Biomarkers for Agrochemicals
and Toxic Substances

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



ACS SYMPOSIUM SERIES 643

Biomarkers for Agrochemicals
and Toxic Substances

Applications and Risk Assessment

Jerry N. Blancato, EDITOR

U.S. Environmental Protection Agency

Robert N. Brown, EDITOR
U.S. Environmental Protection Agency

Curtis C. Dary, EDITOR

U.S. Environmental Protection Agency

Mahmoud Abbas Saleh, EDITOR

Texas Southern University

Developed from a symposium sponsored
by the Division of Agrochemicals

American Chemical Society, Washington, DC

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



RA 1270 .A4B55 1996 Copy 1

Biomarkers for agrochemicals
and toxic substances

Library of Congress Cataloging-in-Publication Data

Biomarkers for agrochemicals and toxic substance: applications and risk
assessment / Jerry N. Blancato... [et al], editor.

p. cm.—(ACS symposium series, ISSN 0097—6156; 643)

“Developed from a symposium sponsored by the Division of
Agrochemicals at the National Meeting of the American Chemical
Society, Anaheim, California, April 2—7, 1995.”

Includes bibliographical references and indexes.
ISBN 0-8412—3449-3

1. icultural chemicals—Health as —Congresses.
2. Biochemical markers—Congresses. 3. Endocrine toxicology—
Congresses. 4. Agricultural chemicals—Environmental aspects—
Congresses.

I. Blancato, Jerry N. II. American Chemical Society. Division of
Agrochemicals. IIl. American Chemical Society. Meeting (209th: 1995:
Anaheim, Calif.). IV. Series.

NLM: 1. Agrochemicals—congresses. 2. Hazardous
Substances—congressses. 3. Biological Markers-—oon%'m.
4. Environmental ure—prevention & control—United States—
congresses. WA 465 B620 1

RA1270.A4B55 1996
615.9—dc20

DNLM/DLC
for Library of Congress 96—28(7:7[%

This book is printed on acid-free, recycled paper. @

Copyright © 1996
American Chemical Society

All Rights Reserved. The appearance of the code at the bottom of the first page of each
chapter in this volume indicates the copyright owner’s consent that reprographic copies of the
chapter may be made for personal or internal use or for the personal or internal use of
specific clients. This consent is given on the condition, however, that the copier pay the stated
r-copy fee through the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
01923, for copying beyond that permitted by Sections 107 or 108 of the U.S. Copyright
Law. This consent does not extend to copying or transmission by any means—graphic or
electronic—for any other purpose, such as for general distribution, for advertising or
promotional purposes, for creating a new collective work, for resale, or for information
storage and retrieval systems. The copying fee for each chapter is indicated in the code at the
bottom of the first page of the chapter.

The citation of trade names and/or names of manufacturers in this publication is not to be
construed as an endorsement or as approval by ACS of the commercial products or services
referenced herein; nor should the mere reference herein to any drawing, specification,
chemical process, or other data be regarded as a license or as a conveyance of any right or
permission to the holder, reader, or any other person or corporation, to manufacture,
regroduce, use, or sell any patented invention or copyrighted work that may in any way be
related thereto. Registered names, trademarks, etc., used in this publication, even without
specific indication thereof, are not to be considered unprotected by law.

PRINTED IN THE UNITERASAIECRImbNISHIely
Library
In Biomarkers for uamt:aﬁ'%oxic Substances; Blancato, J., et a.;

ACS Symposium S¥ashingion, B ical Society: Washington, DC, 1996.



Advisory Board

ACS Symposium Series
Robert J. Alaimo Cynthia A. Maryanoff
Procter & Gamble Pharmaceuticals R. W. Johnson Pharmaceutical
Research Institute

Mark Arnold
University of Iowa Roger A. Minear

University of Illinois
David Baker at Urbana—Champaign
University of Tennessee

Omkaram Nalamasu
Arindam Bose AT&T Bell Laboratories
Pfizer Central Research

Vincent Pecoraro
Robert F. Brady, Jr. University of Michigan
Naval Research Laboratory

George W. Roberts
Mary E. Castellion North Carolina State University
ChemEdit Company

John R. Shapley
Margaret A. Cavanaugh University of Illinois
National Science Foundation at Urbana—Champaign
Arthur B. Ellis Douglas A. Smith

University of Wisconsin at Madison

Gunda I. Georg
University of Kansas

Madeleine M. Joullie
University of Pennsylvania

Lawrence P. Klemann
Nabisco Foods Group

Douglas R. Lloyd
The University of Texas at Austin

Concurrent Technologies Corporation

L. Somasundaram
DuPont

Michael D. Taylor
Parke-Davis Pharmaceutical Research

William C. Walker
DuPont

Peter Willett
University of Sheffield (England)

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



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.

ACS BOOKS DEPARTMENT
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Preface

"THE RISk ASSESSMENT PROCESS has received increased attention over
the past few years. The National Research Council, the U.S. Congress,
and numerous international bodies have all discussed its importance.
There are considerable uncertainties with the probabilistic estimates of
risk. Risk assessments consist of many components involving several
scientific disciplines. Exposure assessment is often the weak link in risk
assessments. While a treatise on exposure assessment is outside the
scope of this volume, measurements of concentrations in environmental
media and in biological fluids and tissues are important cornerstones.
These measurements are often expensive and time-consuming. We need
accurate, quick, and cost-effective measurement techniques. In addition,
we need interpretive methods to assess exposure and risk to xenobiotics.

Public concerns about agrochemicals and toxic substances are great.
The media frequently report on these areas, alerting people to newly per-
ceived dangers, both real and imagined. The public finds pesticides in
food products and in drinking water especially disconcerting. For exam-
ple, we have grown more aware of the role of agrochemicals as possible
endocrine disruptors.

Biomarkers and biomonitoring, the subjects of this volume, offer
exciting opportunities to understand more completely environmental,
chemical, and physiologic processes by providing useful measures of
chemicals and their breakdown products. Many chapters in this volume
show and discuss such new methods and their field applications. How-
ever, to take full advantage of any new measurement or monitoring stra-
tegies, we should understand all the mechanistic processes. Full under-
standing is not always possible; progress is made in stages.

This volume was developed from the work presented at the 209th
National Meeting of the American Chemical Society, titled “Biomarkers
for Agrochemicals and Toxic Substances,” sponsored by the Division of
Agrochemicals, in Anaheim, California, April 2-7, 1995. It focuses not
only on measurement techniques and applications but also on new and
innovative thinking regarding the interpretation of measurement results.
Several chapters deal with the application of results to the exposure and
risk assessment process. Other chapters discuss new physiologic end
points as markers of exposure and effect. This integrated picture is more
fully discussed in the first chapter.
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Chapter 1

Relationship of Biomarkers of Exposure
to Risk Assessment and Risk Management

Curtis C. Dary, James J. Quackenboss,
Charles H. Nauman, and Stephen C. Hern

Characterization Research Division, National Exposure Research
Laboratory, U.S. Environmental Protection Agency, 944 East Harmon,
Las Vegas, NV 891933478

An “environmental healith paradigm” has been proposed for setting
priorities in risk assessment for pesticides. This paradigm serves as a
useful template for depicting the chain of events that relate sources of
exposure with adverse environmental and human health outcomes. The
paradigm is based on multiroute and multipathway exposure from contact
with contaminants in multimedia as modulated by the magnitude,
frequency, and duration of exposure. As part of this risk assessment
paradigm, biomarkers integrate routes, media, and pathways of exposure
so that scientifically defensible risk characterizations can be realized.
Biomarkers of exposure are indicators of current or historical contact with
an environmental agent. Moreover, biomarkers serve to evaluate the
completeness of exposure assessment information by associating
environmental or source information, exposure measurements, and
epidemiological and human activity data with internal dose. Biomarkers
may take the form of the unchanged agent itself or its metabolites, an
adduct or biochemical indicator depending on the source and route of
exposure, and the metabolism, storage, and excretion and physicochemical
properties of the agent. This paper will review the use of biomarkers of
exposure and explore the relationship biomarkers assume within the risk
assessment or “environmental health” paradigm.

Risk is a function of exposure and hazard and risk assessment is the process used to
evaluate the probability of exposure and the magnitude and character of the hazard
posed to human health and ecosystems by environmental stressors such as pollution
and alterations in the quality of habitats (1,2). The risk assessment process consists
of hazard identification, dose-response assessment, exposure assessment and risk
characterization. Hazard identification involves the experimental study of toxicity
in test organisms and the examination and evaluation of reports of exposure
incidents and epidemiological research. The potency of a stressor is determined
experimentally through a dose-response assessment. An exposure assessment

This chapter not subject to U.S. copyright
Published 1996 American Chemical Society
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1. DARYETAL. Biomarkers and Risk Assessment 3

determines the nature and size of the population or ecosystem at risk together with
the frequency, duration and magnitude of the exposure to the stressor. The data
collected through the first three elements, hazard identification, dose-response
assessment and exposure assessment, are used in risk characterization to qualitatively
or quantitatively estimate or predict the likelihood of an adverse health outcome.

Components of the Paradigm

Exposure assessment has been generally considered to be the weak link in hazard
evaluation and the assessment of risk to toxic substances including pesticides (3). As
depicted by Pirkle et al. (4) and recast to explore the pesticide exposure situation
(Exhibit 1), exposure assessment represents the preponderance of elements along the
spine of the environmental health paradigm that guides research in risk assessment
and risk management decisions (5). The environmental health paradigm for the
pesticide situation looks to a clear relationship between media concentrations, the
rate of exposure and adverse environmental health outcomes. Monitoring exposure
through the use of biomarkers provides a measure of the amount of the agent
transferred into an organism independent of the source or medium.

Sources. For the pesticide situation, the source of the exposure is generally
controlled through regulation as specified under the Federal Insecticide Fungicide
and Rodenticide Act (FIFRA. 7 U.S.C. 136 a-c, 136v.). The active ingredients and
formulations of pesticide products have been rationally designed and packaged for
the actuation of product at prescribed rates to control target pests in accordance with
the lawful labeling instructions. The product label contains approved conditions for
use, special restrictions, hazard warnings and general information about the product
(6). Conformance with the labeling instructions would be expected to reduce
exposure to the user and other non target organisms while delivering the product to
the intended target. Exposure would be expected to occur to the user through the
occupational activities required during handling while exposure to nontarget
organisms might occur through the incidental contact with residues. Thus the source
of exposure along the environmental health paradigm for pesticides (Exhibit 1) is set
along parallel tracts for occupational and incidental exposure.

Environmental Concentrations. Occupational exposure is clearly a human
condition where the user is expected to come into contact with relatively high
environmental concentrations of the product in different exposure media during
mixing, loading, application, and harvesting (7,8). As depicted in Exhibit 1, the
sources of occupational exposure would be expected to be the formulation
concentrate, the end use product, the application rate and the commodity or target.
The formulation concentrate might refer to emulsifiable concentrates, wettable
powders and certain dry flowables and microencapulated formulations that are mixed
with water to produce the end use product (9). The end use product may also be
“ready to use” as an aerosol to be actuated at specified application rates. The
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BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

Pesticide Environmental Health Paradigm

“Incidental Exposure .

Occupationél Exposuré

a) Formulation Concentrate a) Spray Dritt
b) End Use Product b) Residential Media
c) Appiication Rate c) Soll Leaching Sources
d) Commodity or Target
¥ )
a) Airbome Particies a) Akbome Particles
b) Spilage b) Residues Environmental
c) Foliar Residues ¢) Surface and Ground Water Concentrations
d) Soil Residues
Y v
) a) Respiration Rate
b) Application b) Surface Comtact
c) Harvesting c) Nondietary ingestion Activities
d) Dietary Ingestion
Exposure
Conditions
Route
: Boundary < .-~ RS Bioavalisbility
] St
c; Torget Ooss Body Burden
d) Biomarkers
3
HEALTH OUTCOMES

Exhibit 1. Environmental Health Paradigm for the pesticide exposure as taken from
Pirkle et al. (4).
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1. DARYETAL. Biomarkers and Risk Assessment

application rate is generally expressed in mass of active ingredient delivered per area
treated. The area treated may be a commodity or other target such as residential
structures and media.

Activity Patterns. The source is likely to give rise to certain environmental
concentrations that may pose a hazard during the performance of activities
(7,10,11). For example, wettable powder formulations may pose a hazard from the
dispersion of airborne particles during mixing and loading while emulsifiable
concentrates may pose a hazard from spills and splashes (9). Harvesters may contact
foliar and soil residues during harvesting a certain agricultural commodity (7). The
hazard would be dependent on the application rate, the re-entry interval between
application and harvesting and the foliar characteristics of the commodity. For
example, a greater hazard might be posed by an early unscheduled re-entry into a
field where high rates of an insecticide were required to meet an emergency
application on a commodity that requires a great deal of hand manipulation.

Exposure Conditions. The severity of the exposure is determined by the
magnitude, frequency and duration of contact as it would be for incidental exposure.
The sources of incidental exposure would be expected to contribute to much lower
environmental concentrations than those from occupational exposure (8). For
example, spray drift may pose a potential hazard to organisms adjacent to
agricultural lands. Spray drift is the movement of airborne particles or vapors from
the intended site of application to an off-target site (9). Droplet size predicts spray
drift potential with mobility diminishing rapidly with droplets or particles ranging
above 150 to 200xm in approximate diameter. Vapor drift might occur with highly
volatile pesticides applied under environmental conditions that promote rapid
volatilization and the movement of the pesticide as a gas to off-target sites.

Routes of Exposure. The magnitude, frequency and duration of contact with
a contaminant would be dependent on the activity patterns of the organism (12).
Activities in closed environments might contribute to respiratory exposure to vapors
and particles (2,13,14). Fall-out of particles on residential media at intended sites
and off-target sites might contribute to contact with and dermal transfer of
dislodgeable residues (15,16,17). Residues transferred to the hands may be
percutaneously absorbed or ingested (17,18,19). Accumulation of residues on soil
contribute to soil leaching into groundwater or run off to surface waters resulting in
a persistent reservoir of contaminants for ingestion and percutaneous absorption
(2,20).

Bioavailability. The sources, environmental media, activities, exposure
conditions and routes of exposure form the environmental pathways which complete
the exposure segment of the environmental health paradigm (Exhibit 1). While the
risk of exposure can be explored and evaluated through study of the first five
elements of the environmental health paradigm (21,22,23), exposure assessment is
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BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

a subset of a larger problem as seen by the addition of internal dose and adverse
environmental health outcomes in the total risk assessment (Exhibit 1). The weak
link in the paradigm is the cusp between the elements of exposure and the perceived
or realized adverse environmental health outcomes. Very few studies have been
designed and performed that include the elements of exposure with the study of dose
(4). In Exhibit 1, the cusp between exposure and dose is filled by the term
bioavailability which may be seen as the means by which the environmental
concentrations reach the biological boundary as determined by pathways and routes
of exposure (3).

The route of exposure, oral, dermal and inhalation, controls the rate and
magnitude of the expression of the bioavailability which describes the completeness
of the uptake of a substance from the environmental media (2). This control is
modulated by the conditions, locations and the exposure medium, e.g., air, water,
and soil which defines the exposure pathway. The potential dose may be seen as the
amount of xenobiotic that exists along an exposure pathway and can become
associated with an exposure route (5). In dermal exposure of humans, the potential
dose is the amount of xenobiotic in a vehicle matrix such as soil, dust, water or an
organic solvent that forms a film over the surface of the skin. The potential dose
may be acquired outdoors while harvesting vegetables laden with surface residues
of a pesticide as part of the pathway. Ingestion of the residue laden vegetables would
contribute to the potential oral dose. Inhalation of vapors and particles would
contribute to the potential respiratory dose.

Body Burden. Biomarkers enter the environmental health paradigm at the
point where the organism acquires an internal dose (Exhibit 1). The amount of the
xenobiotic that enters the organism through the dermal, oral, and inhalation routes
defines the internal dose. Pirkle et al.(4) further define the portion of the internal
dose that reaches a tissue of interest as the delivered dose or body burden. The tissue
of interest may be the tissue site of action and that portion of the delivered dose has
been referred to as the biologically effective or target dose (4). Body burden is seen
here (Exhibit 1) as the circulating concentration of xenobiotic equivalents in blood
and other biological fluids, e.g. cerebrospinal fluid (CSF), and the non target dose
and target dose in tissues. Biomarkers represent identifiable and measurable
biochemical, physiological and histopathological-pathological indicators and
expressions of the body burden.

The NRC (2) defines a biological marker (biomarker) as a cellular or
molecular indicator of toxic exposure, adverse health effects, or susceptibility (2).
Biomarkers have been classified as biomarkers of exposure, biomarkers of effect,
and biomarkers of susceptibility (2). More specifically, biomarkers are seen as
biochemical, physiological, and histological indicators of change in an organism at
the organismic, sub-organismic, cellular and subcellular level (24). Very simply,
biomarkers are tools for detecting exposure and assessing untoward biological
effects. In this context, biomarkers should have diagnostic and prognostic value.
Therefore, biomarkers should be relevant to the human clinical situation as well as
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1. DARYETAL. Biomarkers and Risk Assessment

to veterinary medicine, horticulture, and ecological health. In this regard, humans
share the same level of concern as all other organisms (24).

Use of Biomonitoring Data.

The Toxic Substances Control Act (TSCA - 15 U.S.C. 2601) and the Federal
Insecticide Fungicide and Rodenticide Act (FIFRA - 7 U.S.C. 136, ef seq.) were
enacted to control, manage and thereby reduce exposure and injury of humans and
other non-target flora and fauna to environmental chemicals. Evidence acquired
from studies performed according to the TSCA test rules and Pesticide Assessment
Guidelines under FIFRA would be expected to furnish the necessary toxicological
and exposure data to reduce uncertainty in risk assessment. The Pesticide
Assessment Guidelines (25) describe the requirements for acceptable study
protocols, test conditions, and data collection and reporting. As set out in Exhibit
2, the requirements have been harmonized with the OTS TSCA Test Rules and
OECD Guidelines and offered under the revised U.S. EPA Office of Pollution,
Pesticides and Toxic Substances (OPPTS) nomenclature (26). For example, the
requirements under the OTS TSCA Test Rules (Part 798-Health Effects Testing
Guidelines) and Subpart F (Hazard Evaluation: Human and Domesticated Animal)
have been harmonized with the OECD Guidelines and given the new OPPTS
designation, Series 870 (26).

The OPPTS ecological effects (Series 850) and health effects (Series 870)
guidelines are expected to minimize variation among and between testing procedures
that must be performed to meet the data requirements under TSCA and FIFRA. In
an analogous way, the other existing Pesticide Assessment Guideline Subdivisions
(Exhibit 2) will be reissued as harmonized OPPTS Guidelines. The Re-entry
Exposure (Subdivision K) and Application Exposure Monitoring Guidelines
(Subdivision U) will be merged into the single harmonized OPPTS Series 875-
Occupational and Residential Exposure Test Guidelines. Although incomplete at this
juncture, the Series 875 guidelines will likely consist of individual guidelines for
studies of the dissipation of foliar dislodgeable residues, soil residues and indoor
surface residues, and human exposure via the dermal and inhalation routes. Included
with these exposure guidelines will be the “Assessment of Dose Through Biological
Monitoring Guidelines 875.2600.

