. The blood in
the open capillaries can be thought of as a supply pool for the tissues of the organ.
Toxin then diffuses from this capillary blood compartment into the extracellular
fluid of the organ. Toxin next diffuses from this extracellular compartment across
the cell membranes and into the intracellular compartment. Often, the diffusion
across the capillary membrane is assumed to be very rapid and the three sub-
compartments are lumped into one "organ" compartment. Equations 5, 6, and 7
describe such a lumped organ. A more explicit description of the mathematical
derivation of Equations 5 and 7 from these more physiologically accurate
representations can be found elsewhere (2, 9).

MODEL SOLUTION

Given the advanced computer hardware and software now available numerical
integration is often the method of choice for solution of such PBPK models.

Traditionally the integration was performed by using a variety of approaches such
as the trapezoidal or Newton's methods. With today's more advanced
computational methods a variety of more sophisticated approaches are employed.
They simultaneously solve the differential equation (dy/dt) at various increments of
the independent variable (dt). A record of the solved values of the change in the
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dependent variable (dy) is maintained, and the area under the curve of dependent
variable (dy) with respect to the independent variable (dt) is the solution for the
value of the dependent variable (y). The key for success is to have the solution
program choose an appropriate increment or step size (dt) for the independent
variable (t). Making the step too large results in inaccurate results while making
it too small is inefficient and time consuming.

The commonly used numerical integrators can be placed into two general
categories. As their name implies, the fixed step integrators have a predetermined
step size throughout the process. For many equations the only way to assure
accuracy is to have the solver take very small steps at the cost of computational
efficiency. Variable step integrators have a changing step size throughout the
course of the integration. Step size changes according to the results of sequential
solutions steps. The step size is set in relation to the calculated eigenvalues. Thus,
small step sizes are taken when calculating for a rapidly changing component and
larger steps when a rapidly changing component is nonexistent or insignificant.
This makes these methods suited for solving stiff ordinary differential equations.

Stiff conditions can be described by specific mathematical characteristics,
such as certain eigenvalues. One practical example of stiff conditions is if one
variable's value is changing rapidly while another is changing slowly with respect
to the independent variable. Conditions may also be stiff if within one equation the
dependent variable changes very rapidly at one value of the independent variable
and changes slowly at another value of the independent variable.

The most widely noted method employed to solve stiff differential equations
is that of Gear (10). There are others such as the Lawrence Livermore Solver of
Ordinary Differential Equations (LSODE) (11) that somewhat modify Gear's
approach. Typically the various methods are now found in libraries that can be
called upon as subroutines in Fortran or other computational language programs.

In recent years specialized simulation languages have been developed.
These often incorporate a translator and compiler into one package. They also
contain their own libraries with various mathematical capabilities including various
differential equation solvers and statistical routines. Often, these allow for
laboratory or monitored data to be used with the model for parameter estimation
and optimization. Most also include routines for sophisticated graphical output of
results. Examples of such languages include Simusolv and Adapt that are Fortran
based and ScopeFit based in C-language.

Future developments will most probably evolve along two fronts. One will
continue to depend upon numerical solutions. Improvements can be expected in the
mathematical approximation techniques, parameter estimation routines (including
the ability to easily take population variances into account), and uncertainty
analysis. As model structures become more complex more powerful computational
capabilities will be necessary. In some case super computers will be the hardware
of choice. The second major approach will be to make new strides in developing
more exact and efficient alternatives to numerical solution techniques. Quasi-
analytical solutions using re-cursive techniques may be possible for some models
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or for at least models under certain environmental conditions. It would be expected
that these methods will lend themselves to parallel computing approaches.

EXAMPLE

Example 1 Toxification from Metabolism An illustrative PBPK model,
depicted in Figure 2, pictures the body as consisting of several compartments.
Metabolism occurs in the liver and other vessel rich compartments. This model is
similar to one developed by Hattis and Wasson (12) for butadiene. The model is
being used here for hypothetical chemicals in the mixture. As described, PBPK
models use physiologic and thermodynamic parameters. Organ volumes, blood
flows, and metabolic rate constants are determined and become part of the model.
Additional parameters, such as partition coefficients, are thermodynamic and may
also be chemical specific. For actual use, appropriate thermodynamic and
biochemical parameters must be determined for each of the chemicals. Realistic
values for blood flows to and volumes of each organ were used. The partition
coefficients and metabolic rate constants were arbitrarily chosen for illustrative
purposes. This model was solved by using SIMUSOLYV (Licensed to EPA by the
Dow Chemical and Mitchell and Gauthier Companies and housed on one of EPA's
VAX 8650 computers at the National Computing Center in Research Triangle Park,
North Carolina)

For the purposes of illustration the following assumptions were made:

1: The mixture contains three potentially toxic chemicals that might
occur in a mixture of pesticides, herbicides and other agricultural
chemicals

2: The pharmacokinetics of each chemical are independent of the other

3: The metabolic pathways for each are saturable at different levels and
exhibit different rates

4: Each has its own characteristic chemical and physical properties and
thus partitions differently into the blood and the various tissues

5: The risk of each is directly related to the amount of chemical
biotransformed by internal metabolic pathways

6: The risk resulting from each chemical is equal on a molar basis

7: Exposure is via inhalation only

Any or all these assumptions can be changed depending upon the actual chemicals
in an exposure scenario. These were chosen for the purposes of illustration.
The following are the characteristics of the chemicals in this hypothetical mixture:
Component One not readily absorbed but efficiently metabolized once
absorbed.
Component Two not readily absorbed or metabolized, but that which
is absorbed readily dissolves in fatty tissues. ‘
Component Three  readily absorbed and efficiently metabolized.
Two exposure scenarios were compared. People could either be exposed
for 30 days continuously or for two eight-hour bursts during the 30-day period.
The total concentration X time of exposure was the same. For this example the
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concentration for each chemical was equal to 0.00089 mmoles/Liter for the
continuous exposure and to 0.04 mmoles/Liter for the intermittent exposure. Both
resulted in 0.02 (mmole/L)*(day) over the 30-day period. Figures 3 through 5
show the results of one simulation. The exposure was simulated to occur over 30
days or 720 hours. The simulation was continued for 30 days beyond the exposure
period (for a total or 60 days or 1440 hours). Exposure was either continuous or
intermittent. The intermittent exposure simulated, as discussed previously, two
eight-hour periods occurring on the first and fifteenth day of the exposure window.

Figure 3 shows that for component one, the intermittent exposure regimen
results in a greater effective dose, as measured by the amount of material
metabolized, over the 30-day exposure window. Note from the plateau on both
profiles that once exposure has ceased no further metabolism occurred.

Figure 4, showing the profile for component 2, suggests that the continuous
exposure results in greater effective dose than intermittent. Remember that this
component is only poorly absorbed and metabolized. Thus, comparatively little
material enters the body and is metabolized in the short eight hour exposure bursts
of the intermittent scenario. Also, some toxic endpoints exhibit threshold behavior
(as some noncancer endpoints do). Assume for discussion that this threshold is
reached at eight mmoles of metabolite formed. Then, in this intermittent exposure
scenario, the amount of toxin formed through metabolism would not exceed this
threshold while it would for the continuous exposure.

Figure 5 shows the profile for component three. The results here are
similar to those for component one. However the difference between the two
exposure patterns is greater than for component one. For component three the
intermittent exposure pattern results in a greater increase in the effective dose than
it does for component one. This occurs because of greater metabolic capability for
this compound than for the others. Also, note that the amount metabolized under
either exposure condition is greater than for the other two components. This is
due to the greater metabolic capability and to the more efficient absorption for this
compound.

Table 1 summarizes the findings for the amount metabolized of the three
components. Inspection of this Table reveals that for components one and three the
intermittent exposure scenario results in slightly more effective doses (and
presumably greater risk from that component) than the continuous exposure. For
component two, on the other hand, the opposite is true. There is a fivefold
reduction in effective dose produced (under the assumptions used here) for the
intermittent exposure scenario compared to the continuous exposure scenario.

The last row of the table shows the results of adding the effective doses of
all three components. Under most practical circumstances this would not be
appropriate. To determine risk estimates, dose response functions for each
component would be used and estimates of risk for each component would thus be
derived. Then the two scenarios would be compared. However it should be
recalled that here it was assumed for simplicity that each of the components
produced equal risk on a molar basis; the effective doses have been added to arrive
at some estimate of total effective dose. From this it can be observed that in this
case the intermittent scenario produces more effective doses than the continuous.
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Figure 2: Physiologically based pharmacokinetic model used for this illustration
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Figure 3: Model results for the amount metabolized after exposures to
component one in the hypothetical mixture
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Figure 4: Model results for the amount metabolized after exposures to
component two in the hypothetical mixture

COMPONENT THREE
300 T v : Y T T T

250 + r E

¥

200 1
I

150 4

100 A CONT, EXPOSURE

so 4 -

0 i + + + + + t
0 200 400 600 800 1000 1200 1400 1600

TIME (HOURS)

AMOUNT METABOLIZED (MMOLES)

Figure 5: Model results for the amount metabolized after exposures to
component three in the hypothetical mixture
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Example 2 - Biomarker In some cases because of the paucity of data regarding
parameters or the nature of the distribution of the compound within the body a
simpler representation of the body is warranted. This may prove to be especially
true when biomarker data in the form of body burden or urinary metabolites are
used for exposure analysis. Given the mathematical complexity involved in reverse
calculation (calculating exposure from internal biomarkers) and the complex
physiology often involved, complex, albeit representative models, may not always
be practical. In fact, they may often result in models which cannot be used because
of lack of knowledge regarding key parameters. In other cases they may be over
parametized and one has little confidence in the resultant calculations. Thus,
depending upon the nature of the toxin and the information desired more compact
lumped models can sometimes be used. The second model depicted here is such
an example. The body is described as having three pertinent compartments, the
blood, the fat, and the remainder of the body called "the body." This model,
which might apply for substances, such as the large organochlorine molecules,
which have a significant tendency to partition in the fat. A simple model used here
assumes such partitioning into fat, steady-state intakes (as might be expected to
have occurred with some pesticides such as DDT), and linear elimination kinetics.
With these assumptions the following equations describe the model:

o
Q,,[C - b°] - K(C,) +D
dc,, _ ™ (® R b (8)
dt Veo
o
dc, O (CB - ‘R':T] ®

qaE v

C o
Qr (Ri] + Qg (RE] = CplQr + Q) (10

F bo

qt v,

Cgo: Concentration of toxin in body compartment
Qgo: Blood flow to body compartment

Cg:  Concentration of toxin in blood

K:  Clearance of toxin from body

D: Dosing term or function of toxin into body
Vgo: Volume of body compartment

Cq:  Concentration of toxin in fat

Q;: Blood flow to fat

Rgo: Partition coefficient between body compartment and blood
Rg:  Partition coefficient between fat and blood
Ve Volume of fat

Vg: Volume of blood
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The clearance term K, in Equation 8 is, for this case, written as a first order
elimination rate. Clearance can also follow other types of kinetics including such
mixed-order types as Michaelis-Menten. The K term would be replaced by an
appropriate expression for those cases. Likewise the D, or dosing term, in
Equation 8 can be replaced by different expressions, depending upon the nature of
the dosing and absorption processes. In this example, for the sake of simplicity,
clearance has been assumed to be a first order-process and dosing to be a simple
zero-order process.

The model is used here to determine daily dose from blood lipid or adipose
tissue data. Several assumptions are made for this example. First, the compound
is fat soluble and the partitioning between fat and blood is known and is constant
along the concentration range of interest. Second, the elimination kinetics are first
order and the dosing kinetics are zero order. Third, the compound partitions
similarly in the remaining tissues of the body (other than fat and blood). Fourth,
the biological half-life of this compound is in the order of several years. Fifth, the
dosing is at some steady-state, that is, the dosing of this compound can be modeled
as occurring consistently over the exposure period. Such dosing might result from
the wide contamination of many common food products eaten on a regular basis.
The model can be modified to account for alterations in any of these assumptions.
This particular set of assumptions is chosen for this example mainly for the sake
of brevity. It should also be noted that the structure of this model simply tracks
the parent compound rather than any metabolite. It is used here for analysis of
biomonitoring data rather than for target dose assessment.