Biomarkers of Human Exposure. As presented in this volume, Needham and in
a subsequent paper, Hill et al., explore the benefits of using biomarkers and the
value of biomonitoring data to assess human exposure to chemicals and metals
important to TSCA and FIFRA according to methods established and performed by
the National Center for Environmental Health. In this lead paper, Needham
compares the virtues of biomonitoring to assess exposure and characterize risk with
the traditional epidemiological approach where potential exposure to the individual
or population is assessed through the determination of an exposure index (27). The
exposure index is used to explain the total concentration of a substance in the
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BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

environmental media that humans contact integrated over time. As explained by
Needham, this “environmental approach” for assessing risk which forms the first five
elements of the environmental health paradigm (Exhibit 1) is troubled by consider-
able uncertainty.

Under the best experimental design conditions, environmental samples, e.g.,
air, water, soil and food, are collected at an exposure site in conjunction with
information about the frequency, duration and magnitude of contact with the
contaminated environmental media along with medical histories. Difficulties in
interpreting the causative relationships between exposure as determined from the
environmental approach of collecting environmental samples, clinical information
and activity patterns information through survey questionnaires have been
recognized where multiple exposure pathways (sources, media, and routes of
exposure) coincide with mixtures of causative agents, individual variability in
susceptibility and behavior and the latency period of exposure (5). These factors are
reviewed by Khalek and coworkers in this volume, as they explore the social,
cultural, psychological, anatomical, and physiological variation among human
populations that impact on human exposure and the use of biomarkers. Khalek et
al., differentiate and classify geographically distinct human populations in
developing countries by certain intrinsic genetic markers, e.g. blood type groupings,
in combination with extrinsic markers, e.g., infectious disease distributions, age,
development, and nutrition.

As observed by Needham and in a subsequent paper by Hill and colleagues
in this volume, the environmental sampling approach to obtain an exposure index
is best suited to identify and at times locate sources and media of concern with the
intent to limit and prevent further exposure. As observed by Hill et al., the
measurement of internal dose, what we choose to refer to as body burden, assesses
actual exposure. We submit, that the measurement of body burden legitimizes and
verifies the inferential information gained from the environmental approach.

As asserted by Needham in this volume, the best measure of exposure for
assessing dose-response rzlationships is the biologically effective dose or target dose.
For the reconstruction of dose related and health related events along the environ-
mental health paradigm, the target dose is seldomly quantafiable although the
adverse effects are generally observable (5). For example, anticholinesterase agents
such as the organophosphorus (OP) and carbamate insecticides, have a clearly
defined site and mode of action (28), yet, as discussed by Padilla et al., in this
volume, isolation of the target tissue dose is impractical. Padilla et al., present the
limitations and utility of blood cholinesterase (ChE) as a biomarker of effect as well
as a biomarker of exposure. Padilla et al., further recognize the pivotal relationship
that must be struck between blood cholinesterase inhibition and the onset of adverse
effects and behavioral changes that follow interaction with the target site, the
acetylcholinesterase enzyme (AchE: EC 3.1.1.7) that hydrolyzes the neurotransmit-
ter, acetylcholine, that is responsible for the transmission of electrical impulses
between nerve synapses and neuromuscular junctions (28).
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10 BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

This understanding is shared by Ehrich as she describes the biochemical and
physiological requirements for the inhibition of another important carboxyl esterase
known as Neuropathy Target Esterase (NTE) and its utility in predicting the
expression of organophosphate - induced delayed neuropathy (OPIDN). This
neurotoxic disorder has been described most accurately as a central peripheral distal
axonopathy (29) where the long nerve fibers (axons) degenerate from a point distally
along their length from a point of “chemical transection” (30). This “chemical
transection" is thought to resemble the physical severing of the nerve fiber resulting
in the pathologic loss of the axon with the survival of the cell body. Ehrich refers
to three clinically and morphologically distinct forms of OPIDN, Type I associated
with phosphoric acid, phosphonic acid, and phosphoramidic acid derivatives, Type
II OPIDN associated with triphosphate compounds and a third “intermediate
syndrome” associated with respiratory failure and injury to the diaphragm.

Unlike the well developed understanding of the syndrome of toxicity (28)
and mode of action (31) of cholinergic poisoning following OP exposure, the
relationship between NTE inhibition and the expression of OPIDN remains
problematic (32). Ehrich presents a very lucid and complete discussion of the
relationship and differences between OP induced acute neurotoxicity resulting from
AchE inhibition and the delayed and often progressive neurotoxicity resulting from
NTE inhibition. She further examines the value of the use of NTE as a field marker
of OP exposure compared with the use of blood ChE. In addition to these
comparisons, Ehrich explains the realized value of NTE as an indicator of OPDIN
in premarket testing.

As the papers by Needham, Hill et.al, Padilla et al., and Ehrich reveal, the
internal dose is more easily determined from an examination of the delivered dose
in tissues apart from the target dose. The exposure can be detected and the agent
identified in easily accessible tissues such as blood, and excreta. The mildly invasive
collection and examination of blood and the noninvasive examination of urine and
to a lesser extent human milk form the core biological matrices that have been used
to develop biochemical and metabolic biomarker assays (3). One novel approach to
the investigation of possible OP insecticide exposure as presented by Seifert in this
volume, is the increased urinary excretion of xanthurenic acid. This method would
be expected to be complimentary with the measurement of blood ChE inhibition as
described by Padilla et al., in this volume and possibly provide an important link
between cholinesterase activity and urinary metabolite excretion.

As an alternative method for detecting contaminants in blood, Saleh and his
colleagues explore the binding of pesticides and two industrial chemicals,
trichlorophenol (TCP), and polychlorinated biphenyls (PCB’s 1221), to serum
proteins and the resultant shifts in the associated serum protein profile. Saleh et al.,
demonstrate the utility of Fast Protein Liquid Chromatography (FPLC) as a tool for
rapid screening of human plasma for protein adducts. In another study, Saleh and
coworkers examine the value of human mothers milk as an important biological
matrix in exposure surveillance of three distinct populations at different levels of
risk of exposure to lead and certain chlorinated insecticides. These studies serve to
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illustrate the linkage between human time-location activity patterns and the
bioaccumulation of xenobiotics in accessible human fluids of human populations in
developing countries as presented by Khalek et al.

These biomarkers may be categorized as delivered dose biomarkers whereas
blood cholinesterase and NTE are clear examples of biomarkers of effect (5). Sexton
et al. (5) further categorize biomarkers as effective dose markers, e.g. DNA, protein
and hemoglobin adducts, and adverse effects (subclinical disease) biomarkers which
may be seen as cellular or tissue changes. We prefer to lump these subclassifications
into a single category as “endogenous response biomarkers”. With respect to this
classification, Garst and Bieber et al., present the potential use of L-carnitine and
carnitine esters as biomarkers of metabolism and cellular and subcellular injury.
These “endogenous response biomarkers” are important products of mitochondrial
B-oxidation of long-chain fatty acids. Interference with fatty acid f-oxidation would
have dire effects on energy production as expressed through a secondary carnitine
deficiency. In his paper, Garst theorizes the role that acylcarnitine ratios play in the
expression of hepatomegaly and the production of non-genotoxic hepatic tumors in
response to structurally diverse peroxisomal proliferating agents. Beiber et al., in
a subsequent paper, explain how the urinary acylcamitine profile can be used for
diagnostic purposes.

Biomarkers of Environmental Health. Biomarkers find importance as
biomarkers of environmental health just as they do in human health risk assessment
(33). Biomarkers assume a broader importance beyond the human health situation
as biomarkers or indicators of exposure, susceptibility, and toxic effect that impact
on numerous species in diverse communities of which humans are a part and where
humans can act as benign participants or stressors (24). Deleterious changes in
ecosystem health that impact risk prediction are often indicated by sharp reductions
in the population densities of certain species through injury and lethality that
contribute to declines in species diversity and biomass (34). Thus, the morbidity and
mortality of populations of certain species, such as nontarget beneficial insect
species, assume the unfortunate role as biomarkers where intervention or r
emmediation are acutely indicated. Under certain circumstances, populations and
species will likely remain “biomarkers of stress” through injury and lethality until
external and endogenous response biomarkers are found.

We apply the term “external biomarker” to evidence of exposure or stress of
a species as determined by the detection and measurement of physical, chemical and
biological changes in biological remains such as excreta, exuviae, eggs, feathers,
leaves and seeds that can be obtained without stress to the organism (35). Such
biological remains might lend themselves to traditional residue analysis of persistent
chemicals, e.g. polychlorinated biphenyls (PCB’s), as logical compliments to
residue analysis of co-located environmental media for monitoring the status and
trends of contaminated sites and for the surveillance of sensitive and endangered
species. An external biomarker might also be traced back to the living organisms to
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be detected and measured as an “endogenous response biomarker” with immediate
importance for intervention.

As detailed in the reviews of McCarthy and Shugart (36), Peakall (34) and
Huggett et al. (24), the list of currently recognized biomarkers ranges over several
levels of subcellular, cellular and tissue organization (35). The majority of these
biomarkers and others recently recognized by Butterworth et al. (37) may be
classified as endogenous response biomarkers. Direct analysis of blood and urine of
wild fauna for xenobiotic equivalents and metabolites is not practiced to the same
extent as it is in human clinical surveillance or biological monitoring. A very limited
number of species are suitable for biological monitoring of status and trends. Large
mammals and certain avian and reptile species might be suitable for routine
nondestructive blood and tissue monitoring while small and delicate species may
require whole-body analysis (34,37). The destructive use of any species carries with
it profound ethical considerations (35) and therefore a primary aim of biomarker
development in ecotoxicology is the development of noninvasive and nondestructive
biomarkers (34,35).

As observed by Peakall (34), the wealth of biomarker research in
ecotoxicology has grown larger than that which a single treatise can convey. The
growth in the volume of scientific papers devoted to ecotoxicology has very recently
escalated as compared to the more established record of proliferation of papers in
environmental health and other related disciplines that impact on the development
of the environmental health paradigm (Exhibit 3). The reader is invited to refer to
the extensive reviews of McCarty and Shugart (36), Jeffrey and Madden (38),
Huggett et al. (24), Peakall (34), Peakall and Shugart (39) and Butterworth et al.
(37). In this volume, Anderson and coworkers and Davis and colleagues review the
use of two novel techniques, the reporter gene system (RGS) assay and fluorescence-
based catalytic (EROD) assay respectively, to measure one of the most well
researched endogenous response biomarkers, the induction of P450 enzymes
(24,34). Genetic engineering is used to derive the RGS assay upon which the
measurement of inducers of P450 in environmental media and animal tissues is
related to relative toxicity and potential carcinogenicity. Thus, the RGS assay may
be seen as a genetically designed external biomarker of effect that can be used to
study exposure to environmental concentrations of P450 inducers in the initial stages
of the environmental health paradigm where as Sexton et al. (5) point out, the
opportunities for intervention and prevention of unacceptable risks would be most
timely and effective.

The RGS and EROD assays serve another important field application as
surveillance and monitoring tools for the study of status and trends of exposure of
marine animals (see Anderson et al.) and birds (see Davis et al.). Davis and
coworkers describe the value of the EROD assay for the longitudinal study of
exposure of double-crested cormorants to TCDD-like compounds. With this
example, Davis et al., explain the importance and perhaps essential relationship that
can and possibly should always be established between controlled laboratory studies
of biomarker responses and responses expected in the field. The successful
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application of these biomarker assays can be attributed to the extensive research in
toxicology and hazard evaluation of the analytes, chlorinated insecticides, dioxins,
PCB’s, and polycyclic aromatic hydrocarbons (PAH’s) to document and support
mechanisms of action, metabolism, disposition and potential harm (35).

The establishment of endogenous biomarker assays for field application must
necessarily lag behind the discovery of unusual events that signal possible ecological
imbalances such as the disproportionate bioaccumulation of rare earth elements in
the organs of fresh water fish from Lake Mead as seen by Hodge and colleagues.
Such ecological field studies have traditionally been followed by toxicity testing as
part of the risk assessment process. Another approach that has gained acceptance is
the prediction of toxicity of chemical agent simulants (CAS) by quantitative
structure activity relationships and the use of acute bioassays (see Chester et al.). In
this paper, Chester et al., describe the predictive power of QSAR for the generation
of environmental toxicity data for chemical structures with missing values. The use
of statistical models such as the QSAR model from TOPKAT" (Health Designs,
Inc.) described by Chester and coworkers have become important and valuable tools
in risk assessment particularly as budgets for toxicity testing and hazard evaluation
continue to decline (5).

Mathematical Modeling in Risk Assessment. Mathematical modeling holds the
promise of assembling data bases and algorithms associated with each element of the
environmental health paradigm. Advances in computer programing have lead to the
creation of robust information based systems that facilitate the interaction between
models and data in a personal computer (PC) environment (40,41). One such PC
driven data and modeling platform, the Total Human Exposure Relational database
and Advanced Simulation Environment (THERdbASE'), manages and processes
information relating to sources, environmental concentrations, activity patterns, and
dose assessment parameters and data (40). Physiologically based pharmacokinetic
(PBPK) models represent the most well developed system of algorithms for
processing dose assessment parameters and data. PBPK models are systems of mass
balance equations (42) used to unravel the acquired dose into compartments of mass
equivalents. PBPK models are built on assumptions that depend on the use of
plausible estimates that relate to physiological processes and on direct measurements
of mass and expression of mass action as taken from biomarker data bases.

One of the most powerful and complete PBPK models is the one presented
in this volume by Knaak and coworkers for the examination of multiple routes of
exposure and metabolic pathways in three animal species to isofenphos. The model
has been expanded from previous work (43) to include metabolism studies via
intravenous (i.v.) infusion and single i.v. bolus in the rat, i.v. bolus and dermal
routes in the dog and intraperitoneal (i.p.) route (single bolus and infusion) in the
guinea pig. One of the important features of this model is the linkage between tissue
concentrations of [*C]-ring stabilized and [*H]-ethyl equivalents of isofenphos and
the expression of enzyme markers of exposure, e.g., inhibition of Ache, and
metabolism, e.g. induction of P450. The reader is advised to study this model in
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Exhibit 3. Growth in the percentage of scientific papers dedicated to Pesticide
Ecotoxicology and Environmental Health as contrasted against scientific papers
reporting findings on Pesticides and Epidemiology, Chemistry, Human Exposure,
and Toxicology.
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relation to the use of these marker enzymes in exposure assessment as presented by
Padilla et al., Ehrich, and Anderson et al., and Davis et al., in this volume.

Another important feature of the Knaak model is the complete accounting of
mass balance in blood and excreta. The relationships struck between tissue
concentrations, metabolism, receptor interactions and clearance in animal models
may form the pharmacokinetic basis for the reconstruction of dose in humans where
exposure is most often determined through the measurement of parent compounds
in blood and metabolites in urine (3). The power of PBPK modeling for interpreta-
tion of internal dose in humans from the measurement of metabolites in urine is
convincingly presented by Dong and coworkers. In their paper, Dong et al., validate
the reconstruction of dose from spot urine samples from individuals incidentally
exposed to malathion against controlled laboratory studies.

The success of model validation is dependent on the reliability (accuracy,
precision and representativeness) of the data and the symbolic and analytical
methods incorporated into the model. These symbolic and analytical tools are
detailed by Brown for the expansion of a four compartment model to an eight
compartment model with solutions given in a subsequent paper by Hagstrom, Brown
and Blancato. These linear PBPK models provide comparative route-to-route
formulas for the extrapolation of dose between animal systems and humans to
identify dominant tissue and organ pathways. Properly validated PBPK models may
be seen as the mathematical and statistical means to test default exposure assump-
tions, measure uncertainty of specific physiological and biochemical parameters, and
predict tissue uptake and response biomarker expression without animal experimen-
tation.

Application of the Environmental Health Paradigm.

Putting the environmental health paradigm into action requires a system of postulates
associated with each of the elements that can be supported by data or inferences
(44). The aim of an environmental risk assessment is to obtain likelihood projections
for present and future intermediate and final environmental health outcomes (45,46).
An intermediate health outcome is the appearance of biological changes in an
organism caused by stress or illness that cannot be felt by the organism but can be
measured as a biomarker (46). A health outcome may be the physiological stress
resulting from continual or repeated insults to cells, organs and organ systems and
the development of a disease state. Eddy et al. (46) describe a human health
outcome as an outcome of disease or injury that impacts on the length and quality
of life such as pain, anxiety and disfigurement. In humans, a health outcome may
be the psychological stress or dread of uncontrollable exposure or loss of income
with the advance of a particularly onerous disease state. An ecological health
outcome may be identified as the alteration or destruction of habitat or the reduction
or loss of reproductive potential (24,34,35).

The successful prediction of present and future health outcomes depends on
the reliability of the data, inferences and postulates that enter the linked elements of
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the environmental health paradigm (5). Rarely if ever will a single study be perfectly
designed and conducted to obtain results with the level of precision that could be
used as the best estimates of parameters for each of the linked elements of an
environmental health assessment (46). The evidence is generally acquired piecemeal
from studies designed at various levels of control and consistency (45). Studies
performed to satisfy regulatory requirements would be expected to conform with
regulatory and Good Laboratory Practices (GLP) guidelines (47). Studies performed
in the interest of exploratory research and development may not follow such
regulatory and GLP guidelines although the data obtained may be in retrospect used
in exposure and risk assessment.

Standards of good laboratory practice (GLP) as specified under Good
Laboratory Practice Standards Final Rule (48) are expected to control the quality of
animal experiments under guidelines set by TSCA and FIFRA. The aim of guideline
harmonization is to arrive at a single, consistent and suitably detailed guidance
document that can assist researchers, pesticide registrants and applicants. Guideline
harmonization is also expected to reduce the data collection burden by providing a
common set of procedures. In the case of pesticide registration, toxicity data is
required under 40 CFR 158.340 while dissipation and post-application exposure data
for re-entry protection to pesticides is conditionally required under 40 CFR 158.390.
The decision to require post-application exposure data is dependent on toxicity
criteria detailed in 40 CFR 158.340. Thus exposure data for certain substances may
not be obtained. This situation is not unreasonable given the expense of conducting
occupational exposure and environmental monitoring studies. However, evidence
of untoward effects from a previously tested substance may surface years later as
evidenced by the interest in non-hodgkins lymphoma (49,50) and estrogen mimics
or endocrine disruption (51,52).

The challenge that faces research planners and practitioners of the
environmental health paradigm is the assessment of uncertainty and sensitivity of
parameters and data bases associated with the elements of the paradigm. Such an
assessment might identify extreme sources of variation in certain elements that might
render more stable or conservative distributions meaningless (5,44). This can be
accomplished through the use of complete modeling systems like THERdbASE'
where prior distributions of exposure and dose related data can be tested against
incoming data to estimate in a Bayesian fashion, joint posterior distributions for
parameters of interest (44,46,53). A great deal of data has been amassed in various
environmental databases that could be used to establish prior distributions and test
the status and trends in environmental and human health and predict future
environmental health outcomes (54-58). Moreover, with the reality of dwindling
budgetary resources for basic and applied research, it becomes essential to assess
existing databases to establish prior distributions from which to test incoming data
from proposed national probability health surveys in an iterative fashion.