The model can be applied to determine dose under the above assumptions
from biomonitored data. Values for the partition coefficients are determined in the
laboratory or taken from published literature sources. The value for the clearance
term (K) is determined from monitoring data. For many compounds half-lives are
known as are body burden levels (including adipose or blood lipid levels). The
initial conditions of the model are then set to those body burden levels and the
dosing term or function is set to zero. The value of K is then optimized to result
in a half-life which agrees with the published or monitored data. Appropriate
analyses can also be incorporated to account for population variance in the
parameters.

Levels in blood or fat tissues are considered as the biomarker. Monitoring
adipose tissue levels is inconvenient, however blood lipid levels for many
compounds correspond well with levels in adipose tissues (Schecter 1991).
Concentrations in whole blood can also be used, however these are often too low
for measurement. Figure 6 shows the concentration profile in the fat (CF) and the
body (CBO) of the pesticide "X" after a daily dose of 0.5 ng/kg body weight/day.
It should be noted that the model is written to account for growth of the individual
from birth to the 20" year (3.2 kg at birth growing to 77 kg at age 20 and
remaining at 77 kg until age 70).

Under the assumptions outlined above the model is used to optimize dose
against monitored levels in either the whole blood, blood lipid, or adipose tissue.
Table 2 summarizes the results for such optimizations at various monitored
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Table 1. Amount Metabolized as a Result of Different Exposure Conditions

COMPONENT CONTINUOUS INTERMITTENT RATION OF
EXPOSURE -~ EXPOSURE -- INTERMITTENT
AMOUNT AMOUNT TO CONTINUOUS
METABOLIZED METABOLIZED -- AMOUNT

METABOLIZED

ONE 86.39 106.13 1.19

TWO 21.28 4.36 0.20

THREE 168.29 260.84 1.55

SUM OF 275.96 368.33 1.33

1, 2,

o

o

o
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Figure 6: Model fit to steady-state data for determination of daily intake
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concentrations in the blood lipid or adipose tissue for pesticide "X." The adipose
tissue concentrations were assumed to be monitored at steady-state levels (plateau
region on Figure 6).

As an alternative, monitoring can be repeated at various time points. The
monitoring strategy should be carefully designed to assure that several points are
taken along the steep non steady-state portion of the curve. Monitoring along the
steady-state portion of the curve need only be repeated to assure that steady-state
is being maintained. The model is then optimized in reference to the monitored
data to estimate daily dose. Figure 7 shows the results of such an analysis for
pesticide "X", where the biological half-life was set at a value slightly greater than
6 years. The optimized daily intake from these "data" was 0.55 ng/kg/d. This
value is similar to that obtained from the case where only steady-state data were
available (see Figure 6). A second optimization scenario was performed with
several more data points added, and with the half-life varying between 4 and 7
years. The results are shown in Figure 8. In this case the resultant daily intake
was 0.82 ng/kg/d. and the optimal half-life was slightly greater than 4 years.
Close inspection of Figure 8 reveals that the fit to data in the early phase is
improved when more data are collected and used . The fit to the plateau (steady-
state) levels was most probably improved by allowing the half-life to vary to as
short as > 4 years (compared to > 6 year value used in Figures 6 and 7). This
type of analysis has revealed that given a half-life of > 6 years the current model
overpredicts the steady-state fat levels. Further analysis were performed varying
other key parameters (partition coefficients and compartment volumes). Results
showed little or no improvement in the fit. In fact, any improved fit to steady-state
levels came at the expense reduced agreement for the rising phase. From this
rather simple analysis it is quickly realized that the model is very sensitive to the
elimination rate (derived from the half-life). Thus, in an actual monitoring
situation studies would be designed for its accurate determination.

With results such as these how is one to determine the actual daily intake?
If the half-life is clearly and confidently determined as being in the 6 year range,
one must assume that the daily intake is nearly equal to 0.55 ng/kg/d. That the
model slightly ill-fits the data (Figure 7) indicates that elimination might be better
described some type of mixed kinetics such as the Michaelis Menten form. More
probable however, is that half-life determinations vary somewhat and the 4 to 6
year range chosen here (with the shorter value resulting in the fit observed in
Figure 8) is not unreasonable. Thus, one might conclude that the average daily
dose for the data set monitored is between 0.55 and 0.82 ng/kg/d.

SUMMARY AND CONCLUSION

PBPK models are useful for examining the impact that different exposure scenarios
have on the amount of effective (presumably the toxic dose) which is available to
critical organs and tissues. This approach can be used even for mixtures of two or
more agricultural chemicals that can separately cause toxicity. With proper
knowledge of metabolism and other physiologic processes for a particular chemical,

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch016

September 9, 2012 | http://pubs.acs.org

16. BLANCATO & SALEH  Physiologically Based Pharmacokinetic Models 281

Table 2. Adipose Tissue Concentration after Three Different Daily Doses
L

Adipose tissue or Daily dose
blood lipid (ng/kg/d)
concentration

(ng/g)

4.0 0.25

8.0 0.50

11.0 0.68
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Figure 7: Model fit to non and steady-state data for determination of daily
intake, fixed half-life
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Figure 8: Model fit to non and steady-state data for determination of daily
intake, varying half-life

pharmacokinetic interactions between the components of the mixture can also be
accounted for by these types of models.

The demonstrations presented in this chapter were deliberately simplified for
the sake of brevity. One example demonstrated the use of PBPK models to
determine target level dose, an important function for helping perform rational risk
assessments. The second example demonstrated the use of lower resolution model
(only three compartments) to estimate daily intake (total body dose) from
biomonitoring data. Due to the nature of such problems unique solutions may not
always result, particularly when numerical solution techniques are employed.
Analytic or quasi-analytic solutions which are generally more exact may have to be
employed for this purpose. The reader is referred to the Chapter by Brown in this
volume for greater detail on such solution techniques.

Computers and advanced computational techniques offer the ability to solve
models that are highly descriptive of the complex biologic process within the body.
Thus, it is hoped that more rational and reliable estimates of dose and eventually
risk may be made.
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Chapter 17

Prediction of Anticholinesterase Activity
and Urinary Metabolites of Isofenphos

Use of a Percutaneous Physiologically Based
Pharmacokinetic—Physiologically Based Pharmacodynamic
Model

J. B. Knaak'2, M. A. Al-Bayati®, O. G. Raabe?3, and Jerry N. Blancato*

10Occidental Chemical Corporation, 360 Rainbow Boulevard South, Niagara
Falls, NY 143020728
2Department of Biochemistry and Toxicology and 3Institute of Toxicology
and Environmental Health, University of California, Davis, CA 95616
“Exposure Assessment Research Division, Environmental Monitoring
Systems Laboratory, U.S. Environmental Protection Agency, P.O. Box
93478, Las Vegas, NV 891933478

An isofenphos percutaneous PBPK/PBPD model was developed
to predict metabolite concentrations in tissues and the inhibition
of tissue esterases. Rat V,,, and K, values for the metabolism
of isofenphos to des N-isopropyl ison}enphos, isofenphos-oxon,
and des N-isopropyl isofenphos oxon (DNIO) by liver
microsomal P-450 enzymes were used in the PBPK portion of the
model along with estimated partition coefficients for isofenphos
and metabolites between liver, fat, brain, kidney, skin, vessel
rich group, vessel poor group, and blood. In the PBPD portion of
the model, the bimolecular rate constants for the phosphorylation
of brain and blood acetylcholinesterase (AChE), and liver, blood,
and brain carboxylesterases and butyrylcholinesterases by DNIO
were used to predict their inhibition. Model mass balance data
provided summary information on the relationship between
topically applied isofenphos and exposure biomarkers such as
urinary monoethylphosphate, 2-hydroxy hippuric acid, and
inhibited blood enzymes.

Isofenphos, 1-methylethyl 2-[[ethoxy[(1-methylethyl)-amino]phosphinothioyl]
oxy]benzoate, was developed and sold by Mobay Chemical Corp., Kansas City,
Mo. as a 3% granular formulation under the tradename Oftanol for turf insect
(white grubs, cinch bugs, sod webworms) and termite control. Isofenphos is
metabolized to des N-isopropyl isofenphos oxon (DNIQ), an inhibitor of
acetylcholinesterase (AChE) and neurotoxic esterase (NTE)(1). Knaak et al.(2)
studied the percutaneous absorption of isofenphos in the rat because the use of
Oftanol on turf grass resulted in small quantities being transferred to the skin of
individuals in contact with treated turf and soil(3).
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This paper describes work performed in the development of a physiologically
based pharmacokinetic/pharmacodynamic (PBPK/PBPD) model relating the
percutaneous absorption and metabolism of isofenphos in the rat to inhibition of
acetylcholinesterase (AChE), butyrylcholinesterase (BuChE), and
carboxylesterase (CaE) in blood, brain, and liver, for the purpose of predicting
urinary metabolites and anticholinesterase activity in exposed workers when the
model is completed and validated.

DEVELOPMENT OF A PBPK/PBPD MODEL FOR ISOFENPHOS

Model. The percutaneous PBPK/PBPD dosimetry model given in Figure 1
consists of tissue compartments, total cardiac flow, and those to fat, liver,
brain, kidney, vessel rich group, and vessel poor group. Concentrations, C, are
those in the arterial blood, venous blood, and in the venous blood leaving the
tissues. The venous blood concentrations are dependent on the chemical
concentrations in the tissues, and the tissue/blood partition coefficients.
Removal of isofenphos and metabolites from the liver is described kinetically by
Vmax, and the Michaelis constant, Ky, while the inhibition of tissue CaE,
BuChE and AChE by DNIO is described by bimolecular rate constants.
SimuSolv/ACSL (Dow Chemical/Mitchell and Gauthier Associates, Inc.) on a
DEC VAX/VMS system was used to run the model.

Physiological Parameters. Physiological parameters compiled by Arms and
Travis and published by EPA were used (4).

Time Course Data, Skin Permeability, and Metabolism in the rat.
Pharmacokinetic data on the percutaneous absorption of 14C-ring labeled
isofenphos was obtained from the study of Knaak et al.(2). On day one of
treatment, 1120 ug (3.2 x 106 pmoles) of ring labeled isofenphos dissolved in
0.2 ml of acetone was topically g))plied to 12 cm2 of clipped skin. Time-course
recovery data was obtained for 14C-isofenphos equivalents in urine, feces,
carcass, skin, plasma, liver, heart, kidney, fat, GI tract, and brain. The skin
permeability constant, Kp, was estimated to be 0.0066 cm hrl.

Ring labeled isofenphos (IF) was metabolized by the rat and excreted in urine
primarily as 2-hydroxy hippuric acid (glycine conjugate of 2-hydroxy benzoic
acid) along with small amounts of three intact organophosphorus compounds
believed to be carboxylic acids of isofenphos (IF), des N-isopropyl isofenphos
(DNI), isofenphos oxon (I0), and des N-isopropyl isofenphos oxon (DNIO) or
their glycine conjugates (2). Figure 2 gives the chromatographic profiles of
urinary metabolites from orally administered 14C-ring and 3H-ethy! labeled
isofenphos on a 250 x 10 mm SynChropak AX100 weak anion exchange
column, using 0.5M Tris/HCL buffer, pH 8.0, as the eluting solvent. The
radiolabeled metabolites were detected using a Radiomatic Flo-One/Beta
detector. Monoethylphosphate, O-ethythiophosphate, and 2-hydroxy hippuric
acid chromatographed as shown in Figure 2.