National probability health surveys such as the National Health and Nutrition
Examination Survey (NHANES) (59) and the National Human Exposure Assessment
Survey (NHEXAS) (60-66) are expected to provide a large amount of information
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on the prevalence of health conditions and the distributions of physiological,
biochemical, and exposure related parameters for the assessment of current status
and historical trends and predict future human health outcomes. Underlying these
extensive surveys are numerous databases (52) from which information can be
drawn to test prior assumptions. In this way, the cost of obtaining additional data
may be evaluated against the statistical significance of the outcomes.
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Chapter 2

Proposed Use of Human Exposure
Biomarkers in Environmental Legislation:
Toxic Substances Control Act

Larry L. Needham

National Center for Environmental Health, Centers for Disease Control
and Prevention, Public Health Service, U.S. Department of Health and
Human Services, 4770 Buford Highway, Atlanta, GA 30341-3724

In the United States, many laws have been enacted to eliminate or
to at least reduce human exposure to environmental chemicals. One
such law is the Toxic Substances Control Act (TSCA) which
includes approximately 72,000 chemicals. Recently, the U.S.
Congress expressed interest in examining available technologies for
screening all or a selected portion of these chemicals for health
effects in humans and to a lesser degree, their effects on the
ecologic system. In terms of risk assessment, such screening
procedures would yield data for use in hazard identification.
Obviously, in order to screen this immense number of chemicals,
the chemicals must be prioritized. One such focus could be on the
14,000 nonpolymeric TSCA Inventory chemicals produced in
amounts greater than 10,000 pounds per year. Nonetheless,
screening all of these 14,000 chemicals for various health endpoints
still requires further prioritization. No doubt, quantitative structure
activity relationships will be used to set priorities. However, we
submit that priority setting could also be based at least in part on
another aspect of risk assessment--human exposure assessment--for
without human exposure, there are no adverse health effects, and no
need would exist for further risk characterization. Human exposure
has been assessed by a variety of means. We prefer to assess
human exposure by measuring biomarkers of exposure in human
specimens, when such measurements are possible.

In this chapter, I give examples of how using such biomarkers
provided qualitative and quantitative exposure information that
proved useful in conducting epidemiologic studies. I also discuss
how reference-range levels of exposure biomarkers in humans (that
are determined through biomonitoring programs) have been
extremely beneficial in conducting exposure assessments and how
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2. NEEDHAM Biomarkers and the Toxic Substances Control Act 25

expansion of such programs would directly benefit the TSCA.
Programs, such as the National Health and Nutrition Examination
Survey (NHANES) and the National Human Exposure Assessment
Survey (NHEXAS), could be available to collect and bank the
needed specimens. Analytical methods would then be used in these
programs to determine whether, and to what extent, humans were
being exposed to particular TSCA-related substances. If they were,
more extensive "effect screening” methodologies would be used to
characterize risk associated with these substances; if no, or if little
exposure was detected, these substances may be given a low
priority for "effect screening", and further risk characterization.

Humans are exposed daily to a variety of chemicals that are present in the
environment as pollutants or that are in commercial products. For this chapter, I
shall assume that these chemicals are included in the Toxic Substances Control
Act (TSCA) list of some 72,000 chemicals. Humans are exposed when they come
into contact for an interval of time with such chemicals in an environmental
medium--soil, water, air, food, or in another medium, such as a commercial
product, or in an occupational setting (1-4). Epidemiologists, risk assessors, and
others often classify the degree of exposure or potential exposure by using the
concentration of a given chemical in the medium that humans contact, integrated
over the time of contact; this is then the basis of an exposure index (5). When
humans have contact with these environmental media, the chemical may enter the
body via inhalation, ingestion, or skin absorption. Once in the body, the chemical
may be distributed to tissues, and adverse health effects may result.

The amount of chemical absorbed in body tissue is called the internal dose.
Common measures used to determine internal dose are the blood and urine levels
of chemicals or their metabolites (3). A portion of this internal dose may reach
and interact with a target site over a given period so as to alter physiologic
function; this portion is called the biologically effective dose (3). Other exposure
and dose terms are further defined by Sexton et al. (4).

Various methods have been used to assess human exposure to xenobiotics--
one such approach is the use of biomarkers. I present here case studies that
demonstrate the benefits of using biomarkers of exposure compared with using
other estimates of exposure. I then describe biomonitoring programs and
analytical methods that may be beneficial for setting priorities for TSCA. In
addition, I evaluate various methods that have been used to assess human
exposure.

Exposure Index (without biomarkers). Traditionally, exposure has been
assessed by estimating a person’s or population’s potential for exposure. If the
concentration of a given chemical in various media is known, then the total
concentration of that chemical in the environmental media that humans contact,
integrated over the time of contact, usually forms the basis of an exposure index.
The concentration of the chemical in the environmental media is sometimes based
on analytical measurements of environmental samples -- water, air, soil, food --
collected at the exposure site near or as to close to the time of exposure as
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26 BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

possible. Depending on the pathway of exposure, all of these environmental
media, and perhaps multiple samples of each, may have to be analyzed
(sometimes at a high cost) and yet may not be representative of the concentration
of the chemical in the media at the time of human exposure. For example, is the
average level of a pollutant in fish caught in a river representative of all such fish
in that river? Perhaps the “best” environmental sample for an airborne chemical
would be a personal air sample collected at the time of exposure by an organic
vapor badge; in one experiment, this technique correlated more highly with blood
levels of selected volatile organic compounds (VOCs) than did VOC levels in
breathing-zone air that was collected by charcoal tubes (6). Clearly, such
techniques are only available in designed experiments. Information about the
estimated time of contact, including frequency and duration, with the
environmental medium containing the chemical is generally collected by
questionnaire. This combination of questionnaire/history information and
environmental measurements are then weighted into an exposure model, which is
used as an estimate of exposure for each person. We call this the “environmental
approach” for assessing exposure.

This approach may be useful in human-exposure assessment as a preliminary
screen to help ascertain the potential for human exposure. Various models have
been used for both qualitative and quantitative predictions. However, they are
based on many assumptions that may contain several potential problems, such as
the inability to adjust for individual factors that relate to how much chemical
enters the body and how much is absorbed (e.g., individual metabolism
differences, individual nutritional status during exposure, individual differences in
surface area or body mass, and personal habits such as hand-to-mouth activities).
In addition, the frequency and duration of contact with the environment that
contains the chemical are difficult to estimate because of uncertainty of recall or
bias in administering and answering the questionnaire. This bias may arise
whenever noncomparable information is obtained from the different study groups,
a factor that may be the result of the interviewer eliciting or interpreting the
information differently from the interviewee’s intent (interviewer bias) or of the
participants either intentionally or unintentionally reporting the events in a
noncomparable manner (recall bias). For example, participants may have
problems recalling the frequency of playing on contaminated soil or consuming a
certain food. Thus, we believe that such exposure indices are useful but are not
the best means to assess human exposure to environmental chemicals.

Types of Biomarkers of Exposure

By definition, the best measure of exposure for assessing dose-response
relationships is the biologically effective dose. Ideally, environmental health
scientists would like to have sensitive and specific measurements of the
biologically effective dose. However, identifying the target site(s) of the chemical
is a major impediment to using measures of the biologically effective dose to
quantify exposure. Even when the target site is known, an invasive procedure
may be required to sample that site (e.g., biopsies of liver or brain tissue). Some
organic toxicants or their metabolites covalently bond to DNA, thus forming a
DNA adduct; most notably, carcinogens and mutagens form such adducts. The
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measurement of such adducts is an example of a biologically effective dose, but
the levels of these adducts may reflect only recent exposure because of DNA
repair. On the other hand, measurements of adducts with hemoglobin and other
proteins, such as albumin, have been considered measurements of the internal
dose, and as exemplified by 4-aminobiphenyl, the hemoglobin adduct has been
shown to be significantly associated with DNA adduct concentration in the
epithelial cells of the human bladder (7). Some of these adducts are specific
markers for a toxicant (e.g., benzo(a)pyrene in lymphocytes), whereas others are
much less specific (e.g., DNA adducts with alkyl groups). The measurement of
adducts in humans is still in the developmental stage, and for most chemicals,
much more information is needed before they can be used as a quantitative
measurement of exposure (8). Nonetheless, it can be used as a marker of
exposure. Other disadvantages to be considered in these measurements are that
sample throughput may be too slow for moderate-size epidemiologic studies, and
many adducts may arise from a single chemical.

Other examples of internal dose are the direct measurements of chemicals or
their metabolites in blood or urine. Such measurements have significantly
improved human exposure assessment and thus have improved assessing the risk
to humans of many important chemicals. For example, it is fair to say that
without blood lead measurements, most of the central nervous system effects of
low-level lead exposure could not have been detected.

To interpret blood or urine chemical levels accurately, analysts must know the
pharmacokinetics of the chemical and also must have a knowledge of the
background levels found in the general population. For example, some chemicals,
such as VOCs, are rapidly eliminated, whereas others, such as the chlorinated
hydrocarbon pesticides, may have a half-life in humans of greater than 5 years.
Thus, such information is critical for interpreting whether the measured
concentration of a chemical reflects recent exposures, long-term (chronic)
exposures, or both. Of course, to the extent possible, it is still of great importance
for the epidemiologist to collect, nonbiased information from study participants
regarding their potential exposure.

Additional biomarkers that have been monitored in humans include
biomarkers of susceptibility and effect. Biomarkers of response, such as
cytogenetic markers, stress proteins, and enzyme induction, are sometimes
classified as exposure biomarkers and sometimes as effect biomarkers. We will
not consider them in this presentation because of space limitations but also
because these biomarkers are very nonspecific (i.e., abnormalities of these
biomarkers would not specify to what TSCA chemical, if any, a person may have
been overtly exposed).

Examples of Use of Biomarkers in Exposure Assessment

I will now demonstrate how biomarkers of exposure have been used in
exposure assessment in epidemiologic studies and the advantages of this approach
over the "environmental approach" for assessing human exposure. In so doing, I
do not wish to imply that the environmental approach is meaningless, but that the
biologic approach is preferred as a marker of human exposure. Certainly, in risk
management when the objective is to reduce the potential exposure, the
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"environmental approach” is useful for identifying the source of pollution.
Dioxin: Operation Ranch Hand Study

From 1962 through 1970 during the Vietnam Conflict, the main mission of
the U.S. Air Force’s Operation Ranch Hand was to spray defoliants, such as
Agent Orange, over densely vegetated areas of South Vietnam. Agent Orange
consisted of an equal mixture of 2,4-D and 2,4,5-T in diesel oil; the 2,4,5-T was
contaminated with 2,3,7,8-TCDD (dioxin) in the parts-per-million range. Dioxin
is lipid soluble and thus tends to be stored in the lipid-rich depots of the human
body. Dioxin has a long half-life--more than 7 years in humans (9,10). In 1982,
the Air Force began a prospective cohort study, specifically looking at health,
reproductive, and mortality outcomes that might be associated with exposure to
Agent Orange and other herbicides containing dioxin. These health studies are
examining the veterans of Operation Ranch Hand every 5 years through the year
2002. One of the first tasks was to develop an exposure index in order to classify
each veteran’s exposure; this index would then be used as the measure of
exposure and a way of correlating exposure with any health effects.

This exposure scenario was similar to that of exposure in an occupational
setting in that the primary exposure was thought to be direct exposure to the
herbicide itself, rather than indirect exposure through an environmental pathway.
The exposure index consisted of the average concentration of dioxin in Agent
Orange during one’s tour of duty multiplied by the number of gallons of Agent
Orange sprayed during one’s tour divided by the number of men in one’s specialty
during that period. The total number of eligible men in the study was limited to
the 1200 to 1300 survivors of the Operation. The U.S. Air Force and various
review boards believed that this exposure index not only could serve as a reliable
basis for assessing exposure to dioxin but that any noted adverse health effects
could be related to this index.

In 1987, the U.S. Air Force contracted with our laboratory to analyze 150
serum samples from Operation Ranch Hand veterans in order to compare the Air
Force’s exposure index with the measured internal dose of dioxin in the veterans.
There was essentially no correlation between the exposure index and the serum
dioxin level (11). Because of this finding, the Air Force further contracted with
CDC to analyze the serum of all surviving members of Operation Ranch Hand,
and this serum-dioxin level became the exposure index used to correlate with any
adverse health effects (12). Had the Air Force used its original exposure index
for the Operation Ranch Hand study, a great deal of misclassification would have
resulted, and any health effect conclusions of the study would have been invalid.

Thus, the use of the serum dioxin measurement, the biomarker, was preferred
over the exposure index that was derived without the biomarker.

Dioxin: U.S. Army Ground Troops in Vietnam

The chemical of concern for U.S. Army Ground troops in Vietnam was again
the dioxin in Agent Orange. The potential environmental pathways were skin
contact with and inhalation of the spray containing the herbicide, skin contact with
sprayed vegetation and soil, and ingestion of water and food that had been
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sprayed. The amount of dioxin in Agent Orange from 1966-1969 was known.
The duration of contact was gathered from questionnaires given to the veterans
and from U.S. military records containing the locations of military units, the
locations where herbicide was sprayed, and the dates when the herbicide was
sprayed.

Six exposure indices were generated from this information; four of the indices
were based on a soldier’s potential for exposure from direct spray or on his being
located in an area that had been sprayed within the previous 6 days; the other two
exposure indices used self-reported data and included an index that was based on
the veteran’s perception of how much herbicide he has been exposed to. To test
the validity of these exposure indices, CDC measured serum dioxin levels in 646
enlisted ground-troop veterans who had served in III Corps a heavily sprayed area,
for an average of 300 days during 1966 to 1969. For comparison, serum dioxin
levels in 97 non-Vietnam U.S. Army veterans who served during the same time
were also measured (13).

The results showed no meaningful association between dioxin levels and any
of the exposure indices. The mean, median, and frequency distributions for both
the Vietnam and non-Vietnam veterans were remarkably similar, indicating that
there was little, if any, increased exposure to dioxin in this population. The
study had a 95% statistical power to detect a difference of only 0.6 parts-
trillion (ppt) in the medians, but this difference was not found. This finding
exemplifies the value of measurements of internal dose in exposure assessment.

It also points out the need to develop specific and sensitive methods, for if the
detection limit for dioxin had been 20 ppt (lipid adjusted), then most all the
results would have been nondetectable. Furthermore, because elevated exposures
could not be documented, plans for a prospective cohort health study were
dropped.

Dioxin: Occupational Setting

CDC’s National Institute of Occupational Safety and Health (NIOSH)
conducted a retrospective study to evaluate health outcomes, including mortality
from cancer, among more than 5000 workers who may have been occupationally
exposed to dioxin as a result, for example, of the production of 2,4,5-
trichlorophenol (14). Many of these workers were deceased. Because many were
deceased and because of the large number of potentially exposed men, NIOSH
epidemiologists had to develop an exposure index for use in correlating the health
outcomes (the effect). Serum dioxin measurements were performed on 253
workers; the results were compared with various exposure indices. From this
analysis, epidemiologists determined that the best exposure index was years of
work in a job with potential exposure. Since this exposure index had been
validated to, and calibrated with, serum dioxin levels, it could be used as the
exposure index in this study, and exposure and effects could be compared directly
with those found in other studies. This process again demonstrates the need for
measuring the internal dose in exposure-assessment or health-effect studies.
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Lead

Toxicity associated with high levels of lead in humans has long been
recognized. However, biochemical and epidemiologic studies have noted
hematologic and neurologic damage among children with relatively low levels of
lead in their blood and teeth. The second National Health and Nutrition
Examination Survey (NHANES II), conducted by the National Center for Health
Statistics (NCHS), provided blood lead measurements, which were the basis for
estimating the degree of exposure of the general U.S. population to lead (15). As
a result of federal regulations requiring the removal of lead from gasoline, the
amount of lead in gasoline decreased about 55% from early 1976 to early 1980.
The population-based NHANES II showed that the predicted mean blood level in
the U.S. population had decreased 37% during that same period, from 14.6 pg/dL
to 9.2 pg/dL. Environmental modeling did not accurately predict the magnitude
of the impact of decreasing the amount of lead in gasoline because the
contribution of lead from gasoline to humans via the soil was not well
characterized. These NHANES II data were major factors in the Environmental
Protection Agency’s (EPA’s) decision to implement a more rapid removal of lead
from gasoline. This implementation and the banning of the lead-soldering of cans
produced in the U.S. have been major factors in reducing blood lead levels in the
United States. NHANES IT (1988-91) found that the mean blood level in the U.S.
had declined even further, to 2.8 ug/dL (16).

Thus, exposure assessment by measuring blood lead levels has been a public
health success story. It helped identify lead in gasoline as a major preventable
source and showed that removing lead from gasoline was an effective prevention
strategy. However, the latest data indicate that 8.9%, or approximately 1.7 million
children, aged 1-5 years, still have blood lead levels equal to or greater than 10
pg/dL, which is the level of concern under the 1991 CDC guidelines. The
population at risk for excessive lead exposure comprises primarily black, inner-
city children and has been targeted for more extensive lead poisoning prevention
efforts (17). This example again shows the value of biomarkers of exposure for
quantifying the amount of human exposure and documenting the effectiveness of
regulatory actions to reduce exposure.

Volatile Organic Compounds (VOCs)

Many volatile organic compounds (VOCs) are ubiquitous in the environment
and many have been shown to exist in higher concentrations in indoor rather than
outdoor air (18). Reported health effects from exposure to VOCs have included
eye irritation, sick-building syndrome, neurologic effects, and cancer. CDC
developed an isotope-dilution purge-and-trap gas chromatography/mass
spectrometry method to quantify 32 VOCs (see Table) in 10 mL of blood with
detection limits in the ppt range (19). This method is a full-scan method at 3000
resolving power, so that in addition to acquiring quantitative data on these 32
VOCs, many additional VOCs can be qualitatively identified and in many cases,
quantified (20).

CDC, with financial support from the Agency for Toxic Substances and
Disease Registry (ATSDR), selected a 1,000-person subset of the NHANES III
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population to determine reference ranges for these 32 VOCs. The 1,000 people
were chosen from both sexes, all regions of the contiguous U.S., urban and rural
residents, and were adults from 20 through 59 years of age (21). The data
showed that 11 of these VOCs were measured above the limit of detection in
more than 75% of the people, with the nonchlorinated aromatics being the most
prevalent group. These VOCs included styrene, toluene, ethylbenzene, o-xylene,
m,p-xylene, and benzene, which is a known human carcinogen. The primary
sources of these compounds are tobacco smoke and exhaust from internal
combustion engines. The nonendogenous compound found at the highest
concentration and highest frequency was 1,4-dichlorobenzene (22). The blood-
exposure data for this moth repeliant and room deodorizer correlated highly with
urinary levels of its primary metabolite, 2,5-dichlorophenol (23). This high
correlation indicated that either blood 1,4-dichlorobenzene or urinary 2,5-
dichlorophenol levels could be used as a biomarker of exposure to 1,4-
dichlorobenzene.