Enzymes and Metabolic Pathway. Isolated rat liver P-450 enzymes fortified
with NADPH metabolized IF to IO, DNI, and DNIO as shown in Figure 3 (3).
DNI and DNIO are believed to be hydrolyzed by A-esterases to isopropyl
salicylate, O-ethyl aminophosphate, and O-ethyl aminothiophosphate or
decarboxylated to give O-ethyl O-2-carboxylic acid phenyl
phosphoroamidothioate (DNIA) and O-ethyl O-2-carboxylic acid phenyl
phosphoramidate (DNIOA). Isopropyl salicylate was decarboxylated to give 2-
hydroxy benzoic acid. The free carboxylic acids are believed to be conjugated
with glycine prior to elimination. The metabolic pathway shown in Figure 3 was
used to develop the PBPK/PBPD model.
In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch017

September 14, 2012 | http://pubs.acs.org

ARTERIAL BLOOD

286 BIOMARKERS OF HUMAN EXPOSURE TO PESTICIDES

oC. CA oc, Cv oc, Cv oc, Cv oc, Cv oc, Cv oc, Cv
Lungs CACKE,
B.CrE
Air Loss Air Loss Air Loss Air Loss Air Loss Air Loss
e R e FI R b
- 4] cvse cvs D cvse rl cve ] cvse
Skin r
RAM 12
o [=]
Osr CVen § Cver g Cver g Cvenr § CVen S+ CVer S
rol A |
8 & 3 egE |3 sj &
v 1% v . w w v
2 2 2 2 2 2
0r Fot Cvr 4 Cve e Cvr el Cvr 2 Cvr = Cve ,_%
S S Y g H >
0s polonly | Cvs | |_cvs cvs Cvs JLo|_cvs 1| _cvs
Orgons
On poptdly, Cva I _cva | |_cva J'. CVa Cva J Cva
Orgons
= —] -ByCnE,
C.E
O Liver CVu CVe CVu Cve Pa CVe CVu
v
RAM 6
RAM 4 >
RAM 5
RAM 3
RAM |
RAM 2
CVx __Cve ] Cvx Cvx
= Kidney L L [[ lnm 10 T |RaM_71113 T [RaM 8 RAM 9
URINA‘IH URINARY URINARY URINARY
METABOLITES METABOLITES METABOLITES  METABOLITES
PASS:  ISOFENPHOS (D 10 2 DNI (3 DNIO (4) DNIA (5) DNIOA (6)

Figure 1. Percutaneous absorption: Physiologically based pharmacokinetic
model. Pass 1, IF to DNI and IO; Pass 2, 10 to DNIO; Pass 3, DNI to
DNIO, DNIA, O-ethylaminothiophosphate and isopropyl salicylate; Pass 4,
DNIO to DNIOA, O-ethylaminophosphate, and isopropy! salicylate;
phosphorylation of AChE, BuChE, and CaE by DNIO; Pass 5, DNIA to
DNIG; Pass 6, DNIOA to DNIOG.
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Figure 2. Ign Exchange Chromatography of Rat Urin nary 1 Metabolites of 3H-
ethyl and 1#C-ring labeled Isofenphos. dashed line, 14C-ring labeled
metabolites; solid line, H—ethyl labeled metabohtes standards: 15 min.,
monoethylphosphate 16 min., O—ethylthlophosphate 27 min., 2-hydroxy
hippuric acid.
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Figure 3. Metabolism of Isofenphos by the Rat. IF, isofenphos; 10,
isofenphos oxon, DNI, des N-isopropyl isofenphos; DNIO, des N-isopropyl
isofenphos oxon, IPS, isopropyl salicylate; AP1, O-ethylaminophosphate;
AP2, O-ethylaminothiophosphate, DNIA, O-ethyl O-2-carboxylic acid
phenyl phosphoroamidothioate, DNIOA, O-ethyl O-2-carboxylic acid phenyl
phosphoramidate, DNIG, glycine conjugate of DNIA; DNIOG, glycine
conjugate of DNIOA

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.


file:///RAM5

Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch017

September 14, 2012 | http://pubs.acs.org

17. KNAAKET AL.  Anticholinesterase Activity of Isofenphos 289

Knaak et al.(6) recently indicated that DNI and DNIO appeared to be
deaminated prior to being hydrolyzed by A-esterases to monoethyl phosphate
and O-ethylthiophosphate because authentic samples of these alkyl phosphates
co-chromatographed with H3-ethyl labeled urinary metabolites on a 250 x 10
mm SynChropak AX100 anion exchange column as shown in Figure 2.
According to Ueji and Tomizawa (7) IF was metabolized by a rat microsomal-
NADPH system to DNI, IO, the alkyl phosphates of IF, IO, desisopropylamino
isofenphos (O-ethyl O-2-isopropylcarbonyl phenyl hydrogen phosphorothioate),
and desisopropylamino isofenphos oxon (O-ethyl O-2-isopropylcarbonyl phenyl
hydrogen phosphate). An unidentified metabolite believed to be formed from IO
was reported by these authors. This unknown metabolite may have been DNIO.
Desisopropylamino isofenphos oxon was also identified as a metabolite of IO in
the hen by investigators at Mobay Chemical. The work by Ueji and Tomizawa
(7) and by the Mobay Chemical investigators lends support to deamination as a
metabolic pathway for IF.

Partition Coefficients. Tissue/blood partition coefficients for isofenphos_and
metabolites were estimated based on their octanol/water partition coefficients
and are listed below in Table I (2).

Table 1. Estimated Partition Coefficients used in the Model

Chemical® __ L/Bb F/B K/B Br/B A/Sk Sk/B
IF 15.0 70.0 10.0 3.5 1.6 2.0
I0 2.0 5.0 2.0 2.0
DNI 2.0 5.0 2.0 1.0
DNIO 1.2 2.0 1.2 1.0
DNIA 1.2 2.0 1.2 1.0
DNIOA 1.2 2.0 1.2 1.0

a[F, isofenphos; IO, isofenphos oxon; DNI, des N-isopropyl isofenphos; DNIO,
des N-isopropyl isofenphos oxon; DNIA, O-ethyl O-2-carboxylic acid phenyl
phosphoroamidothioate; DNIOA, O-ethyl O-2-carboxylic acid phenyl
ghosphoramidate.

L/B, Liver/Blood;F/B, Fat/Blood;K/B, Kidney/Blood;Br/B,
Brain/Blood; A/Sk, Air/Skin;Sk/B, Skin/Blood

Metabolic Enzyme Kinetics. In vitro P-450 Vmax and Ky, values for the
conversion of IF to DNI and IO and the conversion of DNI and IO to DNIO are
given in Tables II and III (5). These P-450 values were reduced to the velocities
given in Table V during modeling to fit in vivo percutaneous elimination data.
For modeling purposes, hydrolysis of DNI by A-esterases and CaE was assume
to occur only in the liver and to be saturable according to Michaelis-Menten
kinetics, while the hydrolysis of DNIO by these enzymes was assumed to be
saturable according to Michaelis-Menten kinetics and to occur only in liver,
blood, and brain. The velocities for liver CaE and A-esterases were estimated
by fitting the model to elimination data from the percutaneous study. The
addition of the reactions involving the phosphorylation of CaE, AChE, and
BuChE necessitated the addition of brain CaE and A-esterases and blood A-
esterases to the model to reduce the concentration of DNIO in these tissues.
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Table II. Rate of Isofenphos Conversion to Metabolites by Liver P-450
Enzymes?®
Desulfuration Dealkylation
Isofenphos to Isofenphos to des N-
Isofegphos Oxon Isoprgpyl Isofenphos
Species Units Vinax K, Vinax K,©
Rat 1) 66+ 2.9 14.1+1.8 17.21+0.39 9.9+0.77
2) 3,690 962
3) 137,220 35,775
4) 62.9 16.4

¥1.3 nmol of cytochrome P-450/10mI volume was incubated with isofenphos
Units 1) nmol hr™ per 130 nmol of microsomal P-450
2) nmol hr'! per gram of liver
3) nmol hr'! per kg of body weight
4) nmol hr™* per mg microsomal protein
°K , umol L™! isofenphos
NOTE: Data taken from ref. 5.

Table III.  Rate of Conversion of Isofenphos Oxon & des N-Isopropyla
Isofenphos to des N-Isopropyl Isofenphos Oxon by Liver P-450 Enzymes

Desulfuration

des N-isopropyl Isofenphos to

des N-gsopropy Iso{enphos Oxon
Species  Units Vmax Km

Dealkylation

Isofenphos Oxon to des N-
Isoprapyl Isofenphos Oxon
Vmaxabuy K’

Rat 1) 12+0.4  7.9:l1.1
2) 675
3) 25,105
4) 11.5

349+1.8 9.5+2.1
1,952

75,590

33.2

1.3 nmol of cytochrome P-450/T10ml volume was incubated with isofenphos
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pxon and des N-isopropyl isofenphos.
Units 1) nmol hr'! per 130 nmol of microsomal P-450
2) nmol hr™ per gram of liver
3) nmol hr'! per kg of body weight
4) nmol hr™* per mg microsomal protein
K umol L1 isofenphos oxon or des N-isopropyl isofenphos
NOTE: Data taken from ref. 5.

Table IV. Rate of Inhibition of AChE, BuChE, and CaE by Des N-
Isopropyl Isofenphos Oxon based on K; values from paraoxon/D

Inhibition
Enz/source Enz Concb K DNIO Conc? Rate®
CaE/Liver 455.0x;05 1.1x10° 100 5.0x10°
BuChE/Blood 4.8x10 3.0x107 100 14.4
AChE/Brain 37.8x10° 1.5x10°3 100 56.7
"Ref 9,10

bRef 8,pmol L™
(pmol L 1)-Ihr!

mol L’l, value of 100 selected for normalizing Inhibition Rates
epmol L1 hrl
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Phosphorylation of AChE, BuChE, and CaE. The AChE, BuChE, and CaE
concentrations in blood, liver, and brain given in Table IV were obtained from
Maxwell et al. (8). The in vitro paraoxon and DFP bimolecular rate constants,
kj, for the inhibition of AChE, BuChE, and CaE given in Table IV were
obtained from Wang and Murphy (9) and Gearhart et al. (10) and used as initial
values for estimating the inhibition of these enzymes by DNIO in the model.

Mass Balance Equations. The PBPK/PBPD dosimetry model in Figure 1 and
the metabolic pathway shown in Figure 3 for liver were used to write a set of
mass balance equations describing the rate of change of the concentration of
each metabolite in each tissue through time. The volumes of the tissues, cardiac
output, blood flow rates through tissues, tissue/blood partition coefficients, and
metabolism were considered in the model. Mass balance equations for the
metabolism of DNIO in blood and brain were also included in the model along
with equations for the inhibition of AChE, BuChE, and CaE by DNIO based on
those developed by Gearhart et al.(10) for DFP. The mass balance equations for
percutaneous absorption and loss to air were published earlier by Knaak et
al.(2,6) for IF, while the equations for tissue/blood exchange, and metabolism
were reported by Ramsey and Andersen (11). The mass balance equations for
DNIO in the brain were written using the equations for tisssue/blood,
metabolism, and inhibition.

Mass Balance for percutaneous absorption

dAg,/dt = K, *A*(C k/P“/sl5 Csurf)-K aAsurfs pmol hrl
surf = Asurf/ g/ska pmol cm-

Csk = Ag/Vek, pmol cm3

dAair/dt Ka* Asurfv mel hrl

dAsk/ dt = K *A* (Csurf' Csk/ P a/sk) t st*(CAl'Csk/ Psk/b)

where:

Agyf = Amount of isofenphos on skin surface, pmol (applied dose)
Cgqurf = Concentration on skin surface, pmol cm-3

Vurf = Area * depth, cm3

K, = permeability constant, cm hr-!

Ask = Amount in skin, pmol

C¢ = Concentration within skin, pmol ¢cm-3

Ve = Volume of skin, cm3

A,ir = Amount in air, pmol

K, = rate of loss to air, hr!

Pa,sk = partition coefﬁment air/skin

Py = partition coefﬁc1cnt skin/blood

CA1 = Concentration of 1sofenphos in arterial blood, pmol cm-3

Mass Balance for Tissue/Blood Exchange

QCAjdt = dA; = Q;CV;dt, pmol hr!
dAy/dt = Q,(CA CV), pmol hr!
CV = A/ (Vi*Py), pmol L1

C; = A/V;, pmol L-!

where:
Qi = Blood flow to tissue i, L hr-l

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
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CAj = Colncentration of isofenphos/metabolites in arterial blood entering tissue
i, pmol L~ )
Cv; = Ccl)ncentration of isofenphos/metabolites in venous blood leaving tissue
i, pmol L~

Aj = Amount of isofenphos/metabolites in tissue i, pmol

C; = Concentration of isofenphos/metabolites in tissue i, pmol le
P; = Tissue i blood/tissue partition coefficient for parent/metabolites
V; = Volume of tissue i, L

Mass Balance Equation for Metabolism

dAy/dt = V. *CVy/(Ky + CV)), pmol hrl
dAy/dt = Q(CA - CV)) - dAy/dt, pmol hrl

where:

A = Amount metabolized in liver, pmol

Vmax = Michaelis Menten rate constant, pmol hr-1 per kg

of body weight

K, = Substrate Concentration, at half maximum
velocity, pmol L-1

CV; = AJ/(V)*P)), Concentration in venous blood leaving liver, pmol L-!