Five of the VOCs were found in 10%-75% of the selected population,
whereas the remainder of the VOCs were in less than 10% (22). Thus, this latter
group would be of lower priority for inclusion in human effect studies, but if
these VOCs were found in exposure studies, their presence would likely indicate
an exposure to a point source. These analytical methods and reference range
studies have been applied to a variety of case studies and population studies,
including exposure-assessment studies of toxic waste sites, oil-well fires (24), sick-
building syndrome (22), multiple chemical sensitivity, and oxygenated fuels
involving methyl tertiary-butyl ether (MTBE) (25). In each of these examples, the
blood concentrations of VOCs were compared with the reference-range population
data. However, pharmacokinetic data are needed to properly interpret blood levels
of VOCs. Scientists from CDC and EPA have collaborated in determining the
elimination kinetics of many VOCs in humans subjected to low level mixtures of
VOCs in well-controlled chamber studies (26). The blood half-lives were less
than one-half hour, but the elimination kinetics were multiexponential, suggesting
multiple storage sites within the body. The blood-uptake portion of the 4-hour
exposure curve exhibited a rapid uptake that reached a plateau after about 50
minutes; the uptake rate was not concentration dependent, but the blood
concentration was directly dependent on the air concentration. When exposure
ceased after 4 hours, the decay was rapid, but the decay rate also reached a
plateau after about 1 hour; however, the VOC levels remained elevated even 24
hours after exposure as compared with the pre-exposure blood levels. Thus, like
those compounds with long biologic half-lives, such as dioxin, VOCs also can be
the focus of exposure assessment studies, if the blood samples are collected within
a specified time frame after exposure. This time frame should be based on the
half-life of the VOC and should be selected so that the sampling period would
correspond to the plateau region of the decay curve; e.g., from 5 - 100 times the
half-life of the VOC.

Collecting and Banking of Human Specimens

We have presented examples of the benefits of biomarkers of exposure; now
we focus on the mechanisms of collecting and banking human specimens for such
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biomonitoring. The first U.S. program of biological monitoring tissue specimens
for environmental pollutants and also for human tissue specimen banking was the
National Human Monitoring Program (NHMP), which began in 1967 and was
conducted by the U.S. Public Health Service. When the U.S. Environmental
Protection Agency (EPA) was created in 1970, the NHMP was transferred to it.
One of the major activities of the NHMP was the National Human Adipose Tissue
Survey (NHATS), which was designed to be a continuously operating survey that
would collect, store, and analyze autopsy and surgical specimens of human
adipose tissue from the major U.S. metropolitan areas. However, during the
1980s, budget cuts restricted the NHMP to a reduced and modified NHATS,
which continued until 1990. In 1991, the National Research Council published its
findings that programs that provide more useful data based on probability samples
for the entire U.S. population should be designed and properly funded (27).

One program that is based on a national probability sample is the NHANES,
which is conducted by the CDC’s NCHS. Data from NHANES I, II, and III have
provided important information on the prevalence of various health conditions and
distributions of physical and biochemical characteristics of the U.S. population.
As previously mentioned, data on blood lead levels in NHANES II and III
provided longitudinal trend data on human levels and the effect of legislation on
that trend. The data also pinpointed a subpopulation still at risk for excessive lead
exposure. Serum levels of cotinine, the major metabolite of nicotine, are being
measured in NHANES III in order to ascertain exposure levels as a result of both
active and passive smoking (28). As mentioned previously, CDC measured blood
VOCs and selected urinary pesticide residues in a subset of the NHANES
population in order to assess human exposure to these compounds. In addition,
blood, urine, and DNA have been banked from NHANES III.

Phase I of the National Human Exposure Assessment Survey (NHEXAS),
which is conducted under cooperative agreements with the EPA, began in 1995.
These Phase I studies are population based surveys for exposure assessment to
selected environmental pollutants in the state of Arizona and in EPA’s Region V
(28).

Many issues must be considered in designing and implementing national
probability sampling surveys for human exposure assessment (29). However,
certainly NHANES, and now NHEXAS, have addressed these issues. Therefore,
the mechanism is in place to collect and bank specimens needed to assess
biomarkers of exposure in human specimens for many of the chemicals included
in TSCA.

Prioritizing Chemicals

We have presented examples of the benefits of biomarkers of exposure and
the ability of programs, like NHANES, to collect and bank the needed biologic
specimens for assessing human exposure to many of the chemicals included in
TSCA. This does not argue that the entire number of probability based samples
have to be analyzed but that mechanisms are in place to collect such samples.
Assuming the needed biologic samples are available, the list of TSCA chemicals
must be prioritized for the effective application of biomarkers for human exposure
assessment. The following factors would be included in such prioritization:
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. Potential for human exposure.
- Degree of exposure.
. Pounds produced per year.
. Physical/chemical characteristics of chemical.
. How the chemical is made, used, and its fate.
- Number of people, especially susceptible people, potentially exposed.
. Hazard identification and information about the severity of effect.
. Dose response information in both animals and humans.
. Possibility of measuring biomarkers.

Such prioritization of this chemical list would therefore involve developing a
model that would include the following factors: the potential for human exposure
(degree and number), severity of adverse effects in a dose-response manner, and
the possibility of the biomarkers existing and ability of the laboratory to develop
the needed analytical methods to evaluate exposure. For those chemicals that lack
the needed information, quantitative structure activity relationship data, if
available, would also be used. Exposure databases (30) would be used in this
process.

Analytical Methods

As mentioned previously, one of the criteria for prioritizing the list of
chemicals for the development of biomarkers is the possibility of measuring
biomarkers of exposure (i.e., does a biomarker exist, and can the laboratory
develop the needed analytical methods to measure the biomarker?). Unless the
biomarker exists, there is no need for the analytical method. Assuming the
biomarker exists, the analytical methods should have the following characteristics:

. Multianalyte (several biomarkers sequentially or simultaneously).
. Compatible with sample matrix.

. Demonstrated acceptable sensitivity.

. Demonstrated acceptable specificity.

. Demonstrated acceptable precision.

. Demonstrated acceptable accuracy.

. Cost effective.

. High sample throughput.

These characteristics, except for cost effectiveness, can be defined in objective
terms. Certainly, the methods used in our examples meet the needed objective
criteria. For measuring organic biomarkers of exposure, the analytical methods
that are atop the method hierarchy include high-resolution mass spectrometry and
tandem mass spectrometry using the isotope dilution technique for quantification.
Whether a particular analyses is cost effective is more subjective. For example,
the cost for measuring 32 VOCs in 10 mL of blood is about $500 per sample or
less than $20 per analyte. Commercial prices for measuring the 17
polychlorinated dibenzo-p-dioxins and furans plus 4 co-planar polychlorinated
biphenyls that are in human serum are about $1000 per sample or less than $50
per analyte. One can decide if this is too costly for the intended purpose.

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



34 BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

Historically, mass spectrometric methods have suffered in the area of rapidity
or high throughput, but this is not always the case. For example, for the
measurement of cotinine in NHANES III, serum extracts are analyzed at the rate
of 1 every 2 minutes by using high-performance liquid-chromatography\
atmospheric-pressure ionization tandem mass spectrometry. This technique also
requires less sample preparation than traditional methods although sample
preparation is the rate-limiting step because of the speed of mass spectrometric
analysis.

Other methods, such as immunoassays that may appear to be more amenable
to screening methodologies, have been developed for many chemicals, primarily
pesticides, in the environmental area (31,32). To expand this list to many of the
TSCA chemicals in biological specimens would require much work in developing
both the antiserum and the methods. Many of the current immunoassays have
high levels of false positives (because of cross-reactivity or matrix effects) and
false negatives (because of matrix effects unless sufficient sample preparation
procedures are followed). Therefore, to meet the objective requirements of the
desired analytical methods, one frequently must employ methods of higher
specificity for many of the samples. One new technique that employs many of the
advantages of immunoassays with the specificity and multianalyte capability of the
mass spectrometer is a mass spectrometric immunoassay (33). Such combinations
of techniques will be used increasingly for biomonitoring. In addition, for
screening individual compound or mixtures, bioassays will be used. Such
techniques may have the advantage of using small volumes of serum and little, if
any sample preparation (34).

I believe that the bottom line is that following some prioritization of the
chemicals, if the biomarker of exposure exists in a readily accessible biologic
specimen, such as blood or urine, this biomarker can be measured effectively to
assess human exposure and thus be used to help prioritize TSCA chemicals for
health effect screening. Biomarkers of effect can also help prioritize chemicals for
exposure studies. I also believe that this biomarker approach for exposure
assessment should be more widely used in other environmental legislation such as
the Comprehensive Environmental Responses, Compensation, and Liability Act;
Safe Drinking Water Act; Clean Water Act; and Federal Insecticides, Fungicide,
Rodenticide Act.

Summary

I have attempted to show that a biomonitoring program would be beneficial in
assessing human exposure to many of the chemicals on the TSCA list. Such a
program might be also a way to 1) establish reference ranges in the general
population; 2) identify subpopulations potentially at risk; 3) establish trends in
exposure and, hence, judge the effectiveness of pollution prevention practices and
regulations; 4) provide dose assessment over total exposure; 5) and provide a data
base for comparison with other data sets such as ecologic data sets. The needed
sample-collection programs and analytical procedures are now available for
conducting such a program. These procedures incorporate the benefits of having
the required sensitivity, specificity, and muiti-chemical measurements and are cost
effective. National population-based programs such as NHANES or NHEXAS
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could be used to collect the specimens. Each of these would offer certain
advantages. The TSCA list would have to be prioritized by using an algorithm
consisting of the potential for human exposure, severity of adverse human effects,
and the possibility of measuring the required biomarker. Once this model is
formed, it could be validated by the biomonitoring program.

I have also included a list of the chemicals (see Table), for which CDC has
national human internal-dose data, the biologic specimen needed and the amount,
and the lower detection limits; these data are from various sources and are of
varying quality for predicting national mean and ranges of human levels.
Nonetheless, they do show whether exposure is common for particular chemicals.
In addition, many of these chemicals, such as the pesticides, are not on the TSCA
list.

I believe that there is a hierarchy of means to assess human exposure. This
hierarchy includes self reports, professionally-developed exposure questionnaires,
measurements of external dose, and modelling of all or portions of these data. All
of this information may be useful, but I believe that the "gold standard" for
assessing human body burden (internal dose) is the measurement of a biomarker
of exposure in human specimens. Thus, if exposure data and classification from
any of the other techniques are to be used, they should be both validated and
calibrated to human biomonitoring data. However, programs such as NHANES or
NHEXAS and many of the analytical methods are available to gather exposure
information on many TSCA chemicals as well as on other environmental
pollutants. This exposure information would then be used to determine which
chemicals should be examined for health effects.
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Biological Monitoring Measurements Currently Performed at the National Center
for Environmental Health, of the Centers for Disease Control and Prevention.

Metals (typical urine or blood sample - 3 mL; typical limit of detection - low parts per-
billion

Lead Beryllium
Mercury Chromium
Cadmium Nickel
Arsenic Thallium
Vanadium
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Polychlorinated dibenzo-dioxins, polychlorinated dibenzo-furans, coplanar
polychlorinated biphenyls (PCBs). All analytes measured in serum from one 25 mL
blood sample if exposure is near background levels; smaller samples are adequate for
higher exposures. Typical limit of detection - low parts-per-trillion on a lipid-weight
basis, low parts-per-quadrillion on a whole-weight basis.

2,3,7,8-Tetrachlorodibenzo-p-dioxin 1,2,3,4,7,8-Hexachlorodibenzofuran
1,2,3,7,8-Pentachlorodibenzo-p-dioxin 1,2,3,6,7,8-Hexachlorodibenzofuran
1,2,3,4,7,8-Hexachlorodibenzo-p-dioxin 1,2,3,7,8,9-Hexachlorodibenzofuran
1,2,3,6,7,8-Hexachlorodibenzo-p-dioxin 2,3,4,6,7,8-Hexachlorodibenzofuran
1,2,3,7,8,9-Hexachlorodibenzo-p-dioxin 1,2,3,4,6,7,8-Heptachlorodibenzofuran
1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin 1,2,3,4,7,8,9-Heptachlorodibenzofuran
1,2,3,4,6,7,9-Heptachlorodibenzo-p-dioxin 1,2,3,4,6,7,8,9-Octachlorodibenzofuran
1,2,3,4,6,7,8,9-Octachlorodibenzo-p-dioxin 3,3°,4,4’-Tetrachlorobiphenyl
2,3,7,8-Tetrachlorodibenzofuran 3,4,4’,5-Tetrachlorobiphenyl
1,2,3,7,8-Pentachlorodibenzofuran 3,3’,4,4’,5-Pentachlorobiphenyl
2,3,4,7,8-Pentachlorodibenzofuran 3,3°,4,4°,5,5’-Hexachlorobiphenyl

Volatile organic compounds (VOCs) All analytes measured in one 10 mL blood
sample; typical limit of detection - low parts-per-trillion.

1,1,1-Trichloroethane Chlorobenzene
1,1,2,2-Tetrachloroethane Chloroform
1,1,2-Trichloroethane cis-1,2-Dichloroethene
1,1-Dichloroethane Dibromochloromethane
1,1-Dichloroethene Dibromomethane
1,2-Dichlorobenzene Ethylbenzene
1,2-Dichloroethane Hexachloroethane
1,2,-Dichloropropane m-/p-Xylene
1,3-Dichlorobenzene Methylene chloride
1,4-Dichlorobenzene o-Xylene

2-Butanone Styrene

Acetone Tetrachloroethene
Benzene Toluene
Bromodichloromethane trans-1,2-dichloroethene
Bromoform Trichloroethene
Carbon Tetrachloride

Chlorinated pesticides and non-coplanar polychlorinated biphenyls (all
analytes measured in serum from one 5 mL blood sample; typical limits of
detection - low parts-per-billion).

Aldrin DDE

Chlordane, alpha DDT

Chlordane, gamma Dieldrin
beta-Hexachlorocyclohexane Endrin
gamma-hexachlorocyclohexane Heptachlor
Biphenyls, Polychlorinated (total) Heptachlor epoxide
Biphenyls, Polychlorinated (individual congeners) Hexachlorobenzene
DDD Mirex
Trans-Nonachlor Oxychlorodane
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Non-persistent pesticides (all analytes measured in one 10 mL urine sample
typical limits of detection - low parts-per-billion).

Urine metabolites Parent Pesticides

2-Isopropoxyphenol Propoxur

2,5-Dichlorophenol 1,4-Dichlorobenzene

2,4-Dichlorophenol 1,3-Dichlorobenzene, Dichlofention, Prothiofos,
Phosdiphen

Carbofuranphenol Carbonfuran, Benfuracarb, Carbosulfan,
Furanthiocarb

2,4,6-Trichlorophenol 1,3,5-Trichlorobenzene, Hexachlorobenzene, Lindane

3,5,6-Trichloro-2-pyridinol Chloropyrifos, Chlorpyrifos-methyl

4-Nitrophenol Parathion, Methy! parathion, Nitrobenzene, EPN

2,4,5-Trichlorophenol 1,2,4-Trichlorobenzene, Fenchlorphos, Trichloronate,
Lindane

1-Naphthol Naphthalene, Carbaryl

2-Naphthol Naphthalene

2,4-Dichlorophenoxyacetic acid 2,4-D

Pentachlorophenol Pentachlorophenol

Literature Cited

1. National Research Council (NRC) Subcommittee, Committee on Advances in
Assessing Human Exposure to Airborne Pollutants. National Academy Press,
Washington, D.C., 1991, pp. 15-37.

2. Needham, L.L.; Pirkle, J.L.; Burse, V.W.; Patterson, D.G. Jr.; Holler, J.S. J
Exp. Anal. Environ. Epidem. Supplement 1992, 1:209-221.

3. Lioy, P.J. 990, 24:938-945.

4. Sexton, K.; Callahan, M.A_; Bryan, EF. | IIINININGgGgEH 5.
103(3):13-29.

5. Needham, L.L.; W.M. Draper (ed.), Environmental Epidemiology: Effects of
Environmental Chemicals on Human Health, Advances in Chemistry Series
Vol. 241, American Chemical Society, Washington, D.C., 1995, 121-135.

6. Mannino, D.M.; Schreiber, J.; Aldous, K.; Ashley, D.; Moolenaar, R.;
Almagucr, D. IR, 67 59-5-.

Skipper, P.L.; Tannenbaum, S.R. [NENEGG)Y4, 102:17-21.

Skipper, P.L.; Tannenbaum, S.K. Snnisl990, 11:507-518 (1990).

Pirkle, J.L.; Wolfe, W.H.; Patterson, D.G. Jr.; Needham, L.L.; Michalek, J.E.

Miner, J.C.., Peterson, M.R.; Phillips, D.L. N9,

27:165-171.

10. Needham, L.L.; Gerthoux, P.; Patterson, D.G. Jr.; Brambilla, P.; Pirkle, J.L.;
Tramacere, P.L.; Turner, W.E.; Beretta, C.; Sampson, E.J.; Mocarelli, P.

4, 21:81-86.

11. Michalek, J.E. A4ppl.Inc. Hyg. 1989, 12:68-72.

12. Wolfe, W.E.; Michalek, J.E.; Miner, J.C.; Rahe, A.; Silva, J.; Thomas, W.F.;
Grubbs, W.D.; Lustik, M.B.; Karison, T.G.; Roegner, R.H.; Williams, D.E.
JAM4 1990, 264:1824-1831.

13. Centers for Disease Control (CDC). J4M4 1988, 260:1249-1254.

O %

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



38

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.
30.

31

32.

33.

34.

BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

Fingerhut, M.A.; Halperin, W.E.; Marlow, D.A.; Piacitelli, L.A.; Honchar,
P.A.; Sweeney, M.H.; Greife, A.L.; Dill, P.A.; Steenland, K.; Suruda, A.J.
N. Fiesibiintl, 324:212-218.
Annest, J.L.; Pirkle, J.L.; Makuc, D.; Neese, J.W.; Bayse, D.D.; M.G. Kovar,
I 83, 308:373-1377.
Pirkle, J.L.; Brody, D.J.; Gunter, E.W.; Kramer, R.A.; Paschal, D.C.; Flegal,
K.M,; Matte, T.D. J4M4.1994, 272:284-291.
Brody, D.J.; Pirkle, J.L.; Kramer, R.A.; Glegal, K.M.; Matte, T.D.; Gunter,
E.W.; Paschal, D.C. J4M4.1994, 272:277-283.
Wallace, L.A.; Pellizzari, E.D.; Hartwell, T.D.; Sparacino, C.; Whitmore, R.;
Sheldon, H.; Zelon, L.; Perritt, R. Enivron. Res. 1987, 43:2990-307.
Ashley, D.L.; Bonin, M.A.; Cardinali, F.L.; McCraw, J.M.; Holler, J.S.;
Needham, L.L.; Patterson, D.G. Jr. ptessimissnesl 992, 64:1021-1029.
Bonin, M.A.; Ashley, D.L.; Cardinali, F.L.; McCraw, J.M.; Wooten, J.V. J
issbefenisal 1995, 19:187-191.
Needham, L.L.; Hill, R.H. Jr.; Ashley, D.L.; Pirkle, J.L.; Sampson, E.J.

, 103(3):89-94.
Ashley, D.L.; Bonin, M.A.; Cardinali, F.L.; McCraw, J.M.; Wooten, J.V.
linmGhenalf 94, 40:1401-1404.
Hill, R.H. Jr.; Ashley, D.L.; Head, S.L.; Needham, L.L.; Pirkle, JL. 4dzch
IS, 50:277-280.
Etzel, R.A.; Ashley, D.L. Int. Arch. Environ. Health 1994, 47:1-5.
Moolenarr, R.L.; Heflin, B.J.; Ashley, D.L.; Middaugh, J.P.; Etzel, R.A.

49:402-409.

Ashley, D.L.; Prah, J.D. CDC, personal communication.
National Research Council. Monitoring Human Tissues for Toxic Substances.
Washington: National Academy Press, 1991.
Centers for Disease Control and Prevention. "Preliminary Data: Exposure of
Persons Aged Greater Than or Equal for 4 Years - United States, 1988-1991.
MMWR 1993, 42:37-39.
Ezzoti-Rice, T.M.; Murphy, R.S. [ 103(3):55-59.
Graham, J.; Walker, K.D.; Berry, M.; Bryan, E.F.; Callahan, M.A.; Fan, A;
Finley, B.; Lynch, J.; McKone, T.; Ozkaynak, H.; Sexton, K. pimminiasiss
Health 1992, 47:408-420.
Van Emon, J.M.; Lopex-Avilla, V. 992, 64:79-88.
Meulenbert, E.P.; Mulder, E.H.; Stoh
29:553-561.
Nelson, R.W.; Krone, J.R.; Bieber, A.L.; Williams, P. pinSiasif9s,
67:1153-1158.

Balaguer, P.; Denison, M.; Zacharewski, T. | I EEEEEEEEEEE

1995, 23:215-220.

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Chapter 3

The Use of Reference Range Concentrations
in Environmental Health Investigations

Robert H. Hill, Jr., Susan L. Head, Sam Baker, Carol Rubin,
Emilio Esteban, Sandra L. Bailey, Dana B. Shealy,
and Larry L. Needham

National Center for Environmental Health, Centers for Disease Control
and Prevention, Public Health Service, U.S. Department of Health and
Human Services, 4770 Buford Highway, Atlanta, GA 30341-3724

Reference range concentrations are obtained by measuring
xenobiotics, their residues, or their metabolites in human specimens
from the general population. These reference range concentrations
provide a foundation for assessments of exposure to xenobiotics in
specific exposure situations and also provide information about the
extent and magnitude of xenobiotic exposure in the general
population. Reference range concentrations for p-nitrophenol served as
a basis for comparison for residents exposed to methyl parathion
following inappropriate residential exposure. Reference range
concentrations for 2,5-dichlorophenol and 3,5,6-trichloro-2-pyridinol
also provide information about the magnitude and extent of exposure
to environmental contaminants, p-dichlorobenzene, and chlorpyrifos,
respectively.

Biological monitoring, sometimes called biomonitoring, evaluates exposure to
xenobiotics by measuring the concentration of that xenobiotic in a biological sample,
usually urine, serum, blood, or tissue. The xenobiotic measured may be the toxicant
itself, a metabolite, a product of the toxicant and a bio-molecule such as DNA,
hemoglobin, or other proteins, or a change in a naturally occurring biochemical
within the body, such as cholinesterase depression. These are known as biomarkers
of exposure. The concentration of the xenobiotic or its metabolite(s) is known as the
internal dose and reflects toxicant exposure from all routes and sources, providing a
summary or integrated index of exposure. Air monitoring, wipe sampling, and food
and water analyses are typically used to estimate exposure from a single source, and
these environmental monitoring methods are useful in risk management to locate and
prevent exposure from a source or primary route of exposure. The objective of
measuring internal dose is to assess actual human exposure and to correlate this
internal dose with biomedical changes or adverse health effects.

We have extensive experience in biological monitoring, particularly in
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support of various epidemiologic investigations involving known or possible
exposures to toxic compounds. One important finding is that often a measurement of
internal dose provides a much better assessment of exposure than all exposure indices
(1,2). Exposure indices are estimates of exposure based upon information collected
from questionnaires, medical history, and environmental measures. However, the
paucity of biomarker data makes interpreting biological monitoring difficult.
Detection of a xenobiotic in urine, blood, or serum indicates exposure; nevertheless,
the magnitude and extent of exposure is at the heart of exposure assessment and risk
analysis. In an effort to improve exposure assessments, we conducted a program to
establish reference range concentrations for 32 volatile organic compounds in blood
and 12 pesticide metabolites or residues in urine (3).

Reference range concentrations are those concentrations of a toxicant, its
residue, or its metabolite that are found in the general population. We assume that the
general population is not occupationally exposed to the parent compound and is not
otherwise overtly exposed. Of course, most people in the general population are
exposed to many xenobiotics — for instance, to pesticide residues in foods; generally
however, these residue concentrations are usually low. Reference range
concentrations can be used as baseline or normal concentrations for the “unexposed,”
general population. These values are analogous to normal values of clinical
laboratory measurements, but they are not normal biochemical constituents of the
body. Reference range concentrations provide a foundation for assessments of
exposure to xenobiotics by serving as a basis of comparison for possibly exposed
populations. Reference range concentrations also provide information about the
extent and magnitude of exposure of the general population to xenobiotics (e.g.
pesticide residues), and they can suggest areas for future research. The uses for
reference range concentrations for pesticide residues or metabolites will be illustrated
below.

Methods and Materials

Reference range concentrations were determined in samples collected from
approximately 1000 people — a subset of the National Health and Nutrition
Examination Survey III [NHANES III}, a national survey of the general population of
the United States (4). Twelve pesticide residues were measured in urine samples by
using an isotope dilution technique, enzyme hydrolysis and extraction, derivatization
and concentration, and finally capillary gas chromatography combined with tandem
mass spectrometry (5). This method was also used to measure p-nitrophenol in urine
samples collected from Lorain County residents.

Non-Occupational Exposure to Methyl Parathion

Methy] parathion is a highly toxic pesticide and its use, which is principally to spray
cotton, is restricted by the Environmental Protection Agency (EPA) (6).
Furthermore, methyl parathion’s highly toxic properties require that field re-entry
standards be observed with this pesticide (that is, workers may not re-enter fields that
have been sprayed with methyl parathion for at least 48 hours). In late 1994, state
officials from Ohio discovered that this pesticide had been used to exterminate pests
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from a home- a use not permitted by federal or state regulations and laws. The
ensuing investigation showed that an unlicensed pesticide operator had illegally used
this pesticide in hundreds of homes, thus exposing several hundred people, including
children, expectant mothers, and the elderly. Local, state, and federal health officials
working together quickly went to selected homes to assess whether the people in
those homes had suffered exposure or adverse health effects from methyl parathion.
This population not only had exposure that could cause acute illness but also had
experienced chronic, long term exposure to methy! parathion.

Exposure was determined by measuring methyl parathion in air and wipe
samples from these homes and by measuring p-nitrophenol (PNP), a metabolite of
methy] parathion, in urine. Figure 1 shows an ion chromatogram (top) of a urine
extract from one of the residents selected for evaluation; the ion chromatogram
(bottom) of a urine extract from the reference range population represents a PNP
concentration of 16 ug/L— the 99th percentile of the PNP reference range
concentrations. The PNP urinary concentration (4000 .g/L) from the resident was
250 times greater than the 99th percentile concentration. To accurately measure such
a high concentration, the sample had to be diluted by a factor of 100. All residents of
this household had PNP concentrations greater than or equal to 4000 n.g/L; a child
had a concentration of 4800 n.g/L — almost 1000 times greater than the 95th percentile
concentration of the reference range.

Table I shows a comparison of PNP concentrations from 131 Lorain County
residents to PNP reference range concentrations. For every category of comparison,
these residents had concentrations 75 to 250 times greater than the reference
concentrations. Comparisons with reference range data can be made using
frequencies of detection, mean, and various percentile concentrations. Usually we
consider concentrations less than or equal to the 95th percentile concentration of the

Table I. Comparison between p-Nitrophenol Urinary Concentrations Found in
Lorain County Residents Exposed to Methyl Parathion and in the Reference
Range Subjects.

Measures of Comparison Lorain County  Reference Range
(N=131) (N =974)

Frequency of detection 86% 41%

Mean concentration, pg/L 240 1.6

Median concentration, n.g/L 28 <1.0

90th Percentile concentration, ug/L 280 33

95th Percentile concentration, ng/L 910 5.2

99th Percentile concentration, n.g/L 4,000 16

Maximum observed concentration, ng/L 4,800 63
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"'i',‘é%%";‘,?ﬂ“ Lorain County, Ohio

Resident

Normal Subject

p-Nitrophenol

16 ppb
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l. A( | OO
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Figure 1. Ion chromatograms from GC/MS/MS measurement of p-nitrophenol in the
urine of a Lorain County, Ohio, resident (top) and in the urine of a normal subject
from the NHANES III study (bottom).
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reference range as normal or expected. Concentrations greater than the 95th
percentile are considered elevated— indicating probable overt exposure to a toxicant
that results in that residue or metabolite in urine. In Lorain County, 78% of the
methyl parathion-exposed residents had PNP concentrations greater than or equal to
the 95th percentile concentration of the reference range. Clearly the majority of
residents living in homes sprayed with methyl parathion had greater than normal
exposure to this pesticide. Cholinesterase measurements of the Lorain County
residents did not show cholinesterase depression, even though urinary PNP
concentrations showed that methyl parathion exposure was often quite significant.
This perhaps illustrates the relative insensitivity of cholinesterase measurements in
evaluating exposures to cholinesterase-inhibiting pesticides. That is, when
cholinesterase is depressed, the patient has been acutely poisoned; however, the
absence of cholinesterase depression does not rule out exposure to pesticide
concentrations that could produce adverse health effects, particularly in the very
young, the very old, or expectant mothers.

Based upon the information concerning elevated urinary PNP levels and the
results of air and wipe samples, the homes in this area were declared a Superfund
cleanup site by EPA, with the result being a full effort to identify and decontaminate
all homes in which methyl parathion presented a hazard. Data from urinary PNP
concentrations of Lorain County residents were combined with data from air and
wipe sample concentrations of methyl parathion in their homes to produce a matrix
decision tree for evaluation of exposure (Milton Clark, EPA, Chicago, Il. Personal
communication, 1995). These evaluations were used to determine which priority
action was required for residents:

Priority I) Exposed, must be evacuated immediately, must remain out of the
home until it is decontaminated;

Priority 2)  Exposed but can remain in the home until decontamination begins;

Priority 3) Exposed at a very low level and can remain in the home without
further assistance;

Priority 4 Not exposed.

The data in Table I illustrate how reference range concentrations are used to
determine if elevated exposure to a toxic agent has occurred and to provide a basis for
decision-making by public health officials. In the past, biological monitoring was
used principally to assess occupational exposures. Often, occupational exposures
result in very high concentrations of the toxicant or its metabolite in human
specimens. Judging the importance of environmental, nonoccupational exposures is
difficult without a basis for comparison. Reference range concentrations provide this
basis and help bridge the intermediate zone between non-exposed and occupationally
exposed populations. Table II shows PNP concentrations resulting from exposure to
parathion (ethyl or methyl) among workers and victims of acute poisonings (7-10).
The studies reported in Table II utilized a colorimetric method with a detection limit
of approximately 100 parts per billion (/7). The detection limit of the method used in
the Lorain County investigation was 1 ng/L or 1 part per billion (3).

The PNP reference range concentrations (shown in Table I) fall far below the
concentrations found among those exposed in the situations listed in Table II.
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Table II. Urinary concentrations of p-Nitrophenol from Parathion (ethyl and
methyl) Exposure Reported Among Pesticide Workers and Among Persons with
Acute Poisoning

Source of Exposure D-Nitrophenol Concentrations

Spraying (7) Mean = 1,600 pg/L; Highest = 8,000 ng/L [n=43]

Spraying (8) Highest = 2,400 p.g/L [n=16]

Careful spraying (9) Means = 800 wg/L- 900 ug/L [n=9]

Careless spraying (9) Mean = 4,300 ng/L [n=7]

Mixing (7) Mean = 1,200 ug/L; Highest = 11,300 xg/L [n=33]

Aerial spraying (10) Range = 400 ng/L-12,300 ug/L [n=23]

Non-fatal poisonings (9) l[we:;x]n = 10,800 wg/L; Range = 700 n.g/L-22,000 n.g/L
n=

Non-fatal poisonings (7) Means = 1,000 ..g/L.-8,400 n.g/L; Ranges = 570 ug/L-
32,200 wg/L [n=13]

Fatal poisonings (9) Mean = 40,300 ng/L; Range = 2,400 n.g/L-122,000
ug/L [n=14]

However, many Lorain County residents had PNP concentrations within the
uppermost part of the reference range and some concentrations were within the range
of concentrations experienced by pesticide workers and victims of poisonings, as
illustrated in Figure 2. The urinary PNP concentrations shown in Figure 2 from
selected occupational exposures to ethyl and methyl parathion were reported by Roan
et al. (/0); those resulting from poisonings are from selected parathion (ethyl)
intoxications (7,9). Although ethyl parathion is approximately twice as toxic as
methy] parathion, the PNP concentrations in Lorain County were high enough to be
of concern. Davies et al. (9) observed that urinary PNP concentrations from
occupational exposure to parathion of 3,000 xg/L to 4,000 ug/L were indicative of
excessive exposure and indicated a careless operator. Although adult exposure to
toxic agents has been generally accepted- as long as adverse effects are not detected—
exposure of children to the same toxic agents is not acceptable. Indeed the report of
the National Research Council (/2) emphasized that children are not small adults and
their developing physiological systems make them more susceptible than adults to
toxicants. Our knowledge of subtle health effects on children by these toxicants is
minimal. The Lorain County exposed population should be followed to identify
adverse health effects that may arise from this chronic exposure.

The methyl parathion exposure in Lorain County, Ohio, is one example that
illustrates the value of the reference range concentrations. We have been involved in
several other studies involving possible exposure to pesticides that used the reference
range concentrations for pesticide residues or metabolites as a basis for comparison.
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56 %

10,000-<100,000
100,000-<1,000,000

Concentration ug/L

. Reference Range Study

Lorain County, Ohio
Selected Occupational Exposures
. Selected Poisonings

Figure 2. Frequency distribution plots of urinary p-nitrophenol (PNP) concentrations
in the reference range population [n=974], Lorain County, Ohio residents [n=131],
selected pesticide workers [n=23] (10), and selected persons who suffered pesticide
poisonings [n=23] (9). The percent of the largest group in each frequency plot is
shown above that bar (e.g. 56% of the reference range population had PNP
concentrations from 1 to <10 ug/L).
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These include studies of a group of people living near an abandoned pesticide
manufacturing facility in Arkansas; a group of people living near Brownsville, Texas,
where a cluster of birth defects occurred; farmers in Kansas exposed to a herbicide,
2,4-D; consumers of fish in the Great Lakes area; and Ohio infants with pulmonary
hemosiderosis - a serious medical condition.

Environmental Exposure to p-Dichlorobenzene and Chlorpyrifos

The study to determine reference range concentrations also revealed interesting
information involving the extent and magnitude of exposure to several pesticides.
One of those pesticides was p-dichlorobenzene (DCB). DCB is used in the United
States (and other parts of the world) as a moth repellent, a toilet deodorizer, and a
precursor for a polymer. DCB is metabolized to 2,5-dichlorophenol (DCP) and
excreted in urine. The results of the reference range study showed that 98% of the
1000 adults had detectable concentrations of DCP (13). Concentrations ranged as
high as 8,700 ng/L, and the 95th percentile concentration for DCP was 790 pg/L.
This analyte was at least one to two orders of magnitude higher than the other
analytes in the study. The information derived from this reference range study
showed that everyone in the United States is exposed to DCB, with concentrations for
those in the upper range nearing occupational types of exposure.

Data from the reference range study provided the information for urinary DCP
concentrations and DCB blood concentrations. As a result we found an excellent
correlation [Pearson correlation coefficient = 0.82, p <0.0001] between urinary DCP
concentrations and DCB blood concentrations (/3). We previously reported a similar
correlation (r = 0.92) between pentachlorophenol concentrations in urine and in blood
(14). These observations are particularly interesting in view of many reports that
there is often a lack of correlation between urinary toxicant concentrations and
estimated exposure.

Another analyte in the reference range study was 3,5,6-trichloro-2-pyridinol
(TCPY), the metabolite of the pesticide chlorpyrifos. TCPY was detected in 82% of
the reference range population with a maximum concentration of 77 ug/L and 95th
percentile concentration of 13 wg/L. Although the concentrations were considerably
lower than those for DCP, the frequency or prevalence of TCPY in urine specimens
indicates that many people in the United States are exposed to chlorpyrifos.
Chlorpyrifos is an insecticide that is commonly used in homes. It has become even
more popular as a termiticide, replacing the banned, persistent chlorinated
termiticides like chlordane. This same analyte was measured in samples from
NHANES II (1976-1980) with a finding that 5.8% of the U.S. population had
detectable TCPY concentrations (15) at a detection limit of 5 .g/L, which was higher
than the reference range study detection limit of 1 wg/L. The difference does not
account for the large change in the frequency of detection, since more than 31% of
the reference range population had detectable TCPY concentrations of 5 ug/L or
greater. Although the reference range study was not a population- based study, the
data suggest that exposure to chlorpyrifos has increased since the period of 1976-
1980 (NHANES II).
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Conclusion

The results of the reference range study for PNP, DCP, DCB, and TCPY illustrate
how biological monitoring measurements provide valuable information regarding
human exposure to environmental toxicants. The primary purpose of the reference
range concentrations is to provide a basis for comparison for exposure assessments.
In addition, this information suggests several future studies. Studies to determine the
half-life of DCP and TCPY could provide information that may explain part of the
widespread detection of these analytes. For example, if DCB is stored in fat tissues,
as one report indicates (/6), perhaps intermittent exposure with DCB retention and
subsequent slow release of DCP account for part of our observations. Half-life
information about TCPY could also be used in a similar fashion. Studies to indicate
where and how most exposures to DCB or chlorpyrifos occur would help us identify
ways to reduce exposure.

The establishment of reference range concentrations for biological monitoring
of common toxicants is an important step in developing our understanding of
exposure assessment and environment health. Concentrations of blood lead found in
samples from NHANES II and NHANES III have demonstrated a substantial decline
in blood lead levels of the entire U.S. population as a result of removal of lead from
gasoline and from soldered cans (/7). Ashley et al.(/8) has recently reported
reference range concentrations for selected volatile organics in blood samples from
the NHANES III population, and these reference range concentrations have played a
key role in identifying elevated exposure to some of these volatile organics (19).
Selected chlorophenol concentrations in urine from the general population in
Germany have been reported (20); in that study, the investigators also used reference
range values to show exposure to organic substances among workers at municipal
incinerators (21). Alessio (22) discussed the value and need for reference range
values. Most recently Danish researchers reported reference range values for
1-hydroxypyrene and a-naphthol (23).

Reference range concentrations for biological monitoring serve as a sentinel
for evaluating the community’s exposure to xenobiotics; and for judging the effects
of decisions and efforts at prevention. These points are illustrated by the banning of
chlordane- a persistent pesticide— and its replacement by chlorpyrifos— a non-
persistent pesticide— and by the decrease in blood lead concentrations after the
removal of lead from gasoline and food cans. When used with exposure assessment
data, the reference range values directly assist in risk analysis and management and
also suggest areas for future research and investigation. Reference range
concentrations provide important information that is a basis for decision making in
the public health community and, in turn, should provide for a safer and more
healthful living environment for everyone.

Acknowledgments. This work was supported in part by funds from the
Comprehensive Environmental Response, Compensation, and Liability Act trust fund
through an interagency agreement with the Agency for Toxic Substances and Disease
Registry, U.S. Public Health Service.

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



48 BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

Literature Cited.

1. Needham, L.L.; Pirkle, J.L.; Burse, V.W.; Patterson, D.G.; Holler, J.S. J. Expo.
Anal. Environ. Epidemiol., 1992, Suppl. 1, pp. 209-221.