A; = Amount in liver, pmol

Vi = Volume of liver, L

P; = liver/blood partition coefficient

Q; = Blood flow to liver, L hr'!

CA = Concentration in arterial blood, pmol L-!

Inhibition of AChE, BuChE, and CaE in the Brain

dAABr/dt = (KacnE2*CAEB:*CBr4*VBy), pmol hrl
dABBr/dt = (KpchEp*CpEB;*CBra*Vy), pmol hr-l
dACBr/dt = (KcaE2*CcEBr*CBra*VBr), pmol hrl

where:

Vg, = Volume of brain, L

AABR = Inhibited AChE, pmol

BEBr = Inhibited BuChE, pmol

ACBr = Inhibited CaE in brain, pmol

Kachg2 = AChE bimolecular inhibition rate constant, (pmol L-1)-1 hr'!
Kpche = BuChE bimolecular inhibition rate constant, (pmol L-1)-1 hr-l
KcaE2 = CaE bimolecular inhibition rate constant, (pmol L-1)-1 hr!
CAEBr = Free AChE in brain, pmol L-1

Cgggr = Free BuChE in brain, pmol L-1

Ccgpr = Free CaE in brain, pmol L-!

Cgr4 = Concentration of DNIO in the brain, pmol L-!

Mass Balance Equation for DNIO in the Brain

dCpy/dt = Qp,*(CA4 - CVpyq) )
“(Vinax11R*CVp4)/ (K11 + CVpyy), hydrolysis by A-esterase
-Kache2*CAER*CBra* Vs, inhibition of AChE
-Kcae2*CceBr*Crra™* Ve inhibition of CaE
-KBche2*CBEBr*CRra*Vp;, inhibition of BaChE, pmol hr!

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
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where:

Qg = Blood flow to brain, L hr'!

CA4 = DNIO concentration in arterial blood entering brain, pmol L-1

CVg.4 = DNIO concentration in venous blood leaving brain, pmol L1

X"T““R = Michaelis Menten brain hydrolysis rate constant for DNIO, pmol
r

Km11, DNIO concentration at half maximum velocity, pmol L-!

In Figure 1, six passes through blood, liver, brain and other tissues were
required to model the fate of IF: pass 1), isofenphos was metabolized by liver to
10 (RAM1) and DNI (RAM2); pass 2), IO was metabolized by liver to DNIO
(RAM3); pass 3), DNI was metabolized by liver to DNIO (RAM4), DNIA
(RAMS), O-ethylaminothiophosphate and isopropyl salicylate (RAM 10); pass
4), DNIO was metabolized by liver and brain to DNIOA (RAM6, RAM12),
and two hydrolysis products (O-ethyl aminophosphate and isopropyl salicylate
(RAM7,RAM11,RAM13)) by liver, blood and brain; DNIO phosphorylated
CaE, and BuChE in liver, blood, and brain, and AChE in blood and brain; pass
5), DNIA was conjugated with glycine to form DNIG (RAMS); and in pass 6),
DNIOA was conjugated with glycine to form DNIOG (RAM9). The alkyl
phosphates (RAM7,10,11,13) were eliminated along with DNIG (RAMS) and
DNIOG (RAMY). Isopropyl salicylate (RAM?7,10,11,13) was hydrolyzed, and
conjugated with glycine prior to being eliminated as shown at the bottom of
Figure 2. These metabolic reactions were considered to occur simultaneously
and were not written into the model as separate steps.

PERCUTANEOUS MODEL OUTPUT

Metabolism. In the model, the P-450 V., values (nmol hr-1 per kg of b.w.)
listed in Tables II and III over predicted the rate of metabolism of IF in the
percutaneous (1120 ug/12 cm2;3.2x106 pmoles cm-3) study based on 14C-
1sofenphos equivalents in tissue, urine and feces. However, good fit was
obtained using the enzyme velocities listed in Table VI. These values were
obtained by reducing the velocities of the reactions (Vmax values x 0.26, etc.)
until a fit was obtained. The in vitro K, values given in Tables II and III were
used and are listed in Table V.

The constants for the hydrolytic enzymes, A-esterases and CaE, were obtained
by modeling and are sufficient in size to reproduce the in vivo elimination
curves.

Figure 4 gives the percentages of the percutaneous dose (3.2x106
pmoles/12cm?2) retained on skin (PASFC? eliminated in urine and feces
(PAUFE), and lost to air (PAX), for the ‘iC-ring labeled IF study and the
model (2). The fate of topically applied IF is given in Table VI for the
percutaneous 14C-ring labeled IF study and the model. Ninety seven percent of
the applied dose was recovered in the in vivo study, and 100% by the model. In
the percutaneous study, 38% of the applied dose was metabolized to 2-hydroxy
hippuric acid and eliminated in urine, while the model predicted the metabolism
of 33.9% to 2-hydroxy hippuric acid.

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
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Table V. Enzyme Velocities used in the Model

Enzyme(s) Metabolism Velocity Km
P-4508

Liver IF to IO 36.15x106 14.1x106
Liver IF to DNI 10.1x106 12.5x106
Liver 10 to DNIO 15.9x106 9.5x106
Liver DNI to DNIO 5.48x106 7.9x106
A-esterasesb

Liver DNIO to Ring/AP¢ 2.2x106 8.0x106
Blood DNIO to Ring/AP 1.0x106 1.0x106
Brain DNIO to Ring/AP 1.0x106 1.0x106
Liver DNI to Ring/AP 5.55x10% 1.7x106
CaEkb

Liver DNIO to DNIOA 1.0x106 1.0x106
Brain DNIO to DNIOA 1.0x106 1.0x106
Liver DNI to DNIA 1.0x106 1.0x106

apmoles hr-! per kg of b.w.; values = 0.26, 0.282, 0.210, and 0.218x Ve
from Tables II and III; Kp,, pmol L-! from Tables II and III

bV, pmol hr'! per kg of b.w.; K, pmol L-1; estimated values

°Ring =isopropyl salicylate; AP = alkyl phosphate

Table VI. Fate of Topically Applied Isofenphos

In Vivo? Model?
Loss to Air, 14C-ring 35.0 44.0
Retained on skin, 14C-ring 15.2 10.0
Urine and Feces, 14C-ring 43.1 45.0
Carcass, 14C-ring 4.0 1.0
Total 97.3 100.0
Excreted in Urine as:
2 Hydroxy hippuric acid 38.0 33.9
Alkyl phosphatesb - 16.7
Alkyl phosphates retained
by tissues in the form of
phosphorylated enzymes® 17.2

apercentage of applied dose (3.2 x 106 pmoles; 1120 ug) using 14C-ring labeled
isofenphos

bpercentage in urine estimated by model, a percutaneous study was not
conducted with 3H-ethyl labeled isofenphos

percentage used in the phosphorylation of AChE, BuChE, and CaE in liver,
blood, and brain estimated by model

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
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Phosphorylation of AChE, BuChE, and CaE. The use of the in vitro derived
paraoxon/DFP bimolecular rate constants (Table IV) for AChE and BuChE in
the percutaneous PBPK/PBPD model resulted in the phosphorylation of over
100% of tissue AChE and BuChE within hours after the application of the dose,
while in the percutaneous absorption study topicatly applied isofenphos (1120
ug/ 12.0 cm?; 3.2x106 pmoles cm-2) inhibited less than 30% of blood AChE
activity over the course of 72 hrs.

The model, therefore, was used to estimate the size of the in vivo bimolecular
rate constants for DNIO using several blood BuChE and AChE in vivo
inhibition data points obtained in the dermal study and the in vitro
paraoxon/DFP bimo lecular rate constants as initial values. The values are given
in Table VII. The percentages of AChE/BuChE/CaE phosphorylated over the
course of the study using these k; values are shown graphically in Figures 5, 6,
and 7 for liver, blood and brain, respectively. Figure 8 gives the concentrations
of DNIO in brain, blood, and liver predicted by the model. According to the
model, 35.9% of topically applied IF was converted to DNIO and 50% of the
DNIO phosphorylated liver CaE and BuChE, with less than 1% of the DNIO
reacting with blood and brain enzymes.

Table VII.  Rate of Inhibition of AChE, BuChE, and CaE by Des N-
Isopropyl Isofenphos Oxon based on K; values estimated from Model

Inhibition
Enz/source Enz Conc® Kp DNIO Conc¢ Rated
BuChE/Liver 8.22x103 5x10-7 100 0.411
CaE/Liver 455.0x105 1x10-6 100 4.55x103
AChE/Blood 1.1x103 8x10-7 100 0.09
BuChE/Blood 4.8x103 1x106 100 0.48
AChE/Brain 37.8x103 5x10-6 100 18.9
BuChE/Brain 12.7x103 4x10-6 100 5.1
CaE/Brain 549 .8x103 1x10-6 100 54.9

aRef 8, pmol T-1
b(pmot L-1)-1hr!
mol L-1, value of 100 selected for normalizing Inhibition Rates
pmol L1 hr!

DISCUSSION

14C-Ring labeled isofenphos and equivalents in tissues and excreta from
topically treated rats along with in vitro rat P-450 Vp,,, and K, data developed
by Knaak et al. (2,5) were used to develop the percutaneous model. The
bimolecular rate constants involving the phosphorylation of CaE, AChE, and
BuChE were estimated by the model using in vitro literature values for
paraoxon/DFP as the initial values. The hydrolytic rate constants for the A-
esterases and CaE were estimated using the model and in vivo elimination data.
The model clearly demonstrates the importance of A-esterases in the
detoxification of DNIO in the rat. Recent studies in our laboratory involving the
metabolism of IF in the guinea pig and dog indicate that A-esterases are less
important, as CaE in these animals are more active in hydrolyzing the carboxyl
esters of IF, DNI and DNIO. In vitro studies with human liver suggest that CaE
plays an important role in the metabolism of IF in humans.
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Figure 4. Physiologically based pharmacokinetic Model: retention of [14C]-
ring Isofenphos on skin, loss to air, elimination in urine and feces. Solid
line, model output; square, circle, and triangle, percutaneous study; PASFC,
% of dose retained on skin; PAX, % of dose lost to air; PAUFE, % of dose
eliminated in urine and feces.
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Figure 5. Physiologically based pharmacokinetic Model: Phosphorylation of
liver BuChE and CaE by des N-Isopropyl Isofenphos Oxon (DNIO). Solid
lines, squares, and circles, model output; PLCE, % of liver CaE
phosphorylated; PLBE, % of liver BuChE phosphorylated.
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Figure 6. Physiologically based pharmacokinetic Model: Phosphorylation of
Blood AChE and BuChE by des N-Isopropyl Isofenphos Oxon (DNIO). Solid
lines, squares, and circles, model output; PBAE, % blood AChE
phosphorylated; PBBE, % of blood BuChE phosphorylated.
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Figure 7. Physiologically based pharmacokinetic Model: Phosphorylation of
Brain AChE, BuChE, and CaE by des N-Isopropyl Isofenphos Oxon
(DNIO). Solid lines, circles, squares, and triangles, model output; PBRAE,
% of brain AChE phosphorylated; PBRBE, % of brain BuChE
phosphorylated; PBRCE, % of brain CaE phosphorylated.
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Figure 8. Physiologically based pharmacokinetic Model: Concentration of

DNIO in blood (CA4), brain (CBR4), and liver (CL4). Solid lines, circles,
squares, and triangles, model output; pmoles/L.

In Biomarkers of Human Exposure to Pesticides; Saleh, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1992-0542.ch017

September 14, 2012 | http://pubs.acs.org

17. KNAAKET AL.  Anticholinesterase Activity of Isofenphos 299

Methods are currently being worked on for directly analyzing DNI, 10, and
DNIO in blood and other tissues. The existence of a separate metabolic pathway
for IF involving the one-step removal of an isopropyl amino group from either
IF or 10 is also being investigated. The formation of desisopropylamino
isofenphos and desisopropylamino isofenphos oxon would support the presence
of monoethylphosphate and ethylthiophosphate in urine. At the present time no
information is available to indicate whether or not deamination occurs in one
step by removal of the isopropylamino group or stepwise starting with the
removal of the isopropyl group via DNI and DNIO. This issue needs to be
resolved because loss of the isopropylamino group from 10 would significantly
reduce the toxicity of IF by decreasing the amount of 10 available for
metabolism to DNIO.