2. Needham, L.L. In Environmental Epidemiology: Effects of Environmental
Chemicals on Human Health; Draper, W.M. Ed.; Advances in Chemistry Series 241;
American Chemical Society: Washington, DC, 1994, Chapter 10, pp. 121-135.

3. Needham, L.L.; Hill, R.H.; Ashley, D.L.; Pirkle, J.L.; Sampson, E.J. Environ.
Health Perspect., 1995, 103, pp. 89-94.

4. National Center for Health Statistics. Plan and Operation of NHANES III (1988-
1994); Vital and Health Statistics Series 1, Number 32; National Center for Health
Statistics, Hyattsville, MD, 1994.

5. Hill, R.H.; Shealy, D.B.; Head, S.L.; Williams, C.C.; Bailey, S.L.; Gregg, M.;
Baker, S.E.; Needham, L.L. J Anal. Toxicol. 1995, 19, pp. 323-329.

6. Agency for Toxic Substances and Disease Registry. Toxicological Praofile for
Methyl Parathion, TP-91/21; Agency for Toxic Substances and Disease Registry,
Atlanta, GA, 1992.

7. Arteberry, J.D.; Durham, W.F.; Elliot, J.W.; Wolfe, H.R. Arch. Environ. Health
1961, 3, pp. 476-485.

8. Durham, W.F.; Wolfe, H.R.; Elliot, J W. Arch. Environ. Health 1972, 24, pp. 381-
387.

9. Davies, J.E.; Davis, J.H.; Frazier, D.E.; Mann, J.B.; Welke, J.O. In Organic
Pesticides in the Environment: A Symposium; Rosen, A.A.; Kraybill, A.F., Eds.;
Advances in Chemistry Series 60; American Chemical Society, Washington, DC,
1966, Chapter 5, pp. 67-78.

10. Roan, C.C.; Morgan, D.P.; Cook, N.; Paschal, E.H. Bull. Environ. Contam.
Toxicol. 1969, 4, pp.362-369.

11. Elliot, J.W.; Walker, K.C.; Penick, A.E.; Durham, W.F. J Agr. Food Chem.1960,
8, pp. 111-113.

12. National Research Council. Pesticides in the Diets of Infants and Children;
National Academy Press, Washington, DC, 1993.

13. Hill, R.H.; Ashley, D.L.; Head, S.L.; Needham, L.L.; Pirkle, J.L. Arch. Environ.
Health 1995, 50, pp.277-280.

14. Cline, R.E.; Hill, R.H.; Phillips, D.L.; Needham, L.L. Arch. Environ. Contam.
Toxicol. 1989, 18, pp. 475-481.

15. Kutz, F.W.; Cook, B.T.; Carter-Pokras, O.D.; Brody, D.; Murphy, R.S. J
Toxicol. Environ. Health, 1992, 37, pp. 277-291.

16. Morita, M.; Ohi, G. Environ. Pollut. 1975, 8, pp. 269-274.

17. Pirkle, J.L.; Brody, D.J.; Gunter, E.W.; Kramer, R.A.; Paschal, D.C.; Flegal,
K.M.; Matte, T.D. JAMA 1994, 272, pp. 284-291.

18. Ashley, D.L.; Bonin, M.A.; Cardinali, F.L.; McCraw, J.M.; Wooten, J.V. Clin.
Chem. 1994, 40, pp. 1401-1404.

19. Etzel, R.A.; Ashley, D.L. Int. Arch. Occup. Environ. Health 1994, 66, pp. 125-129.
20. Angerer, J.; Heinzow, B.; Schaller, K.H.; Welte, D.; Lehnert, G. Fresenius J.
Anal. Chem. 1992, 342, pp. 433-438.

21. Angerer, J.; Heinzow B.; Reimann, D.O.; Knorz, W.; Lehnert, G. Int. Arch.
Occup. Environ. Health 1992, 64, pp. 265-273.

22. Alessio, L. Int. Arch. Occup. Environ. Health 1993, 65, pp. S23-S27.

23. Hansen, A.M.; Christensen, J.M.; Sherson, D. Sci. Total Environ. 1995, 163, pp.
211-219.

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Chapter 4

Possible Biomarkers for Assessing Health
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Interindividual variation in response to agrochemicals and their potential toxic
effects is mediated by intrinsic and extrinsic factors. The intrinsic variations
stem from inherited predispositions exemplified in different blood groupings,
immunoantigens, metabolic activation and detoxification, and DNA repair
capacity, in addition to age, development and nutrition. The extrinsic factors
include the geographical climatic variations, background of infectious diseases,
health sanitation, socioenvironmental stresses and standard of living.
Populations in developing countries have their own genetical trait
characteristics where some genetic diseases are more dominant e.g. sickle cell
anemia and other metabolic deficiencies. Parasitic endemic diseases such as
schistosomiasis and hepatitis viruses are more abundant in the poor sanitation
conditions of the third world countries. These unfavorable genetic and
ecological factors when interacting synergistically together will render the
people in the developing countries at higher risk because of high susceptibility
to exposure and health hazards of agrochemicals. Highly susceptible
population groups in general and those in the third world in particular, require
specific biomarkers to measure and assess the inherited susceptibility, exposure
dose and health effects of the agrochemicals. In this review, attempts are made
to address such specific biomarkers needed to detect and to evaluate the levels
of susceptibility, exposure and adverse health effects of agrochemicals with
special reference to pesticides in developing countries.
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Poisoning by agrochemicals particularly pesticides occur during their manufacturing,
transportation, testing and application. Environmental hazards take place through air,
water and food pollution. Exposure to sublethal doses of pesticides for long periods
cause chronic and long term toxicities such as neurological disorders, sensitization,
respiratory intoxication, hepatic and kidney lesions, genotoxicity including fetotoxicity,
teratogenesis, mutagenesis and carcinogenesis. The mode of toxic action of most of the
pesticides is not fully elucidated and there are only few known antidotes to combat acute
toxicity. The chronic effects of the pesticides are irreversible in most cases and seldom
can be medically cured (). The World Health Organization (WHO) estimated that two
million cases of human poisonings occur annually, of which 40,000 are fatalities
occurring mostly in the third world (7,2). The high incidents of pesticide poisonings in
the developing countries is a reflection of the developing countries conditions where they
suffer from abuse of pesticides, inefficient regulations and enforcement, lack of pollution
awareness, low standard of living and poor sanitation.

The present review is devoted to address the need for specific biomarkers to
detect the genetically high susceptible individuals to toxic chemicals exposure. Such
inherited susceptibility is expected to be more intensified when those individuals are
simultaneously exposed to residues of other toxicants such as air pollutants, toxins,
heavy metals and other organics which can interact synergistically to intensify the toxic
burden, particularly in developing countries where the people are more vulnerable.
Recently, pesticides proved to cause immunodepression, a fact which is of great concern
in our fight against infectious viral diseases including AIDS (3). The more vulnerable
people are more susceptible to pesticides exposure due to their genetic characteristics
and/or environmental exposure background. There are indications that people with
different blood groupings will vary in their susceptibility to diseases and hazards of toxic
agents (4). It should be anticipated also that people in the tropical and subtropical
developing countries will be at higher risk because their liver and kidney functions are
already impaired due to the endemic diseases caused by schistosomiasis parasite and
hepatitis virus, etc (5, 6). Therefore this review is actually devoted to address the possible
molecular biomarkers which can be helpful in detecting the more susceptible population
and quantify the risk of exposure and internal toxic effects at the biochemical targets with
specific reference to the population in developing countries.

Intrinsic Factors For Variation in Human Susceptibility to Toxic Chemicals

Genetic variation in human population. Our everyday experience reveals that there
is an extraordinary amount of variation among us as human beings. We differ in height,
weight, hair and skin color, texture, facial features, customs, and expressions. Our
generalizations such as “women are more sensitive than men” obscure the fact that there
is immense variation within sexes in all physiological, psychological, and anatomical
traits. Moreover, there is a great deal of overlap between these traits. We are all aware
that people from different geographic regions differ not only socially, but also
biologically. For example, the red blood cells in all human beings contain hemoglobin.
However, all people do not have exactly the same form of this molecule. Most people
possess the common form of hemoglobin A, but in Western and Central Africa, in parts
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of Southern India, and in the Arabian peninsula, about one-quarter of the population
carries another molecular form, hemoglobin S. People with only hemoglobin S suffer
severe anemia because this molecule forms large crystalline structures inside the red
blood cells, causing them to take on a characteristic sickle shape and then to break down.
This condition is known as sickle-cell anemia. In population with hemoglobin S, only
about 1-3% of the people suffer from this anemia while about 25-30% of such population
have both hemoglobin S and hemoglobin A and those will suffer only very mild anemia
and are significantly more resistant to malaria. The human population is clearly
differentiated along the geographical lines. Currently, 17 polymorphic human genes have
been studied in enough nations and tribes to make possible a calculation of comparative
diversity. These polymorphic forms can be inherited as homozygote or heterozygote
allelic genes in different human traits (7). Karl Steiner (1900-1902) discovered the
blood type polymorphism expressed as A, B, O, blood groups system as shown in Table
1. Humans are remarkably polymorphic for this ABO blood type system. In most
European populations 45% of the people have type O blood group, 35% have type A,
15% have type B, and 5% have type AB. There is some variation from one major region
of the world to another, but type O is always the most common followed by type A.

Table 1. ABO Blood Types, Their Antigens, Antibodies, and Compatible
Transfusions

Blood group type Cell antigen type  Specific antibody  Compatibletransfusions

A A Anti- B Transfuse to A & AB
Receive from A &0
B B Anti-A Transfuse to B & AB
Receive from B &0
AB AB None Transfuse to AB
Receive from all types
(0] None Anti-A & Transfuse to all types
Anti-B Receive from O

Adapted from Lewontin, R. Human Diversity, 1982 (7).

The blood groups are genetically determined antigens of the erythrocytes. At least 15
different blood group systems, each determined by a separate locus on the red blood
cells, have been identified. Furthermore, at these separate loci multiple alleles are now
known. Table 2 shows the frequencies of alleles for seven polymorphic enzyme loci
chosen in red blood cells in a number of European and African populations.
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Table 2. Variation in Allelic Frequencies in Red Blood Cells of European and

Black Africans
Europeans Black Africans
Red Cell Locus
Allele 1 Allele2 Allele 3 Allele 1 Allele 2  Allele3
Acid phosphatase 036 0.60 0.04 0.17 0.83 -
Phosphoglucomutase-1 0.77  0.23 - 0.79 0.21 -
Phosphoglucomutase-3 0.74  0.26 - 0.37 0.63 -
Adenylate kinase 095 0.05 - 1.00 - -
Peptidase A 0.76 - 0.24 0.90 0.10 -
Peptidase D 099 0.01 - 0.95 0.03 0.02
Adenosine deaminase 0.94 0.06 - 0.97 0.03 -
Average heterozygosity 0.068 + 0.028 0.052 +0.023
per individual

Adapted from Lewontin, R. Human Diversity, 1982 (7).

The reported data revealed that the genetical variation between the two populations was
also reflected in the variation of the enzyme activities regulating metabolic, hormonal
and oxidative phosphorylation processes including detoxification and activation of toxic
chemicals (7). A correlation was suggested between blood group type and human
susceptibility to infectious diseases. A survey of cholera epidemic, indicated high attack
rates in Peru, and determined the association between blood group O and severe cholera.
The data revealed strong association between blood group O and the severe cholera that
infected individuals. Since prevalence of blood group O in Latin - America may be the
world’s highest; treatment requirements were increased to combat the disease (8). It was
also reported that variations in corneal epithelium of subjects with different blood groups
can be detected with the use of a monoclonal antibody and the lectins DBA, GSL-1B-4,
and UEA-1. Previous reports of lectin binding to ocular surface epithelium should be
reevaluated since they did not take into account blood-group specific binding (9).
Distribution of blood groups ABO, Rh, P-1,and MN were studied in 85 patients with
multi modular euthyroid colloid goiter. An association has been revealed between the
presence of this disease and MN blood group, as well as the absence of P-1 antigen.
These results permit us considering MN blood group and P-1 antigen absence as factors
of risk for multi modular euthyroid colloid goiter disease (10). Accordingly, human
population is heterogenous and consists of subpopulations with a considerable range of
susceptibilities to chemical-induced toxic effects. Parameters such as metabolic
variability, DNA repair capacity and genetic predisposition can influence the severity of
a given exposure to a known toxic or genotoxic agent (11-13).

Several reports emphasized that the blood group type is also the main limiting
factor for deciding the immune response induced by the blood antigens. The
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immunoglobulin E binding protein, epsilon BP is a betagalactoside protein of
approximately 30-KDa and a number of the human soluble lactins which act by
mediation of IgE binding to cellular surface proteins. Recently, the specificity of binding
of the radio iodinated epsilon-BP to a series of lipid-linked oligosaccharide sequences
of the lacto/neolacto family was investigated. The results showed that the minimum
lipid-linked oligosaccharides that can support epsilon-BP binding are the
pentasaccharides of the lacto/neolacto series and that the lectin binds more strongly to
oligosaccharides of this family that bear blood group A, B, or B-like determinants than
to those bearing blood group O. Similarly, EBP was preferentially bound to erythrocytes
of blood groups A, B, and O (74). These results imply that biological activity of the
immunoglobulin E binding protein epsilon BP, in its degree of cell association and
thresholds for activation of the cellular immune system and the allergic response,
depends on the blood group type prevailing in the human subject.

Immuno-Antigens and Human Genetic Diversity. Human lymphocyte antigens
(HLA) were discovered in the white blood cells and were shown to have specific
antigenic properties which are similar to those of the human red blood cells in being also
polymorphic. Distribution of HLA antigens, haptoglobin phenotypes (HP), ABO blood
groups and rhesus factor were investigated in 60 patients suffering from tuberculosis.
Tuberculosis reactivation and postoperative recurrences occurred more often in carriers
of HLA antigen DR2 (15). HLA and ABO genetic markers were determined in 406
workers occupationally exposed to industrial biotechnology. The study proved the
importance of a genotype in determination of individual sensitivity in the working places
(16). It was also reported that pesticide field workers vary in their acute response to
pesticide exposure according to the blood group type (17).

Glucose -6- Phosphate Dehydrogenase ( G-6-PD) Deficiency. In the case of glucose-
6-phosphate dehydrogenase (G-6-PD) deficiency, a number of observations suggested
that such individuals will be more susceptible to oxidizing agents. This G-6-PD
deficiency is due to many X-linked genetic variants abnormality which occurs most
frequently in two forms. The mild more common form is the African variant (A-) which
affect approximately 12% of the Afro-American males. The more severe form is the
Mediterranean variety (B-). On exposure to hazardous oxidizing agents the G-6-PD
deficient red cell accumulates peroxides which damage the cell membrane and shorten
its life span. Exposure to trinitrotoluene (TNT) has been associated with hemolytic
episodes in workers. The relationship between TNT exposure and severe hemolysis in
G-6-PD deficient individuals strongly suggests a cause and effect relationship (18).

Acetylated Phenotype. The activity of liver N-acetyltransferase differs widely among
humans. A single gene determines the rate of acetylation and rapid acetylation is an
autosomal dominant trait. Population studies revealed that about 60% of Caucasians and
Negroes and about 10-20% of Orientals are slow acetylators. A number of drugs are
metabolized by the acetylation of amino or hydrazino groups. These include isoniazid,
hydralazine, procarbinamide, and a number of sulfa drugs. With long term administration
of isoniazid, slow acetylators develop higher blood levels of the drug due to the slow
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detoxification. Besides, the rate of acetylation is of critical importance in industrial
chemical exposure. The detoxification of the arylamine bladder carcinogens e.g. 2-
naphthylamine and benzidine requires rapid acetylation. Slow acetylation is expected to
lead to bladder cancer due to continuous exposure to arylamines in such cases (79).

Arylhydrocabon hydroxylase (AHH). Cytochrome P-450 dependent monoxiginase
enzymes are a large family with various substrate specificities. Naturally, it is useful in
oxidative detoxification of xenobiotics leading to more polar metabolites which can be
excreted. However, in some cases, these metabolites can be cytotoxic even more than the
parent compound. The activity of this enzyme AHH, which is abundant in mammalian
tissues, is stimulated by induction after exposure to polycyclic aromatic hydrocarbons,
insecticides, steroids, and drugs. AHH catalyzes the metabolism of polycyclic aromatic
hydrocarbons to some products which were shown to be carcinogenic. Several studies
indicated that differences in AHH levels in humans are controlled genetically. The high
inducibility AHH phenotype is thought to represent about one tenth of the U.S.
population (20).

Serum o,—antitrypsin. «,-antitrypsin is produced in the liver, and is responsible for
producing 90% of the a-globulin proteins in human serum. Its main protective function
is to prevent the proteolytic enzymes from attacking the alveolar structures in the lungs.
In case of a,-antitrypsin deficiency, the destruction of alveolar tissue produces
emphysema which takes place in humans during their forties and fifties. The level of -
antitrypsin is under genetic control. Individuals with homozygous deficiencies are at high
risk of having emphysema. They are highly susceptible to respiratory poisons and
pesticidal fumigants (21).

Age, Development, and Nutrition. Children and elders are more susceptible to the
hazardous chemicals than the middle-aged people. The newly born children lack some
detoxifying enzymes such as glutathione-s-transferase. Chemicals may cause
developmental toxicity to the embryo at levels not harmful to the mother. Malformation,
growth retardation, and fetotoxicity might result from fetus exposure due to less efficient
immune system. On the other hand, the aged people are at high risk for exposure to the
environmental pollutants because of the deteriorating immune system and the high
sensitivity especially when they suffer from chronic diseases (22).

Hormone disruptors. It was recently postulated that environmental chemicals e.g.
chlorinated insecticides and other polychlorinated cyclic compounds, can bind to steroid
hormone receptor. Such interference might induce abnormal hormonal activities in
females, leading to hormonal imbalance or hyperactivity which results in cancer and
developmental toxicity in pregnant mothers (23). Recent epidemiological studies
revealed that breast milk fat and serum lipids of women with breast cancer contain
significantly higher amounts of chlorinated organic compounds including pesticides. It
was concluded that cancer in most cases may be initiated by the interaction between host
factors such as genetic susceptibility together with simultaneous exposure to
environmental toxicants such as chlorinated pesticides (24). In recent years, chlorinated
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pesticides, dioxins and dibenzofurans have been recorded in breast milk from different
countries. DDT, DDE, and other chlorinated pesticides were detected in mother’s milk
in developing countries at higher levels, e.g. Thailand, Egypt, and Vietnam; while
polychlorinated biphenyls (PCB’s), dioxins, and dibenzofurans were detected at higher
levels in mothers’ milk in industrialized countries, e.g., Germany and U.S.A. more than
in the third world countries (25, 26).

Nutritional and Food Habits. Changes in nutrition may affect the toxicity of
environmental chemicals by altering the defensive immuno response, and the other
processes of detoxication, biotransformation, and excretion. Impairment of the host
defenses plays a role in the unique susceptibility of the young as well as the elders to
foreign chemicals. Antioxidant action of vitamins E, A, and C was found to protect the
lungs against oxidant’s damage. Some food components were found to afford protection
against chemically induced neoplasia, e.g., phenols, indoles, isothiocyanates, and
flavones (27).