The alkyl phosphates present in urine are good biomarkers of exposure to IF. A
gas chromatographic procedure is currently being worked on to assist in the
positive identification of these two metabolites and the development of a method
for monitoring urine from exposed workers. The ring metabolite, 2-hydroxy
hippuric acid, may be used as a biomarker provided workers use a pain killer
other than aspirin (acetylsalicylate).

Blood/tissue partition coefficients are currently being developed. Paraoxon is
required to prevent the decarboxylation of IF, 10, DNI, and DNIO by CaE
during the equilibration period.

Blood cholinesterase activity is a good biomarker of acute and chronic exposure
to IF. According to the model, DNIO formed by liver P-450 enzymes rapidly
phosphorylates liver CaE and BuChE, partitions into blood, phosphorylates
blood AChE and BuChE, and partitions out of blood into brain tissue to
phosphorylate AChE, BuChE, and CaE. The k; values estimated by the model
in Table VII are tentative values and will be replaced by in vitro values when
they become available. Current plans are to include IO as an enzyme inhibitor
in the model. An in vivo enzyme inhibition-time course study will be required
to validate the model.

In the model, in vitro derived bimolecular rate constants, k;, for the
phosphorylation of AChE, BuChE, and CaE by paraoxon/DFP and in vitro
derived V., values for the metabolism of isofenphos to I0, DNI, and DNIO
over predicted reaction rates occurring in vivo. This was anticipated for V,
values, because the dose rate to the liver was insufficient to saturated P-458u
enzymes resulting in a metabolic rate, v, less than Vp,,, (nmol hr! per kg of
body weight). In the case of the bimolecular rate constants for paraoxon and
DFP, where k; = k,/Ky, the overall potency of these OPs is made up of two
factors, the affLmity erm (Kq, uM-1) and a phosphorylation term (kp, min-1).
The Ky and k,, values for paraoxon and DFP are believed to be similar to
DNIO. A concentration of 100M results in 50% of the enzyme being rapidly
converted to an enzyme inhibitor complex prior to phosphorylation. Under in
vivo conditions, much less inhibitor (DNIO, 10-12M) is present, less enzyme
inhibitor complex is formed, and the overall reaction requires a longer period of
time (12).

A sensitivity analysis was not performed on model parameters. However, in the
fitting process Kp (skin permeability), V5., and K, values, k; (bimolecular rate
constant) values, enzyme concentrations, and cardiac output were identified as
sensitive parameters. An analysis will be performed when the work on partition
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coefficients, metabolic pathway, and other parameters has been completed and
the values added to the model. Human Vmaxs Km values are currently available
for predicting the fate of IF in man (§).

CONCLUSIONS

A PBPK/PBPD model is a powerful tool for estimating and testing the effects of
experimental values such as skin permeability constants, evaporation rates,
Vmax, Ky and k; on tissue concentrations, enzyme mhlbmon and ehmmanon
rates. A properly validated model may be used to extrapolate from one route of
exposure to another and from animals to man. The effect of dose rate and
metabolic rate on the fate of administered chemicals can be easily determined.
Biomarkers may be used to validate PBPK/PBPD models and estimate

exposure.
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Chapter 18

Analytic Solution of a Linear Physiologically
Based Pharmacokinetic Model Prototype Useful
in Risk Assessment

Robert N. Brown

Exposure Assessment Research Division, Environmental Monitoring
Systems Laboratory, U.S. Environmental Protection Agency, P.O. Box
93478, Las Vegas, NV 891933478

Explicit analytic solutions of physiologically based pharmacoki-
netic (PBPK) models yield important qualitative as well as quantita-
tive information about chemical exposure and risk in the human body
beyond that provided by general purpose numerical simulation soft-
ware for such models and may provide convenient replacements for
unwieldly or inaccurate simulation tools in some applications. Biolog-
ically based risk assessements for chronic toxicity typically utilize inte-
grated concentration, i.e., area under the concentration curve (AUC),
for the internal exposure or dose metric in dose-response risk mod-
els. Simple matrix based algebraic formulas for target organ AUCs
are developed for bolus dose inputs and steady-state infusions for a
progression of 1,2,3 and 4 compartment linear PBPK models, paral-
leling but enhancing analogous algebraic methods for classical com-
partmental drug models. Interspecies scaling formulas are derived for
potential extrapolation of dose from small animals to humans. Com-
parative dose formulas are given for the relative impact of bolus dose
administration by two exposure routes, formulas that may be useful
in developing optimal drug efficacy or pesticide useage strategies.

Physiologically based pharmacokinetic (PBPK) risk assessment models of
toxic compound exposure, internal dose and health effect are typically solved
with numerical simulation packages using general purpose ordinary differen-
tial equation (ODE) discretization methods, such as SimuSolv’s Gear algo-
rithm [5], used by Anderson, et al., for their analysis of methylene chloride
toxicity [2]. On the other hand, first integral analytic solutions of general
linear matrix ODE systems are well known ([7], [8]) and should provide ac-
curate time dependent analytic concentration formulas for PBPK models.
In this paper, however, our interests focus on longer term quantitative risk
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assessment (QRA) applications (e.g., intermediate term drug effects or long
latency cancer effects) from chronic exposure to toxic compounds such as
agricultural pesticides or fumigants. Thus, our goal will be to adapt classical
first and second integral matrix ODE solutions for internal organ dose to sec-
ond integral area under the concentration curve (AUC) dose measures and
to steady-state concentration levels for small linear PBPK models. This will
generalize AUC results for nonphysiological classical compartmental models
[6]. System based analytic AUC formulas for classical compartmental drug
models have ocassionally appeared in the literature, but their systematic
exploitation in the PBPK context appears to be insufficiently explored [9]
for many risk assessment purposes. This general lack of interest in ana-
lytic PBPK solution development may be due to the fact that: (1) PBPK
models are considered more complex that classical comparmental models;
(2) PBPK model forms have not been well standarardized in matrix terms;
(3) the formalistic equivalence between PBPK and classical models is poorly
understood; and (4) the second integral analytic solution of PBPK models
involves a seemingly unwieldly and computationally inefficient inversion of
the system matrix. In addition, the ready availability of general purpose
numerical simulation packages for nonanalytic number crunching of integral
solutions has tended to discourage the search for, and utilization of, analytic
methods for PBPK models, even linear models.

However, general purpose numerical software tools yield relatively little
conceptual understanding of biological toxicity processes (due to lack of an-
alytic expressions) result in computationally intensive sensitivity analyses
(Monte Carlo analyses) and may be computationally inaccurate or inefficient
under some conditions (from use of finite difference approximations or small
step sizes).

One goal of this paper shall be to address these misperceptions regard-
ing the presumed obsolescence of analytic solutions given the availability of
general purpose numerical simulators. It will present, apparently for the first
time in a generic PBPK context, simple analytic solutions for a sequence
of small dimensional (n< 4) prototypical PBPK models that may be useful
in representative QRA applications. Representative applications include (1)
identification of sensitive system parameters, (2) inverse reconstruction of
exposure inputs from internal system biomarkers or physiological outputs,
(3) extrapolation of dose from small animals to humans, and (4) comparison
of target organ dose by different routes of toxicant administration.

A broader goal is to begin the use of analytic solution methods to motivate
more efficient model formulation, validation, manipulation and estimation
procedures for PBPK models than is currently available using nonanalytic
numerical simulation approaches alone. Furthermore, linear analytic solution
methods may motivate development of both more powerful analytic and nu-
merical algorithms for understanding and applying nonlinear PBPK models.
Nonlinear QRA applications might include analytic extrapolation of inter-
nal dose from high-to-low exposures and extrapolation of internal dose from
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continuous to bolus dose exposures - trivial problems in the linear, but not
nonlinear, model case.

The analysis of PBPK models may be simplified through the use of fac-
tored matrix formulations. Although not necessary for system solution, fac-
tored matrices help standarize model form, clarify biological parameter and
state variable interrelationships and simplify solution methods. To motivate
greater use of factored matrix PBPK models for QRA, it will be helpful to
clarify the relation between PBPK and classical compartmental models.

1-Compartment Classical and PBPK Model

The classical 1-compartment pharmacokinetic model is given by [6]

dA .
i = ~hAi+ia () (1)

where A, is the amount of toxicant in the well-stirred main compartment, k;
is the elimination rate to the outside and i 4(t) is the temporal input function
into the main compartment and may be a continuous function or bolus dose.
Use of amounts simplifies mass balancing of inputs and outputs, but the
biologically convenient concentration form is given by

dAl Al iA .
— 1 & / — C } 2
Vidt k i w Git) kCi+a @)

where V} is compartment volume, C, is concentration and z,(t) = i4,(t)/VA
is concentration input rate in units of mass/volume-time rather than the
previous bolus dose input rate, 4, (¢), which was in units of mass/time. The
standard ([6], [7], [8]) first integral solution of (2) is given by

t
Ci(t) = / e~k1(t=9)7 (5)ds 3)
()
for the arbitrary input 4;(s), and reduces to
Ci(t) = Croe™™* (4)
for bolus dose input C;(0) = Cjo at time zero. The bolus AUC is given by
-—klf
AUC, = Tim §0 ", G0 g (5)
t—o0 —kl kl

For the inverse problem of reconstructing a bolus dose input from internal
dose measurements, one can invert either the first integral expression at fixed
time t or the second integral expression at time infinity, obtaining

CIO = Ckltcl(t) = kl(AUcl) (6)

The choice of inversion formula for specific risk assessment applications will
depend upon whether biomeasurements reflect instantaneous internal body
concentrations or cumulative concentrations.
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Under constant infusion input, (2) yields a steady-state concentration of
0=~k Cr,+ i1 => Cras = ki (7)

which is equivalent to the above bolus dose AUC formula (5) after changing

bolus dose input units (e.g., mg/kg) to infusion rate units (e.g., mg/kg-hr).

Note that kinetic rate units for k; (e.g., hr™!) remain unchanged.
Analogously, a 1-compartment pseudo PBPK model might be given by

C{:—%—klecl'*'ll:—vlg}xﬁ (1+-§t)01+11 (8)

iRy

=—kp(l+en)Cr+4 = —kpin G+ = —kiCr + 14

where @ represents blood flow, R; the partition coefficient (ratio of internal
concentration to outgoing concentration), k;; the primary (bloodflow) pollu-
tant elimination rate (quRLl), k;. the secondary (nonbloodflow) elimination
rate, €11 = ki./k1 can be thought of as the relative importance of secondary
to primary elimination and 1,; = (1 + €11) the relative magnitude of total
elimination to primary elimination. Since k; = ky31;; represents the total
elimination rate from the compartment, the 1-compartment PBPK model (8)
appears formalistically equivalent to the 1-compartment classical model (2).
It is a pseudo model since the circulating bloodflow input is missing from the
model. The difference between the classical and physiological model is that
the knowledge of the composite k; in the classical model is insufficient to
well determine ky, (much less Q1,V; or R;) and k. separately in the PBPK
model. Thus, the greater biological realism of PBPK models is accompanied
by increased parameter estimation instability - in the absense of auxillary
internal biomarker measurements or judicious choice of otherwise unidentifi-
able parameters.

2-Compartment Model

A natural extension to a 2-compartment PBPK model might be given by

" A — C. .
Cl_ﬁ,‘_(%'*khci)'*'%fﬁzz‘*“ (9)
A Q0 Q2C; .
Cé = T’: = Vzgl - (Vzgz + kg,Cz) +

or, in factored matrix form, by

C1 ) _ &0 In -l Ri' 0 Gy i
==l 0 @ 3 -1 )

C2 0 V2 —121 122 0 R2 Cz 12
(10)
where indices (1,2) denote main (e.g., blood) and peripheral compartments
(all other organ compartments lumped together in the 2-compartment case);

(t1,%2)7 is the system column input vector; Q; is the total blood flow and Q;
is the bloodflow to compartment 2 which, in the 2-compartment model case
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only, equals the total bloodflow to all other organs and thus @, = Q2; V; and
V; are the corresponding compartment volumes; R; and R, the corresponding
partition coeflicients (R; = 1 typically). Also, ki = 7?}‘—‘ and k;. are the
i** compartment bloodflow and secondary elimination rate constants (i is
a compartment index here, not the system input above), I;; = 1+ €; =
1 + ki /ky relative total/bloodflow elimination rates; 1;2 and 13 are off
diagonal unity elements indicating organ bloodflow interconnections.