Extrinsic Factors for Variation in Human Susceptibility to Toxic Chemicals

Variation in Background of Infectious Diseases Distribution. It is reasonable to
assume that humans infected with parasitic diseases and suffering from impaired
biological systems will be highly vulnerable to poisoning with toxic chemicals such as
pesticides. Developing countries located mostly in tropical and subtropical regions have
the climatic conditions suitable for the reproduction and spreading of the organisms
responsible for causing and transmitting many of the infectious human diseases. Table
3 presents examples of the more abundant human transmitted diseases in developing
countries (28). The low standard of living and sanitation intensifies the continuous
spreading of such diseases and explains its epidemic and endemic status in the third
world. Individuals with impaired liver will have a reduced capacity to detoxify certain
pollutants or to excrete them in the bile, and those suffering from renal failure may not
be able to excrete toxic metabolites. Those suffering from cardiovascular diseases would
be at greater risk when exposed to carbon monoxide. It was found that asthmatic patients
are more susceptible to exposure to sulfur dioxide (29). It was also reported that those
suffering from liver damage due to schistosomiasis were proved to be unable to detoxify
DDT when they were occupationally exposed as field spraymen (30). This demonstrates
the impact of infectious diseases in reducing the resistance of humans to toxic chemicals.

Ecogenetics and Enhanced Susceptibility to Toxic Chemicals. Few studies have
investigated the relationship between inherited traits and enhanced susceptibility to
pollutant exposure. There is already known evidence that individuals with immotile cilia
syndrome, and a-antitrypsin deficiencies are unusually vulnerable to cigarette smoke and
other respiratory poisons.

Hazards of Exposure to Chemical Mixtures. Chemical agents commonly cited as
inducing symptoms in susceptible individuals include tobacco smoke, diesel and vehicle
exhaust, paints, organic solvents, pesticides, natural gas fuel, plastics, perfumes,
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synthetic fibers, household cleaners, new building materials, and poorly ventilated new
buildings.

Table 3. Some Parasitic and Enteric Infectious Human Diseases

Disease Causing Organism Way of Infection
Schistosomiasis Blood fluke/snails Contaminated water
Fasiolopsiasis Fluke/snails Contam. water and food
Ascariasis Round worm Soil, water, and food
Ancylostomiasis Hook worm Soil, water, and food
Fliariais Nematode Mosquito bite
Malaria Plasmodium Mosquito bite
Trichinosis Round worm Raw pork
Mycotoxins Aspergillus Sp. Food
Paratyphoid and typhoid fever Salmonella Sp. Food and water
Diarrhea E. coli Food and water
Cholera Vibro cholerae Food and water
AIDS HIV virus Blood transfusion and
Sexual contact
Hepatitis Entero virus (diff. Strains) Blood transfusion,
water and food

Clinical ecology is based on the total environmental load from a wide range of low level
environmental exposures (31).

Malathion acute toxicity was found to be potentiated by the presence of its two main
impurities resulting as rearrangement and breakdown products: - isomalathion, O, S, S-
trimethylphosphoro-dithioate (OSS-TMP), and O, O, S-trimethylphosphorothioate
(OOS-TMP) (32). These same impurities are also capable of causing an unusual delayed
toxicity that has been studied. OOS-TMP has an LD, of 15-20 mg/kg in rat. However,
death occurs no sooner than 22 days after exposure, in contrast to the acute lethal AChE
inhibition which occurs in few hours. This delayed toxicity was not a cholinergic effect,
but was due to hepatic hemostatic disorders reducing the production of the plasma
clotting factors (33). OOS-TMP was also shown to cause glutathione depletion in lung
and other tissues. The immunotoxic potential of these impurities is probably the most
serious concern (34). Pentachlorophenol and its salts which are widely used as
pesticides all over the world, are known to be contaminated with the extremely noxious
Dioxins. Such mixtures are of extreme occupational health hazard (35). The toxicities
of parathion and paraoxon were potentiated by pretreatment with dietary DDE in
Japanese Quail (36). In mice, the acute toxicities of five N-methylcarbamates were
potentiated by low-dose treatment with some OP insecticides (37). A pretreatment of
mice with EPN or DEF organophosphate enhanced the toxicity of the subsequent
treatment with the pyrethroid fenvalerate and the OP malathion (38). Pretreatment of rats
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with phenobarbital enhanced the acute toxicity of heptachlor, chlordane and DDT in
neonatal rats (39). Also pretreatment with carbon disulfide, a cytochrome P450 inhibitor,
potentiated parathion and EPN but antagonized diazinon and dimethoate (40). In an
animal study, disulfiram (the drug used frequently in the management of alcoholism),
increased tumor development after exposure to the fumigant ethylene dibromide (EDB)
inrats (41). A fact which caused a lot of concern for workers exposed to EDB who are
currently using disulfiram as a medication (42). Sequential administration of two
different carcinogens has been demonstrated to result in synergistic effects (43).
Phenobarbital and polychlorinated biphenyls (PCBs), which are inducers of the liver
mixed function microsomal enzymes, inhibit the carcinogenic effects of 2-
acetylaminofluorene (2-AAF) or other hepatocarcinogens when administered
simultaneously, whereas they are well known to enhance hepatocarcinogenecity when
given after carcinogen treatment (44). Similar timing impacts were reported for other
combinations (45). Polychlorinated biphenyls (PCBs) are themselves a mixture of
analogous compounds polluting the environment. Although their production was banned
since 1970, yet because of their persistence they are still in the environment
bioaccumulating in the food chain. They cause health adverse effects mainly in
reproduction through inhibition of spermatogenesis and exerting ovarian
histopathological effects in additional to hormonal imbalance and other cytotoxic effects
(46). It can be concluded that pesticide mixtures with other chemicals may be
synergistic, additive or antagonistic in their toxicity. Therefore, the occupationally
exposed workers may be at higher risk than the general public in particular cases (47).

Epidemiological Biomarkers of Exposure, Effect and Susceptibility to Pesticides
and Agrochemicals

Biomarkers of Exposure. Measurement of activity of target enzymes, hormones,
receptors, and neurotransmitters are commonly used as biomarkers for acute and short
term exposure to agrochemicals including pesticides as well as other toxic chemicals.
However, few biomarkers have been validated as tools for environmental epidemiology.
Validation of any epidemiological biomarker must involve the following four stages:-
association between the marker and a preceding exposure or subsequent effect; dosimetry
of the exposure/marker relationship; the threshold of "no observed effect level" if any;
and the positive value of the biomarker for exposure or adverse effect (48). Besides, the
biomarker must have the capacity to include and identify the genetically and
occupationally highly susceptible individuals in the exposed group. The successful
biomarker must finally be applicable under both laboratory and population conditions
(49-51). To determine whether the biomarker is measuring the degree of exposure, the
adverse effect (disease) or the level of susceptibility in an exposed population depends
on the available knowledge and the possibly quantified biological processors or
phenomena under exposure. DNA and various protein adducts are promising as
biomarkers for epidemiological and long term continuous exposure to low levels of
pollutants including the hazardous agrochemicals. Increased rate of hepatic biosynthesis
of protein, DNA, and RNA are indicative of the inductive effect which activates
cytotoxicants (52). The specific potential of agrochemicals to bind with DNA and RNA
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can be used as a criterion to predict for their cytotoxicity. DNA and protein adducts also
can be used to measure exposures that cause other non-genotoxic adverse health effects.
Protein adducts could be a better reliable measurement of exposure dose levels than DNA
adducts because the protein adducts are not repaired and tend to persist for the life of the
protein which reaches 17 weeks in the case of hemoglobin in humans. The protein
adducts are therefore useful as a biomarker of exposure because they fulfil the criteria of
linear dose-response relationships for single exposures (53). Hemoglobin adducts were
successful biomarkers for blood levels of exposure to ethylene oxide and lead (54).
Recently, there was evidence that rats’ serum protein profile reflects electrophoretic
gradient changes induced by the dermal administration of malathion to rats (55). Similar
data were reported showing specific alterations in the serum protein profile as a result of
in vivo application of a sublethal dose of cyanophos. In-vitro incubation of rat serum
with a sublethal level of a number of cyclodiene and lindane insecticides, PCB's and
trichloroethane showed characteristic changes in the rat serum protein profile as shown
by SDS-PAGE followed by laser integration scanning and by FPLC chromatography
(56). Preferential binding of rat serum transferrin with aluminum cations showed another
example of using specific blood protein as a specific biomarker for detection and
quantification of Al** cation intake during occupational or medical treatments (57). It can
thus be concluded that most DNA, hemoglobin, albumin, and other blood proteins are
selective sensitive biomarkers of exposure and effective dose (58).

Immune Dysfunction as a Biomarker for Exposure to Toxic Chemicals.
Immunotoxicology is the study of adverse effects on the immune system that result from
exposure to toxic chemicals including industrial, agrochemicals, pharmaceuticals, and
environmental pollutants. In these instances, the inmune system acts as a nonspecific
target of the xenobiotic, which may lead to an increased incidence or severity of
infectious disease or neoplasia because of an inability to respond to an invading agent.
The sensitivity of the immune system to reflect the environmental stress and particularly
the xenobiotics, suggests using the immune response and its suppression as a biomarker
for long term health adverse effects subsequent to exposure to hazardous agrochemicals
including pesticides. However, it is a real challenge to distinguish homeostatic changes
from pathogenomic ones (48,59). Several investigators in the last decade have used the
immune system markers to indicate biological response for low doses of toxic substances
(60). In one of the studies, some of the strengths and limitations in using markers are the
effect on the immune activation and autoantibodies in persons who have long term
inhalation exposure to formaldehyde. Four groups of exposed patients were compared
with controls. The four exposed groups have shown higher antibody titer to antibodies
to formaldehyde-human serum albumin (HCHO-HSA) conjugate; and increases in Tal+;
IL2+, B cells, and autoantibodies were recorded (61). It was found to be much better to
use a collection of immune system markers because no single marker will accurately
reflect the state of the immune system as a whole. Two pesticide fertilizer mixtures were
examined for their ability to induce immunotoxicity in mice. These mixtures were made
to resemble groundwater contaminations from agrochemicals in either California
(aldicarb, atrazine, dibromochloropropane, dichloropropane, ethylene dibromide,
simazine, and ammonium nitrate); or Iowa (alachlor, atrazine, cyanazine, metolachlor,
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meribuzin, and ammonium nitrate. No consistent suppression was shown for either
mixture, however, a slight but significant suppression of the bone marrow progenitor
cells occurred after 90 days exposure to the high dose of the California mixture (62).
Chemical-induced immunosuppression may result through multiple mechanisms
including cellular depletion or functional alteration in which the cells do not respond
adequately to an antigen. Hypersensitivity is the result of an appropriate immune
response directed against chemical agents that bind to host tissues and are recognized as
foreign antigenic agents by the immune system. Such chemical-host tissue complex may
lead to respiratory tract allergies (e.g. asthma or rhinitis) or allergic disorders. The
chemical agents known to cause allergic disorders include anhydrides, aldehydes,
isocyanates, organophosphate insecticides and some antibiotics (63,64). Besides, there
is an increasing interest in chemical-mediated autoimmune disease. Autoimmunity,
which has similarities to the hypersensitivity response is characterized by an immune
response against self-antigens. However, several environmental chemicals e.g. vinyl
chloride or trichloro ethylene and certain metals e.g. mercury, generate immune
responses that may lead to the production of autoantibodies, although not necessarily to
symptomatic autoimmune diseases (65).

Immune Dysfunction as a Biomarker for Chronic Exposure to Organophosphate.
A large number of epidemiological studies of organophosphate (OP) exposed populations
revealed that farmers succumb more frequently lymphomas or hematopoietic tumors than
would be expected in healthy nonfarming populations (66,67). Such data have been
documented not only for farmers residing in the USA, but also for those in other
countries (68). An excess of lymphomas has been recently reported in Italian farmers
(69). Studies by epidemiologists from the National Cancer Institute in the USA have
reported that the farm workers who acquire liver tumors in excess have been exposed to
pesticides, which are postulated as the cause for the development of such tumors in
exposed workers in the fields or grain mills treated with pesticides. Malathion, an OP
insecticide was one of the identified chemicals by workers exposed to pesticide-treated
grain. Several recent studies have shown OP-induced abnormalities in human cytotoxic
T-lymphocyte, natural killer cell and cytotoxic monocyte functions that regulate human
immune surveillance (69). Both chromosomal aberrations and cell-mediated immunity
can be readily assessed using peripheral blood samples from populations at risk. In
addition to OP-induced defects in natural killer cell and cytotoxic T-lymphocyte
activities; the inhibition constants of human monocyte carboxyl esterase and plasma
butyl cholinesterase, were compared. The data suggest that immune cell esterases may
be a more sensitive marker of organophosphate exposure than plasma butyryl-
cholinesterase, which is a standard biomarker currently used to detect OP exposure (69).

Recent studies also showed that chronic OP 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 (70). This is one of the good examples to demonstrate that
chronic exposure to pesticides might lead to higher susceptibility to genotoxic and
infectious diseases. Several in-vitro studies have also shown OP-induced mutations in
human peripheral blood lymphocytes and human lymphoid cell lines of B-cell origin
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(71). The frequency of hybrid antigen-receptor genes in peripheral blood lymphocytes
of agricultural workers has been determined to be higher during pesticide application
times than before or after the pesticide use, and significantly higher than controls (72).
Thus, such functional OP-induced cytotoxic immuno-toxic changes may represent
sensitive biomarkers of chronic OP exposure and effect when integrated with duration
and intensity of exposure.

Biomarkers of Adverse Health Effects. Another type of molecular biomarker for
adverse effects can be the cytogenetic investigation with peripheral blood lymphocytes,
splenocytes, and pulmonary cell culture to monitor genotoxic effects of low level mixture
or single toxicant. However, this research area is not yet fully developed and needs
further exploration for standardization (73).

In a recent review on biomarkers in toxicology, biomarkers of effect were
emphasized to include several examples of different aspects. Inhibition of blood
enzymes such as 8-aminoleuvolenic acid dehydratase (ALAD) by lead. Number and
damage of blood cells, e.g., presence of sister chromatic exchanges due to potential
damage of chromosomes in workers exposed to ethylene oxide. Lack of particular
lymphocytes indicating immune suppression caused by dioxin (TCDD). Similarly,
induction of cytochrome P450 isozymes, as a biomarker of the effect of many types of
chemicals particularly organochlorine pesticides, polycyclic hydrocarbons and related
chemicals. As a biomarker for long term exposure, it is suggested that we can make use
of the urinary markers for cytochrome P450 induction by measuring the increased
excretion of D-glucaric acid and the 6-B-hydroxycortisol/17-hydroxycorticosteroid ratio
(58). A recently suggested biomarker for toxic effects are the stress proteins.
Immunocytochemistry might be one of the best methods to quantify the specific heat
shock protein HSP 72 which is found normally in minute levels. Heat shock proteins
proved to be induced by various chemical stresses, and any increase can be easily related
to the type of environmental stress (74). Although NMR has been used only recently to
study biological systems, it has been proven to be a powerful technique and direct proton
NMR of biological fluids such as serum bile and urine has been developed. The use of
sophisticated techniques such as two dimensional correlation spectroscopy (COSY)
analysis allows separation of overlapping resonances and greatly improved resolution of
spectra. This new technique has the advantages of providing structure and quantitative
information, it is rapid and not preselective. Therefore, any xenobiotic in body fluids can
be detected and quantified (75).

" Biomarkers for Susceptibility. There is an increasing interest in the role of genetic
variation in toxic responses. Therefore, variation in human susceptibility and
development of relevant biomarkers are of increased importance. An example of the
variation in metabolism can be described under the acetylator phenotype. The ability to
acetylate and detoxify amines, hydrazines, and sulphoamides vary between individuals.
Slow acetylators have mutations responsible for less functional N-acetyltransferase
enzyme. There are correlations between slow acetylator phenotype, bladder cancer, and
occupational exposure to aromatic amines. On the other hand, different types of cancers
(colo-rectal cancer) have been linked to the fast acetylator phenotype (58). With the
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advancement of molecular biology we will be able to differentiate between these
phenotypes by gene analysis, rather than by biochemical reactions. It has been suggested
also that taurine levels may be a useful biomarker of susceptibility. Urine taurine level
reflects taurine status in the liver as shown in animal studies (58}. Taurine in the liver
is protective and when its levels are reduced, the liver will be rendered more susceptible
to toxicants. This finding is crucial because humans normally do not biosynthesize
taurine and depend on its dietal sources. Individuals with relatively less taurine in their
liver will be at higher risk. Current risk assessment models fail to consider genetic
predisposition that make people more sensitive or resistant to exogenous exposures and
endogenous processes. Cytochrome P450 enzymes activating carcinogens show wide
genetic polymorphisms and differ widely among various ethnic and genetic groups. In
addition to the inherited factors for detection of susceptible individuals, determination
of the effective dose of carcinogen will help in setting the risk assessment evaluation.
DNA adducts will be a cumulative measure of exposure, absorption, metabolic
activation, detoxification and DNA repair process. The combination of type and
abundance of adduct and genotyping assays will reflect the interaction between
exogenous and endogenous factors along the long term exposure to carcinogens. Such
criteria for risk assessment will be useful to differentiate between the level of cancer risks
between individuals, and genetic traits by marking the more vulnerable people (76). A
biological marker of susceptibility, the alpha-1-antitrypsin ZZ allele, has been found to
be associated with the disease emphysema. People with the ZZ homozygote are 30 times
at the risk of developing emphysema than the general population. However, because
emphysema has various causes, the heterozygous state-although genetically not
susceptible can be at increased risk when hazardous environmental factors exist: e.g.
pollution by cadmium, ozone, or cigarette smoke. Generally, the use of biomarkers of
susceptibility in environmental epidemiology has the advantage of increasing both the
precision and reliability of risk assessment and correlation between exposures and health
diseases in pupulations without neglecting the highly susceptible section in the
population which might be diluted by the majority of the nonsusceptible (77).

Future extensive research is still needed to reach more sensitive measures and critical
biomarkers that define the wide variation in susceptibility in a population, to protect
those who are at high risk because they are more susceptible for one reason or another.

Educational, Socio-economic, and Regulatory Constraints in Developing Countries.

Socio-economic Status. The developing countries have their own historical, genetical,
and environmental characteristics. Being located in tropical and subtropical regions, they
have the suitable ecological conditions for spreading and reproduction of not only
agricultural pests but also the infectious medical diseases and their vectors. This explains
their increasing demand for pesticides and drugs to combat agricultural pests and human
diseases vectors as well. This implies higher exposure to pesticides.

Environmental Education and Extension Services Needed. Environmental education
as defined by the International Union of Conservation of Nature and National Resources
(IUCN) is based on a long term strategy to raise the level of awareness among the
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population so that local people will be able to take over the management of the
environment by themselves. Extensive extension or services using media
communication facilities including pictograms and television will have an enormous
influence for the dissemination of proper instructions and knowledge to create public
awareness regarding hazards of toxic chemicals and the best way for safer handling,
storing, and application (78,79). The Nongovernmental Organizations (NGO’s) provide
different in-service training programs for people who work in the field of handling and
use of agrochemicals. We believe that, the success of any environmental educational
program in developing countries is closely linked to a number of challenges: financial
constraints, social awareness, cooperation between governmental and NGO’s, public
education system, interaction between media and public, and least, not last, the
implementation of laws concerning environmental protection and human health.