The PBPK matrix form (10) simplifies to
C'=-QV7ISRC +1 (11)

or, in classical compartmental model form, to
C'=-KC+1i (12)

after collapsing the physiological matrices into one product matrix. C de-
notes the vector of concentrations for compartments 1 and 2, C’ the vector
of concentration time derivatives, ¢ the vector of inputs, @ the 2-dimensional
diagonal matrix of blood flows, V~! the diagonal matrix of inverse compart-
mental volumes, R~! the diagonal matrix of inverse partition coefficients, S
the unitless structural matrix whose j** column off diagonal components in-
dicate the relative magnitude of input rates (1y2, 121)from the other compart-
ment to the j** compartment’s diagonal relative elimination rate (iu, igg),
and K = QV-1SR-! the 2-dimensional classical compartment composite
transfer rate matrix. Again, simply knowing the composite k;; (3,7 = 1,2))
components of K does not uniquely well-define the individual physiological
components of @, V-1, R or S.

One might speculate that it is necessary to know about 3/4 of the com-
ponents @;, Vi, R; and k;. to reduce PBPK model fitting complexity to that
of classical compartmental model fitting? Fitting classical matrix models is
difficult enough and typically requires internal biomarker data (i.e., organ
exposure or dose) to identify model parameters and state variables.

The standard solution ([7], [8])to the linear ODE system (12) is given by
a matrix exponential integral analogous to the scaler case (3), namely

c)= | {eK=0i(5)ds (13)
o
for continuous input and by
C = e~ KtC,, (14)

T e ey
for bolus dose input, where Cy = ( Cro Ca ) is the vector of initial con-
centrations. The area under the concentration curve is similarly given by

AUC = —K= (7R [7) Co = K7'Co = (QV'SR™) ™ G

= RS-'VQ1C, = RS™1Q ' A,. (15)
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Broken down into its AUC components, one has
AUC, | _ 15|71 n?u %‘12 Qi 0 ) ( Ao )
AUC, S0 Sa 0 Q7! Az
_ 15| laz lig Q1 Ao
0 Rz Iy Iy Q7' Az

|5 Ry (12Q7" Ao + 112Q7 ' A2
Rz (121Q7" Ao + 111Q7 " Ao

_ 1 0 1S 122 lyz Q1A
0 R 1z In )\ Q7'Ax

Ry (15,Q7 Ao + 112Q7 " A2

Rs (121Q7" Avo + 111Q3 " Aso

where |S| = det(S) and § is the adjoint matrix of transposed cofactors given
by

8= (1) det (S ({5}, (i) = (-1 My = Cji
where M;; = det (S ({j}' , {z}')) is the ji** minor of S - the determinant of
S with j* row and i** column deleted [8] and S~! = (S-1),._,, = |S|7' S, J
1S] = (1122 — 112121) (€1e + €2¢ + €1c€2¢)- Note that all AUC components
are nonnegative since |S| > 0 and § > 0. Nonnegativity results if some com-
partment has systemic elimination (e.g., a metabolic or urinary ehm}natlon
that is not input for another modeled compartment) such that some 1; > 1.
If det(S) = 0, then row sums of S are zero and solutions blow up.

Analogous to scaler results for an infusion reinterpreted as a periodic
bolus dose input, the linear system steady-state is given by

=|s™

Cow=K'i=K1%"'C,=RSIQ 't 1A (17
Thus system infusion internal doses equal those from equivalent bolus inputs.
3-Compartment Model
An extension to a higher resolution 3-compartment PBPK model is given by

Ci=- (%%’Lk‘ecl) + P+ FR 4
C;= %,% -\ VR D22 4 kyCy) + 12 (18)
Cy= %‘% - %”%‘ + k3.C3) + i3

or, in factored matrix form, by

C Gy u
c=|c |=-qvisr| ¢ |c+| i | =-kCc+i (9)
C} Cs i3
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where

QU

Vi

QV-l=1] 0
0

-

oFP o

0
0 0 R

in —q12 —q13 Cy 4
S B —121 122 0 y C = Cg ,i = 1:2
—131 0 133 C3 i3

where g1z = Q2/Q1,¢13 = Q3/Q1,q12+ 13 = 1, K = QV-ISR™! and all
solution vectors (C, AUC and C,,) are also natural 3-dimensional extensions
of their 2-compartment PBPK analogues. The structural inverse is given by

Su %’12 :5:13
5“=(5'“);,j=1,z,3=|5|_1 *?21 %’22 Sa3

R' 0 0
)R—lz 0 R;l )

S oo

(20)

o ) S Sn Sa 1)
122133 Q12133 Q13la2

=1|5|! 151133 (iuiss - (113131) I21q13
lails, 131912 (iui'n - 412121)

with det(S) = |S| = 111122133 — qu2lz1las — quslarlze. AUC is given by

AUC, R (511Q7" Ao + 812Q7 Azo + 513Q3" Aso
AUC, ) =187 | Ry (81:1Q5 Aro + 522Q7 Az + S23Q5 Aso
AUC, R3 (85:Q7" Aro + $22Q5" Azo + $33Q3" Aso

Ry (iniaanlAm + q12123Q3 " Az + ‘113122Q51A30)
=|S"" | Ry (1a1133Q7 Aro + (111133 - 413131) Q3" Az + 121013Q5 " Aso
R3 (131122Q7" Avo + 131012Q3 ' Az0 + (111122 - ‘hzlzl) Q3" Aso
(22)
and all AUC components are nonnegative as before since |S| > 0 for net
degradative systems (1;; > 1 for some :) and 0< ¢1; < 1,2 =2,3.

Uniqueness of 3-Compartment PBPK Models. Use of 1 or 2 compart-
ment PBPK models may be sufficient for some applications purposes where
internal physiology is of little importance. Indeed, modeller’s typically lump
as many organs as possible into composite organs to simplify the models as
far as possible without adversely affecting the analysis’ goals (Occam’s razor
principle). On the other hand, use of 3 or greater compartments may be
critical for many risk assessment tasks.

A unique matrix structural aspect of the 3 compartment PBPK model
above comes from the fact that it is the smallest dimensioned refinement with
less than 100% blood flow to peripheral organs (i.e., 0 < ¢qi; < 1, = 2,3).
Such fractional flows impart to PBPK models an important qualitative phys-
iological distinction and potential advantage over nonphysiological compart-
mental models for understanding and controlling human exposure and risk.
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Typically, compartments 1, 2 and 3 represent composite blood, liver and
slowly perfused (fat and muscle combined) compartments. Other physiolog-
ical organs are lumped together with one of the 3 primary composite organs
for specific analysis purposes. For some QRA purposes, a 3-compartment
fractional flow PBPK model may offer significant biological improvements
over a more classicallike 2-compartment PBPK model.

4-Compartment Model

Most models may be extended into higher dimensions in many ways. A sim-
ple extension of (18) above would involve splitting the third (or second)
compartment into two subcompartments for potentially greater biological
resolution. Thus, the mass balance equations might be given by

C{“_‘ (V]R +klecl)+V1Rg+V1R +VR4 +11
Cy = %’ﬁ;“ - Vsz DLz 4 k), Cy) + 142

Cy=(%5) — ($52 + kaCs) +1ia (2)
Ci=(25) — (B8 + kacCa) + 14
or, in factored matrix form, by
C; Ch 1
C'= cf; =-QV~'SR™! g; + :: =-KC+i, (24)
Ci Cy (2]
where
%} gz 0 0 R' 0 0 0
QVTt=1 4 % é}g N et 0 |
0 0 0 QL 0 0 0 R (25)

111 —q12 —q13 —qu4
-1 122 0 0
~1a lss 0
—14 0 I

where ¢12 = Q2/Q1, q13 = Q3/Q1, q14 = Q4/ Q1 such that g1z + 13 + q14 = 1.
All vectors and matrices are indexed as in the 3 compartment case, but for
4 dimensions. The inverse structural matrix (S7'); ;_; ;3,4 is given by

é‘u 5:12 5:13 S:'u
-1 oS Sn Sx S Su | _

n?:al %32 €33 ~§'34

Sn Sa2 Sz S
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122133144 ?”i“i‘“ ¢I1aini44 ‘114122i33
o L1133l R R
121133144 —Q14141}33 121913144 121q14133

—q131a1144 o

o R Lilazlag R
131122144 13112144 —qu2lz1lag I31q14122
—qualala o

. X R lilzelas
1122133 la1gi2las laqiala —qizlzlas
—q3la1la

Bl

(26)
where |S| = 111122133144 — qr2121133144 — @13ls1122144 — qralanlazlss. Thus,
the AUC components are given by

R (31101'1410*-51:Q;lAzo+5mQ§"Aao+5nQ;'lAco)
1

®
=
b=
=
O
o
B
Q
N
3
!
5 AUC W
N 1 (gznQf‘A:o+-§'nQ;1420+§230§1A30+524QI’A«J)
& AUC R,
= 2 _ [E] (27)
S| AUC, R (351Q7 " 410+852Q7  A20+553Q5 " Aso +554 Q7' Aw)
8 AUC, 2 El
S -1 -1 -1 -1
— (30Q7  A10+842Q5 1 A20+843Q5 A30+514 Q7 P Ao)
™ R,
oy IS|
o
=
oy A A A
gg Ry (( 192133144 )Q;‘14m+<112133 14Q7 A2 +q1aine 14403_1Aso+qulnlaaQ:'Aqo)
o]
53 £ R ISl
£z l111aslaq
EL z Ra| 11iaainaQ Ao+ | —qialagley | Q7' A2 +121010144Q5 As0+121914133Q 1 Ado
= O s
£s —qala1las
0
= s, .
g5 - li1122144
;. % Rs| 1a1i22104Q7 Aro+131012104Q5 Ao+ | —qy2lo114q | Q5 Aso+914131122Q7 Ao
L —quala1la:
£ ISl A A A
(‘% lilaglss
Ry | 1aizi53Q ! Aro+141012133Q5 A2+ 141913122Q5 Ao+ —q12l21133 QA
—qizla1la
5]

with all AUC components nonnegative since |S| > 0 for degradative systems.

Risk Assessment Uses

Analytic AUC or C,, formulas are useful for elegantly clarifying the relative
role and sensitivity of model parameters in QRA applications such as (1)
intermittent exposure variation and interpolation, (2) high-to-low-dose ex-
trapolation, (3) route-to-route extrapolation, (4) intraspecies variation and
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interspecies scaling, (5) inverse reconstruction of exposure from dose, and (6)
model expansion or collapse.

With respect to intermittent exposure variation and interpolation, equa-
tions (15,17) show that both the integrated concentration (AUC) and steady-
state concentration (C,,) vectors are proportional, as a matrix function, to
the vector of bolus dose (Co) or constant infusion inputs. This inherent
additivity property (linear superposition principle) for linear systems also
implies that administration of a given amount of toxicant as one bolus dose,
several bolus doses or continuously over time will yield the same systemic
or target organ AUC dose. With respect to high-to-low-dose extrapolations,
linear equations imply that internal dose measures are proportional to ad-
ministered dose. Thus a 10-fold reduction in administered dose implies a
10-fold reduction in target organ dose. Therefore, for simple intermittent
exposure variation and high-to-low-dose extrapolation applications, use of
target organ dose, under linear system conditions, seems to provide no ad-
vantage over use of administered dose and knowledge of physiological model
parameters is unnecessary. For such cases, use of a 1-compartment risk model
(i.e., the standard linear proportional model) for administered dose should be
sufficient. Under more typical nonlinear conditions, however, physiological
parameters are required since output is no longer proportional to input.

On the other hand, for the inverse reconstruction of exposure from in-
ternal dose or the collapse or expansion of the model to reduce model bias
or uncertainty, knowledge of PBPK parameters may be critical to biological
understanding, computational solution and regulatory application.

More importantly, for interspecies comparison of target organ dose (e.g.,
mouse-to-man extrapolation) or intraspecies comparisons (e.g., child-to-adult
or slow-to-fast metabolizer), knowledge of PBPK parameters is necessary.
With respect to comparing target organ dose by different routes of exposure
(inhalation, ingestion, dermal), knowledge of PBPK parameters is clearly
critical. For example, agricultural pesticides are absorbed by three routes
under typical useage conditions. Interspecies scaling and route-to-route ex-
trapolation applications are explored below.

Single Input/Single Output (SISO) Formulas Revisited. The AUC
dose metric for target organs is useful for studying many intermediate term
drug efficacy effects and is generally preferred for long latency cancer health
effects where short-term temporal exposure variations might be time aver-
aged to approximate longer term effects. Thus, AUC formulas provide the
focus for the QRA applications below.

The 4-compartment model output (27) reflects AUC output additivity
for simultaneous but independent system inputs. The ¢** compartment dose
output from a j*» compartment bolus dose input is given by

AUC; = R (S7") Q7 Ajo, (28)

i
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in amount form, and, in concentration form, by
_ _ R (o Cio R; (- Cio
= p (g1 dy o = M) [ Yo ) M er) (Lo
wes=w) g ven- 2157, () - 0, ().
P ke
(29)

The concentration form is perhaps most useful for showing PBPK general-
izations of 1-compartment classical results (AUC = Cy/k), for interspecies
scaling applications and for comparing target organ doses by two routes of
physiological absorption (e.g., inhalation and dermal) from a common envi-
ronmental media concentration (e.g., ppm in the air). The coefficient of Cjo,
75;1 = ((RiR;(S7')ijk};'), represents a PBPK generalization of the clas-
sical total inverse elimination rate, or mean residence time, of toxicant in
compartment j.

The amount forms, however, provide simpler comparative target organ
risk formulas for given bolus dose inputs, primarily because they ignore
physiological absorption factors. Because we are interested here in in the
feasibility of development of simple analytic formulas, we will emphasize the
amount forms in the construction of comparative dose formulas below.

Manipulation of (27, 29) shows that the 16 SISO 4-compartment AUC
dose formulas appear to reduce to 5 conditions:

ave, =& ("" ! )) (Ck—’:’) vi=1i#j (30)

R; \ 1 (1_m;n_m;n_znfu

R; (14 1 Co) . ..
AUC;; = — | — =21, , 1 (31
j Rj(lﬁ(l-%n%n_mm_m@))(kj i#5,] (31)

11 122

131 133 111 144

AUC..=& Lagy 1
b Liln (1-peln —sele _gula)

—> #5545 #1
(32)

1 o) . .
AUC;; = L),i=j=1 33
J (l_m;zx_m;n_gu;.u.)(kj)z J (33)
1a3 1

——°) i=j# L2 #]

(34)
There are many ways to represent AUC dose. The relative dose representa-
tions above emphasxze product ratios and sums of physwloglcally related pa-
rameters (e.g., &, L 2u , (52)) and are relatively

oo B 10 1 (o) ()

natural and informative extensions of 1-compartment model AUC formula
(i.e., (—’,}’9) and are useful for specific exposure, risk or efficacy assessment
applications (e.g., interspecies toxicity scaling below).

<

111 122 111 133 111 144
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The formula for the 3-compartment model is identical to the 4-compartment
model formula after dropping reference to the omitted 4th compartment.
Likewise, 1 and 2-compartment model formulations are identical after drop-
ping reference to the ommitted compartments. Similarly, these formula
should extend in a reasonable natural fashion to larger dimensioned PBPK
models (extensions will be presented elsewhere).

Interspecies Scaling Formulas. From (5,8) the 1-compartment AUC,

C, A A
S R e e s
: 1 w(l+ea QL k
e 1+ )
can be rewritten, for interspecies scaling purposes, proportionally as
wt b-1 0:
WT w WO if ke < ks
AUC « 1 = ~ ( e
b w1 WP ifkye > k ’
%T"(H_w;_:l) Wt (14 i) te > Fb
wl
(36)

where W refers to the body weight of the animal, b refers to the scaling
constant for the compartment’s basal metabolism related ”primary” physio-
logical uptake processes for amounts or volumes, b — 1 refers to the scaling
constant for the equivalent concentration uptake processes, and § — 1 refers
to the compartment’s concentration scaling constant for secondary elimina-
tion processes, if any. Typically, the primary basal metabolism concentration
uptake scale constant is about (b — 1) = —.25 and the secondary elimina-
tion constant is also about (8 — 1) = —.25 (if it is also basal metabolism
correlated). However, the secondary elimination constant may be closer to
(8 —1) = 0 for some subcellular elimination processes such as metabolic
clearances processes largely independent of animal body weight and sponta-
neous thermodynamic elimination processes associated with reactive metabo-
lite clearance [11]. Indeed, empirical curve fits suggest that b = .73 is an
appropriate overall interspecies scaling constant for many composite uptake
and elimination processes dominated by basal metabolism energy needs [10].

If AUC is independent of body weight (i.e., o W?°), then this is typically
referred to as overall basal metabolism scaling. If AUC is proportional to
W~25 then this is typically referred to as overall bodyweight scaling. This
terminology may be a misleading oversimplification since AUC scaling is
proportional to the ratio of composite uptake to composite elimination pro-
cesses, implying that the overall scaling constant is the difference of uptake
and elimination scale constants ((b— 8) = (b—1) — (8 —1)).

The often cited basal metabolism scaling constant (b =~ .75) might be
thought of as the observed surface area to volume scaling constant for com-
monly measured animal shapes rather than that for homogeneous spheres
(b=2/3). Commonly estimated scale constants may reflect values greater
than 2/3 as the composite result of two separate scaling phenomena: the
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scaling of small pudgy animals (e.g., mice, rats, hamsters) to large pudgy
animals (e.g., minipigs) and the scaling of pudgy animals to spindle-shaped
animals (e.g., monkeys and humans).

To extend this scaling formula to larger PBPK models, consider the 4-
compartment AUC formula (32), which can be reformulated as

L qiy 1 C'o) o
AUC; =~ -:—i f ’ " 1’
C’((1«"'111(1—4111;n—1 ;a_;mx_u))<—‘kj i#5i6] #

111 122 1 la3 11 144

Wbl—l
. wh T
wb; ’(1+v":,b;_l)

Wﬁ"")( W"‘")( _m_ln__gu__l.u__m.lm)
(1 + whi-1 1+ wei-1 1 Wiy W, Wiy Was Wi W

(37)

- ( T ) (L) = Wil Wil Wit & o WOmBorenis o),
WiiWh i ”

where the term (0 = Y",_,; ;(bx — Bk)) represents a plausible range for the

composite sum of three scaling constant differences for the compartments

(1,4,), Wy = (1 + a’,—’::—:-) ~ o« WO (¢ = 1,1,5) if primary elimination, k,; =

V%—‘, dominates secondary elimination k,. (i.e., 1, = (1 + {‘:) — 1). How-

ever, Wi; & o« W2 where secondary elimination dominates (i.e., 1, — o)
and scales as bodyweight (3, — 1 = 0). Significantly, the long denominator

term (1 —gula g0 ly 4“-—1&) ears to have smaller relative ef-
’ Wi Wy, Wi Wi3 Wi Wy /? app

fect upon the overall composite scaling constant than the isolated Wu terms,
at least when this long term is bounded away from zero (e.g., when liver
flow is large and the liver has dominant secondary metabolism). However, as
it approaches zero, the corrective effect of this long term increasingly coun-
teracts the scaling effect of the separate product factors, (Vi/},TIWﬁlVi/j;l).
This second order effect should be looked at more carefully in specific scal-
ing situations. The individual (b;x — SB%) terms can theoretically be positive
or negative, but positive differences would seem, intuitively, to predominate
where secondary elimination is spontaneous (e.g., for reactive metabolites)
or metabolic but proportional to cellular volume (i.e., independent of cellular
basal metabolism energy needs).

To highlight the potential magnitude of effect upon the scaling constant,
it may be illustrative to consider a somewhat extreme ”double-teamed” case
where the target organ and main compartments both eliminate toxicity by
bodyweight scaled processes (; —1 = ; — 1 = 0) dominated, say, by sec-
ondary spontaneous metabolic elimination pathways, but uptake and other
elimination processes scale as basal metabolism (8; —1=b—-1=b-1=
bj — 1 = —.25). In this case, the long denominator term (1-...) is near unity
and has minimal corrective impact. Then (38) below suggests AUC;; o« W—3,
which would imply that large animals are at far less risk than small animals
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~ less than bodyweight scaling (AUCx W~2%) and much less than basal
metabolism scaling (AUCx W?°) would imply. On the other hand, empir-
ical evidence for human drugs with respect to noncancer health endpoints
suggests the use of more conservative (i.e., more protective) human scaling
closer to basal metabolism scaling [4]. Furthermore, empirical evidence for
cancer endpoints ([1], [4]) suggests scaling constants between bodyweight
scaling (b = 1.0) and spherical surface area scaling (b = 2/3) . For compari-
son, overall interspecies scaling constants traditionally used by United States
regulatory agencies for cancer risk range from surface area scaling (b = 2/3)
typically used by the Environmental Protection Agency and Consumer Prod-
uct Safety Commission, to body weight scaling (b = 1.0) used by the Food
and Drug Administration and Occupational Safety and Health Administra-
tion [4].
When input and target compartments coincide, (33, 34) imply that

AUC; =~ Wit oc WO (38)

where the term 0 = (b; — f;) denotes a plausible range of scale constants.

Comparative Risk (CR) Route-to-route Dose Extrapolation. One
of the most important theoretical and practical uses of analytic PBPK for-
mulas is to compare the relative impact upon target organ dose from two
different routes of toxic compound exposure or bolus dose administration.
To clarify the discussion of the comparative dose formulas below, it will be
helpful to consider plausible physiological interpretations of each of the four
compartments. In particular, it may be helpful to assume that: (1) the first
compartment represents the arterial blood compartment, possibly lumped
together with the venus blood, kidney, lung or some other rapidly perfused
organs, (2) the second compartment represents the lumped liver, gall bladder
and perhaps some other rapidly perfused compartments not lumpted with the
main blood compartment, (3) the third compartment represents the fat com-
partment and (4) the fourth compartment represents other lumped slowly
perfused organs (e.g., muscle, bone and skin). Depending upon the toxic
compound and risk application, appropriate organ lumpings can vary.

Representative comparative dose formulas are given below for several
cases of potential bolus dose input into two different compartments of the 4-
compartmental model above. While most of these results may be intuitively
understood by researchers utilizing classical compartmental modeling tools,
the comparative PBPK formulas below appear to provide more complete
quantitative and qualitative tools for internal dose description, biological
understanding and risk assessment manipulation.

First, for the case of peripheral fat compartment comparative risk (CR)
from liver and blood bolus dose toxicant inputs (e.g., by ingestion into liver
and inhalation into blood), CR is given by equation (27) as

_ AUCaz _ (5—1)32 Q;lAgo _ Ay

CRYW = — = = . 39
By AUCs  (S-1) Q'4A10 1 A (39)
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Thus for equal bolus dose inputs, comparitive risk is < 1 (A = Ajo). In
particular, CR=1 when liver secondary elimination is zero (i.e., 1z, =1), but
CR— 0 as secondary elimination increasingly dominates primary elimina-
tion (as 15, — 00). This represents a simple mathematical description of the
liver’s biologically critical role as a first pass effect in protecting peripheral
organs from environmental insults via ingestion relative to insults by inhala-
tion and shows that only target organ and input compartment parameters
effect relative risk in linear models. However, this is not true for absolute
AUC where the noncancelling det(S) reflects contributions from all compart-
ments. Note that comparative risk can be easily computed when bolus inputs
are not equal, but some insights may be easier with equal inputs.

By syrnmetry to the above case, CR,(‘;)/“ = (AUC42/AUC41) = Ago/Aloizg.

Also by symmetry, C'R‘(;;)/41 = Aso/A1olss, which is unity for equal inputs

(Aso = Ajo) when fat secondary elimination is zero (133 =1).
Second, the liver compartment CR for liver and blood inputs is given by

@ _ AUCn _ (571),Q3"'4 _ In (1 _ qusla q14141> Az

CRY. = - _ A
BMTAUCH  (S71), Q' qizlm A(IO \
40

Tulss  Tile
If secondary elimination occurs only in the liver (in #1, in=1p=1u=
1), then CR=1 (if Ao = Ajo), since the parenthetical term then equals g¢;5.
But CR— ¢;;'1;; — oo as secondary elimination in the blood increases (i.e.,
as iy — 00) via kidney elimination or lung and blood metabolism. Thus,
(39,40) show that the relative importance to CR of liver and blood inputs
may reverse as the target organ changes from the noninput fat compartment

to the input liver compartment,
Third, blood compartment CR for liver and blood inputs is given by

@ _ AUCn _ (571),,Q7'An _ q2Q3'An _ A (a1)

CR)n = = = ; = = ,
M AUCH T (S71), Q7 A0 1Q7 A 12410

equaling CRS,;)/SI, and thus also reflects the liver’s first pass relative effect.

By symmetry, CR\3),, = Aso/(133/10) and CRY),, = Aso/(144Ar0)-
Fourth, the muscle compartment CR for liver and fat inputs is given by

CRYW - AUCy _ (871),, Q7' Az _ lagi2133Q7" A2 _ 133420

- - - 1 = lnfw g
42/83 7 AUC,s (S);3Q5" A% 1laqialnQ3'430 12430 (42)

implying CR— 0 as liver secondary elimination increases faster (as 12 — 00)

than fat. However, CR— oo if fat secondary elimination increases faster (as

133 — o0) than liver. Also, CR=1 if Ay = Ajp and liver and fat secondary

elimination are both zero. By symmetry, CR%’,“ = (144430)/(133A40).
Fifth, blood compartment CR for liver and fat inputs is given by

@ _ AUC _ (571),,Q3' A _ qi2133144Q7" A2 _ 133420 (43)
1

CR“/13_AU013_ (5-1) Q'A% q¢ql11Q'A 14
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which surprisingly equals CRE';’MS above. Thus, changing the target organ
from the peripheral (muscle) compartment to the main (blood) compart-
ment does not change comparative risk relative to two other peripheral
compartment inputs (i.e., liver and fat)! Also, by symmetry, CRi;)/“ =
(AUC13/AUC14) = (i44A30)/(133A40),which tends toward unity for equal
bolus dose inputs (Azp=A4o) since fat and muscle secondary elimination is
typically zero. However, CR— 0 as fat secondary elimination increases faster
(as 133 — 00) than muscle, but CR— oo if the reverse relationship holds.
Sixth, the liver compartment CR for liver and fat inputs is given by

_AUCx _ (571),,Q37'Az _ inlss (1 _ quslar 914141) Ao

CRfjpy= A0 _ (5505 A _ gl _ gula) A
AU023 (5_1)23 Q3 A30 121‘112 111133 111 144 /4(30
44
which mimics C Rg‘z)/n above (40), but increases faster as secondary blood and

fat elimination increase together (CR— ql_zliui:;:; — 00 as 111,133 — 00).
Similar comparisons have been attempted elsewhere for more complex
models using general purpose numerical simulation tools [3].

Discussion and Future Directions

Simple 1,2,3 and 4-compartment linear PBPK dose models have been refor-
mulated in factored matrix ODE form in order to elucidate their essential
structure and to simplify their analytic solution to forms potentially more
useful for quantitative risk assessment (QRA) and experimental design (ED)
applications. Theoretical applications to interspecies scaling of internal or-
gan AUC dose and to comparative target organ dose or risk from two routes
of bolus dose administration have been theoretically explored. Practical ap-
plications might include development of optimal drug delivery strategies for
humans or prioritization of pesticide exposure control strategies for farm-
workers. Such simple linear exposure models suffer many potential biological
weaknesses surrounding the following issues: (1) relative absorption rates for
the major routes of administration, (2) organ lumping strategies (i.e., model
expansion and collapse), (3) complex compartmental interconnections and
feedbacks, (4) well-stirred compartment assumptions, (5) poorly specified
physiochemical activiation or deactivation metabolism parameters, (6) cellu-
lar and subcellular exposure pharmacodynamics, and (7) nonlinear parame-
ters. The simple models analyzed and solved above shall hopefully provide
fundamental motivation and component building blocks for development of
similar, but extended, analytic solutions, quasianalytic approximations or
general numerical algorithms for more complex linear and nonlinear PBPK
models that would be of practical use in risk analysis, especially QRA and
ED applications. Such issues will be explored elsewhere.
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sources, 2-3
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Ground boom mixer-loader-applicators,
pharmacokinetic model of exposure to
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detection period, 128,131
experimental procedure, 127
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rat hair analytical procedure, 127-128
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use as biomarker, 125-126
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adduct formation, kinetics, 136
alachlor detection, 144,146f,147
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3,4-dichloroaniline detection, 144,145¢
dichlorvos detection, 149,151f
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pentachlorophenol detection, 153
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propoxur detection, 153,154f,¢
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future work, 164
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161,163t
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urine sample effect, 161-163f
urine sample vs. assay sensitivity,
161,164t
Immunodeficiency
relationship to Epstein—Barr virus
infections, 205
relationship to lymphomas, 204205
Immunosensors, specificity, 115
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assessment, 193-194
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development and metabolism, 284
prediction of anticholinesterase activity
and urinary metabolites, 284-300
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model

development, 285-293
enzymes, 285,288f
experimental description, 284-285
inhibition of cholinesterase in brain, 292
mass balance equations
des-n-isopropylisofenphosoxon in brain,
292-293
metabolism, 292
percutaneous absorption, 291
tissue—blood exchange, 291-292
metabolic enzyme kinetics,
289,2901,294¢
metabolic pathway, 285,288,289
metabolism, 285,287f,293,294:,296f
model, 285,286f
partition coefficients, 289¢
phosphorylation of cholinesterases,
290-291,295-298f
physiological parameters, 285
sensitivity analysis, 299-300
skin permeability, 285
time course data, 285

L

Lead, body burden vs. tissue burden
exposure assessment, 181-184
Linear solvation energy relationships,
model, 24-25
Linuron, detection by using hemoglobin
adducts, 140,143£,145¢
Lymphomas
factors required for generation, 204
relationship to ataxia telangiectasis and
pesticide exposure, 205-206
relationship to immunodeficiencies,
204-205
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methods, 159
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Methyl n-butyl ketone, use of hair as
biological marker, 126
(2-Methyl-4-chlorophenoxy)acetic acid
(MCPA)
exposure monitoring methods, 214-215
ground boom application equipment, 214
multiple dermal exposure model, 218-229
pharmacokinetics, 215-218
1-Methylethyl 2-({ethoxy[(1-methylethyl)-
amino]phosphinothioyl}oxy)benzoate,
See Isofenphos
Molecular biological parameters, changes
induced by exposure to dioxin-type
chemicals, 37-48
Molecular connectivity index(es),
methodology, 65
Molecular connectivity index—toxicity
relationship for organic nitriles
compounds examined, 67t
correlations with two principal
components, 72f,73
methodology, 65-67
observations used in regression
analyses, 68,70t
observed and predicted values of —log of
lethal dose, 74,75¢
principal component loadings, 68,71¢,72
regression analyses, 68,691
terminology, 65
univariate correlation of transformed
variables, 73,74f
Molecular modeling for development of
biomarkers for human exposure to
pesticides, computer aided, See
Computer-aided molecular modeling for
development of biomarkers for human
exposure to pesticides
Monocyte esterase
activity inhibition by organophosphorus, 204
deficiency vs. hematopoietic tumor
formation, 202-204
inhibition of activity, 199-201¢
Monuron, detection by using hemoglobin
adducts, 140,142f
Muscarinic receptors
description, 52-53
occurrence in blood cells, 62-63
organophosphates, direct action, 53-56
relationship to second messenger systems
and cell membrane, 53,54f
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schematic representation, 53,54f
subchronic parathion effect, 56-62
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Natural killer cells, activity suppression by
organophosphorus, 200,201f
Neurotransmitter receptors, 51-52
Nitriles
cyanide release, 22-23
industrial applications, 22
structure—toxicity relationships, 23-24
toxicity
mechanism-based model, 24
modeling using theoretical linear
solvation energy relationships, 25-33
p-Nitrophenol in urine
disadvantages of classical analysis, 159
immunoassay, 159-164

0O

Occupational exposure to pesticides, 2
Optical immunosensors, examples, 115-116
Organic nitriles, correlations of molecular
connectivity indices with toxicities, 65-75
Organochlorines
biomonitoring methods, 8,13
occurrence, 8,12¢
Organophosphate(s), direct actions on
muscarinic receptors, 53~-56
Organophosphate-exposed populations,
epidemiological studies, 198-199
Organophosphorus anticholinesterase
pesticides, biosensor for monitoring
blood cholinesterases as biomarker of
exposure, 114-123
Organophosphorus compounds,
biomonitoring methods, 13
Organophosphorus exposure
acute exposures and health effects, 198
chronic, use of biomarkers in immune
dysfunction detection and lymphoma
development, 198-210
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Parathion, subchronic exposure effect on
muscarinic receptors, 56-62
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computer-aided molecular modeling for
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exposure to pesticides, 76-112
detection by using hemoglobin adducts,
133-154
environmental exposure-biologically
effective dose-health effect relationship,
134,135
organophosphorus anticholinesterase,
biosensor for monitoring blood
cholinesterases as biomarker of
exposure, 114-123
Pesticide binding protein, isolation from
rat blood
binding assay, 168,174,176,177¢
chemicals, 166
delipidation procedure, 168
electrophoresis, 169,172f
elution patterns
Sephacryl S-200 column, 174,175f
Sephadex G-75 column, 169,171f
gel filtration determination of
molecular weight, 168
immunoblot
analytical procedure, 167
protein—pesticide complex, 174,176f
ligand characterization procedure, 168—169
material preparation, 168
metabolite—protein complex, stability to
dialysis, 169,173,174
polyacrylamide gel electrophoretic
analytical procedure, 167
protein purification procedure, 167168
radioactivity distribution after fractionation,
169,170t
Pesticide exposure
biomonitoring, 2-14
relationship to ataxia telangiectasia,205-206
Pharmacokinetic analyses, 265
Pharmacokinetic model of exposure of
ground boom mixer—loader-applicators
to (chlorophenoxy)acetic acid herbicides
calibration, 225-229
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development process, 215
multiple dermal exposure model, 218-220
pharmacokinetics of 2,4-D and MCPA,
215-218
validation, 220-225
Pharmacokinetic modeling, applications, 3
Pharmacokinetics
analyses, 265
definition and description, 264-265
models, 265-266
Physiologically based pharmacokinetic
models
assumptions, 268
biomarker example, 277-282
body burden exposure assessment, 192-193
description, 265-266
diagrammatic representation, 266,267f
first-pass effect, 266,268
mathematical description, 268-271
solution method, 271-272
toxification from metabolism example,
273-276,279
use in exposure and risk assessments, 266

Physiologically based pharmacokinetic—
pharmacodynamic model, prediction of
anticholinesterase activity and urinary
metabolites of isofenphos, 284-300

Physiologically based pharmacokinetic risk
assessment models

analytic solution, 302-316
differential equation discretization
methods for solution, 301

Pollutant, factors affecting human exposure,
133-134

Principal component analyses, molecular
connectivity index—toxicity relationship
for organic nitriles, 68,71-74

Propham, detection by using hemoglobin
adducts, 140,141f,145¢

Propoxur, detection by using hemoglobin
adducts, 153,154f¢

Protein adducts, potential as
biomarkers, 134

Protein isolation from rat blood, pesticide
binding, See Pesticide binding protein,
isolation from rat blood
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Rat, dermal absorption and disposition of
malathion, 231-261

Rat blood, isolation of pesticide binding
protein, 166-177

Receptor biosensors, example, 115

Risk assessment, use of physiologically
based pharmacokinetic models, 264-282

S

Sample collection, biomonitoring, 5¢,6
Sample handling, biomonitoring, 5¢,7
SCOUT, description, 66—67

T

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
equivalent, description, 38

Theoretical linear solvation energy
relationships, 25-26

Tissue burden, comparison to body
burden, 179

Toxicity from nitriles, 24-33

Toxicity—molecular connectivity index
relationship for organic nitriles, See
Molecular connectivity index—toxicity
relationship for organic nitriles

Triadimefon, detection by using hemoglobin
adducts, 149-151¢

Triazine herbicides, biomonitoring, 13
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Urinary metabolites of isofenphos,
prediction by using percutaneous
physiologically based pharmacokinetic—
pharmacodynamic model, 284-300
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immunoassay for p-nitrophenol, 159-164
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Validation of pharmacokinetic models of
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Wasting syndrome, description, 48
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XB cell(s), description, 39-40
XB cell hyperkeratinization assay
cell culture preparation, 40
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procedure, 40
dose-response relationship, 41-43f
experimental materials, 40
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