Regulatory and Management Constraints in Developing Countries. Developing
countries need updated legislation for chemical safety. Parallel to that, there must be an
upgraded enforcement system with sufficient capabilities to test and evaluate the
toxicological data submitted by the industry. The regulations should take into account
the long-term cytotoxic effects in addition to acute and short-term effects. Cooperation
between industrialized countries and the third world in advanced technology transfer
will improve and upgrade the chemical industries in the developing countries toward
cleaner production where the working place and the products quality will be up to the
international standards. The hazards of unwise use of pesticides including the ones
banned and the residues of the highly toxic pesticides and agrochemicals on exported
food and those disposed in the environment should not be the concern of the developing
countries alone, it should be an international responsibility. Hence assistance will be
needed to provide the third world countries with the helpful techniques for setting the
reliable biomarkers in order to measure the exposure levels and their effects. These
measures will reduce the hazardous exposure to agrochemicals in the developing
countries.

Conclusions

1. People in the developing countries have their own characteristic genetic traits,
historical behaviors, and traditions in addition to their warm tropical and subtropical
ecological conditions. All these factors should be considered when trying to generalize
risk assessment criteria, and when suggesting universal biomarkers for monitoring levels
of exposure and to estimate degrees of respective adverse health effects at the
biochemical targets.
2. Population in the developing countries vary in their susceptibility to hazardous
agrochemicals as do all humans according to their ABO blood group type, and the
genetic antigenic variations. However, the following genetic deficiencies were reported
to be more abundant in the third world populations:

* lower glucose -6- phosphate dehydrogenase,

* more sickle cell anemia, and sickle cell trait,

* lower arylhydrocarbon hydroxylase induction, and

* slower acetylation genetic type.
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Such genetic deficiencies make people more susceptible to the toxic chemicals including
pesticides and other agrochemicals.
3. People in developing countries being liable to schistosomiasis and other parasitic
infectious diseases, will suffer from impaired liver and kidneys in addition to
deterioration of the defensive immune system. In such conditions they are more
vulnerable to be intoxified with agrochemicals.
4. The general public in the third world is exposed to relatively higher levels of
environmental pollutants. In the urban areas and crowded cities, they suffer from higher
levels of air pollutants, e.g., tetracthyl lead, sulfur dioxide, nitrogen oxide, carbon
monoxide, ozone, and benzopyrines. In addition, the rural areas will suffer from
contaminated drinking water and heavy residues of agrochemicals. Such higher loads
of mixture of pollutants render the population highly sensitive for subsequent exposure
to hazardous agrochemicals.
5. Although pesticides had an undenied advantage of reducing vectors transmitted
diseases, in addition to the protection and rise of the agricultural production in
developing countries; yet the severe unwise application of pesticides and their abuse
especially those which had been banned or restricted in the developed countries, make
pesticides and agrochemicals very harmful to humans in the third world. The hazardous
types and the unprotected exposure to excessive amounts of pesticides makes the people
of the developing countries at higher risks.
6. The known molecular biomarkers that can be adapted to the developing countries
population include:

* Protein and DNA adducts as biomarkers to detect levels of exposure,

* depression of immune system as a criteria for the health adverse effect induced

by such exposures.

7. Other pathological lesions, physiological deficiencies, and behavioral habits should
be regarded when monitoring exposure levels or effects and when setting the threshold
limit values (TLV’s) for the working places, or the no observable effect level (NOEL)
for ADI’s, and the amount of the safety factor should be higher to compensate for the
highly susceptible individuals.
8. The third world countries lack the advanced regulatory enforcement capabilities
needed to cope with the international schemes for safe handling and use of toxic
chemicals including pesticides and other agrochemicals. The hazards of all these
chemicals and their residues will not be kept locally but they are transportable to other
parts on the globe in polluted exported food products, discharged water wastes in rivers,
seas, and as vapor in the atmosphere to many remote places. Being a universal problem,
it might necessitate UN agencies and international organizations to help under the
known Global Monitoring System Programme.
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Chapter 5

Blood Cholinesterase Activity: Inhibition
as an Indicator of Adverse Effect

S. Padilla!, L. Lassiter?, K. Crofton!, and V. C. Moser!

INeurotoxicology Division, National Health and Environmental
Effects Research Laboratory, U.S. Environmental Protection Agency,
Research Triangle Park, NC 27711
*Toxicology Program, University of North Carolina,

Chapel Hill, NC 27514

Organophosphate and carbamate insecticides are designed to inhibit
cholinesterase (ChE), the serine protease which hydrolyses the neuro-
transmitter acetylcholine. Inhibition of ChE activity may lead to central
and peripheral nervous system dysfunction in both humans and labora-
tory animals. Although blood ChE does not participate in neurotransmis-
sion, depression of blood ChE activity has been traditionally used as a
convenient biomarker for exposure to ChE-inhibiting insecticides. Our
laboratory has been engaged in numerous studies to explore the
possibility that blood ChE inhibition might also be utilized as a
biomarker of adverse effect (in addition to a biomarker of exposure).
Our results to date indicate that the degree of depression of blood ChE
activity usually correlates well with the amount of ChE inhibition in the
target tissues or the degree of clinical impairment; the exact numerical
relationship, however, is dependent upon time after dosing, choice of
tissue or clinical endpoint, and the insecticide tested.

Acetylcholinesterase (AChE; EC 3.1.1.7), an enzyme present throughout the body,
normally hydrolyses the neurotransmitter acetylcholine which is present in the central
nervous system, the neuromuscular junction, the parasympathetic nervous system, the
sympathetic synapses, and the sympathetic innervation of the adrenal and sweat glands.
Exposure to cholinesterase-inhibiting insecticides such as organophosphate or carbamate
insecticides retards the breakdown of acetylcholine, resulting in overstimulation of the
target cell (1,2).
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Although there has been considerable research surrounding the toxicology of
cholinesterase-inhibiting insecticides, many basic questions remain. One of the most
pertinent questions concerns the pattern of blood cholinesterase inhibition in insecticide-
dosed animals, and how that inhibition correlates with inhibition in the target tissue or
with changes in behavior. That is, how well does blood cholinesterase inhibition
correlate with biochemical or behavioral adverse effects in animals treated with
anticholinesterases? The prevailing opinion in the toxicology community is that blood
cholinesterase is a useful gauge for detecting exposure to anticholinesterase insecticides
(3.4, but the relationship between blood cholinesterase inhibition and adverse effect
is tenuous, at best (e.g., 5-8).

Because defining a relationship between blood cholinesterase levels and
insecticide-induced adverse effect is pivotal for interpreting human blood cholinesterase
measurements, we have been striving to answer the above questions in a laboratory
context. In general, the experimental design is to observe insecticide-dosed laboratory
animals for signs of adverse effects and correlate those behavioral changes with the
levels of cholinesterase activity in blood (and its components, plasma and erythrocytes)
and in target tissue (e.g. brain or muscle tissue). In this way we hope to define the
variables which determine if and when blood cholinesterase inhibition correlates with
the appearance of adverse effects in mammals.

Does Blood Cholinesterase Inhibition Correlate with Cholinesterase Inhibition in
the Target Tissues?

Although cholinesterase activity is present in the blood, these cholinesterases apparently
do not participate in neurotransmission. Consequently, inhibition of blood cholinester-
ase activity is not commonly considered an adverse effect. The cholinesterase activity
in target tissues such as the nervous system or muscle motor endplate, however, does
have a defined and necessary role: to hydrolyze the extracellular acetylcholine, ending
its actions, and preventing the over-stimulation of the target cell. Therefore, inhibition
of target tissue cholinesterase activity is normally viewed as an adverse effect. The
question to be considered here is whether the blood cholinesterase inhibition is related
to the inhibition in the target tissue and therefore could be considered a surrogate
biomarker for a biochemical adverse effect.

Our general approach to answering this question was to take measures of target
tissue inhibition as well as blood cholinesterase inhibition in rats dosed with various
anticholinesterase insecticides. We first established whether there was a correlation and
then determined under what circumstances the correlation was optimal. We also wanted
to determine the best blood component to use

in the correlation and if there was a reasonable correlation during subchronic as well
as acute dosing. Some of these studies has been previously published using chlorpyrifos
(9, 10), and paraoxon (11).

One experimental variable emerged as a crucial consideration: the choice of
time after dosing for assessing cholinesterase inhibition. An example of this is
illustrated in Figure 1. These data are taken from a group of animals dosed with 30,
60 or 125 mg/kg (sc) chlorpyrifos and tissues collected for cholinesterase determina-
tions at 1, 7, or 35 days after dosing. The data presented in this figure are hippocampal
data, but almost all central nervous system areas showed the same relationship with
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blood cholinesterase activity. With this subcutaneous dosing regimen, the tissue cholin-
esterase is maximally inhibited from 4 to 21 days after dosing (9). Therefore, in Figure
1, the 1 and 35 day time points represent times when the inhibition was either still
increasing (i.e., 1 day) or was recovering (i.e., 35 days). Only the 7 day time point
was during the time of peak cholinesterase inhibition. As can be seen clearly from this
figure, the best correlation between hippocampal cholinesterase activity and activity in
the whole blood occurs at 7 days. At 1 day, the blood cholinesterase decreases at a
faster rate than the hippocampal cholinesterase activity, whereas at 35 days the opposite
is true. At 7 days, however, both have reached minimal activity (i.e.,maximal inhibi-
tion) and the levels of blood cholinesterase activity (expressed as % of control) closely
predict the levels of activity in the hippocampus for each animal. This type of pattern
is also apparent in repeated dosing with chlorpyrifos (/0) where the best correlations
were noted during the actual dosing period when inhibition had reached a "steady state"
level as opposed to during the recovery period.

To sum up our results to date, blood cholinesterase levels do correlate with
inhibition in target tissue, but the following caveats apply:

1. The best correlation is achieved during maximal cholinesterase inhibition
(i.e., time of peak effect) either after an acute dose or during repeated dosing.

2. The degree of cholinesterase inhibition is tissue-dependent (see comparison
between striatum and diaphragm in 9). Moreover, although there may be approximate-
ly a "1-to-1" relationship between blood and target tissue cholinesterase inhibition (for
example, see Fig. 1, 7 day graph), that is not necessarily to be expected.

3. Usually during the maximal cholinesterase inhibition, all three blood
components (i.e., whole blood, plasma, or erythrocytes) will exhibit good correlation
with the target tissue inhibition. During the initial inhibition phase and also during the
recovery phase, plasma cholinesterase tends to show the poorest correlation.
Conversely, during the recovery phase, erythrocyte and whole blood cholinesterase
activity may lag behind recovery in the target tissues.

Our data collected to date, along with data from other laboratories (12, 13)
indicate that blood cholinesterase inhibition does predict inhibition in the target tissues
and therefore should be considered a biomarker for the biochemical adverse effect in
the target tissues.

Does Blood Cholinesterase Inhibition Correlate with Changes in Behavior?

In other words, does the level of cholinesterase inhibition in the blood predict the
presence of behavioral adverse effects? Many authors have expressed surprise that
more research has not been done to investigate this question (e.g., 14-17). This is an
extremely important question in the realm of human monitoring, and we are attempting
to address it in a systematic manner.

In our studies the behavioral endpoint we selected was motor activity, because
previous investigations have shown that changes in motor activity are a relatively
sensitive and reliable measure of exposure to anticholinesterases (11, 18, 19, Moser,
V.C., Neurotox. Teratol., in press). Moreover, motor activity is measured on a
continuous scale (i.e., not quantal) which allows easier correlation with cholinesterase
activity. Therefore in the following groups of studies, we determined the degree of
cholinesterase inhibition in blood from insecticide-dosed rats immediately after they
were tested for approximately one hour in motor activity chambers. In this manner, we
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could correlate the degree of blood cholinesterase inhibition with the degree of behav-
ioral impairment elicited by anticholinesterase dosing in each individual animal. Two
organophosphates, chlorpyrifos and paraoxon, and two carbamates, aldicarb and
carbaryl, were selected for evaluation. Toxicokinetic considerations are germane to the
overall toxicity profile of these compounds. In general, animals treated with carbamates
show rapid onset of signs and cholinesterase inhibition which dissipate within hours,
as opposed to animals treated with organophosphates which show clinical signs and
cholinesterase inhibition within 2 to 4 hours followed by a much slower recovery (for
a review see 20). We tried to minimize the impact of toxicokinetic differences among
the compounds by performing all behavioral and biochemical assessments at the time
of peak effect. By doing that, we hoped to just ask the question of whether the blood
cholinesterase inhibition correlated with the changes in behavior when the animal was
experiencing the more severe signs, independent of the time after dosing. Presumably
the time of peak effect would be very dependent upon toxicokinetic considerations, but
once the time of peak effect had been pinpointed, other endpoints might be considered
more independent of toxicokinetic parameters.

All measurements were taken during the time of behavioral peak effect which
was 3.5 hours for chlorpyrifos (single, oral dose), 1 hour for carbaryl (single, oral
dose), 3 hours for paraoxon (single, sc dose) and 1.5 hours for aldicarb (single, oral
dose). In order to determine the time of peak effect, preliminary studies were
conducted to establish the most appropriate post-dosing time for testing. To accomplish
this, a few rats were dosed with a high, but not lethal, level of the insecticide in
question and then examined at 30 minute to 1 hour intervals for the next 6 to 7 hours,
using a modified battery of tests (typically cholinergic signs, alertness, and gait
changes) which is a subset of the Functional Observational Battery (21). The time of
peak effect was designated as the time after dosing when the most signs were present
and were the most severe. Interestingly, in our hands, this time of peak effect (defined
behaviorally) is usually concomitant with the peak cholinesterase inhibition, although
the cholinesterase inhibition often, but not always, persists longer than the behavioral
changes (19, 22).

Figure 2 depicts the results from all four studies. The level of whole blood
cholinesterase activity (expressed as a percentage of the mean control value) is plotted
against the level of motor activity (also expressed as a percentage of the mean control
value) for each animal dosed with each of the insecticides. Upon linear regression of
these points for each compound, one finds that the slopes and x axis intercepts of the
regression lines may be quite different. In other words, the relationship between the
two endpoints (i.e., whole blood cholinesterase activity and motor activity) is not the
same with each insecticide. For instance, the chlorpyrifos-treated animals show a linear
relationship between blood cholinesterase and motor activity impairment, but the blood
cholinesterase has to be depressed to almost 15% of control levels before decreases
in motor activity are noted. With aldicarb and paraoxon dosed animals, however, a
different relationship between the two endpoints was evident (Fig. 2). No changes in
motor activity were observed until blood cholinesterase was decreased to a level of
=50% of control. Further inhibition of blood cholinesterase was linearly correlated
with depressed motor activity. In other words, with these insecticides, i.e., aldicarb
and paraoxon, a different threshold existed: 50-60% inhibition of blood cholinesterase
was required before the levels of blood cholinesterase correlated with the presence of
an adverse effect. Finally, the carbaryl-dosed animals yielded yet another slope and
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Graphic representation (by individual animal) of blood
cholinesterase activity (% control) with motor activity levels (% control).
Each point is an individual animal. Long-Evans male rats were dosed with
one of the following: Chlorpyrifos: Animals (n=10/dosage group) were
dosed with 0, 10(A), 30(B), 60(C) or 100(D) mg/kg chlorpyrifos in corn oil
(1 ml/kg) by gavage. Aldicarb: Animals (n=10/dosage group) were dosed
with 0, 0.065(A), 0.195(B), 0.390(C) or 0.650(D) mg/kg aldicarb in corn
oil (1 ml/kg) by gavage. Paraoxon: Animals (n=7/dosage group) were
dosed (sc) with 0, 0.17(A), or 0.34(B) mg/kg paraoxon in peanut oil (1
ml/kg). Carbaryl: Animals (n=5/dosage group) were dosed with 0, 1.5(A),
3.0(B), 6.0(C), 12.5(D), 25.0(E), 27.5(F), 50.0(G), or 75.0(H) mg/kg
carbaryl in corn oil (1 mlkg) by gavage. Cholinesterase activity was
analyzed using the radiometric assay (carbaryl, aldicarb, and paraoxon)
by Johnson and Russell (35) or the spectrophotometric assay (chlorpyrifos)
by Ellman and coworkers (34); both assays were conducted with a
substrate concentration of approximately 1 mM. Special care was taken
during the cholinesterase measurements of the carbamate-inhibited blood
to limit the degree of decarbamylation (36-38). For easier comparison, all
cholinesterase activities and motor activity levels were converted to %
control by dividing the experimental value by the mean of the respective
control values. Lines were fitted to all of the data points for each
insecticide, and the given correlation coefficient represents all of the data.
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intercept configuration. In this case there was little to no threshold for blood
cholinesterase inhibition. Small amounts of blood cholinesterase inhibition (i.e., > 20-
15% of control) were related to depressed motor activity. When motor activity was
maximally depressed, blood cholinesterase was still at least 40% of control.

How well does inhibition of blood cholinesterase activity correlate with
behavioral adverse effect? The present data as well as data collected by others (23, 24)
indicate that there is a high probability that there is a linear relationship between blood
cholinesterase inhibition and presence of clinical signs or changes in behavior.
Sometimes there is a high threshold (e.g., chlorpyrifos); in some cases, there is a
moderate threshold (e.g., aldicarb or paraoxon); and in other cases, the threshold is
minimal (e.g., carbaryl). All the animals exposed to the insecticides showed a dose-
dependent depression of cholinesterase activity in the blood, but the degree of
behavioral impairment was dependent on the degree of blood cholinesterase inhibition
as well as the insecticide the animal had been exposed to.

Conclusions

The most pertinent question is what does the above information mean for human
monitoring? The prevailing "rule of thumb" is that more than 50% blood cholinesterase
inhibition must be noted before concern is warranted about "adverse effects” due to
exposure to anticholinesterases (25,26). Our results show that this relationship (i.e.
between blood cholinesterase and adverse effect) is time- and insecticide-dependent,
and that there is no general rule which can be stated which applies to every anticholin-
esterase insecticide.

What could explain this compound specificity? The first consideration, of
course, would be differing pharmacokinetic profiles, but there may be additional
explanations. It is assumed that the primary mechanism of action of carbamate and
organophosphate insecticides is the inhibition of cholinesterase activity, and if the
degree of cholinesterase inhibition is known then one can predict effects. That may be
partially true, but, given the above data, making predictions may not be so simple.
Adverse effects may not just be dependent upon the degree of cholinesterase inhibition,
but may also be related to tissue distribution of the inhibitor (pharmacokinetic profile),
the rate of inhibition (pharmacodynamic profile), or it could be that these chemicals
have effects in addition to cholinesterase inhibition (e.g., 27, 28) or that cholinesterase
has functions other than hydrolysis of acetylcholine (e.g., 29-33). Whatever the
explanation, one must keep in mind that it may be imprudent to make generalizations
encompassing all anticholinesterases using knowledge garnered from only a few
chemicals in the class. A judicious approach for both the scientist and the regulator
would be to view these chemicals not in a generic sense, but as individuals.
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Chapter 6

Neurotoxic Esterase Inhibition: Predictor
of Potential for Organophosphorus-Induced
Delayed Neuropathy

Marion Ehrich

Laboratory for Neurotoxicity Studies, Virginia—Maryland Regional
College of Veterinary Medicine, Virginia Polytechnic Institute and
State University, Duckpond Drive, Blacksburg, VA 24061—-0442

Organophosphorus compounds (OPs) are used in agriculture
and industry. Acute toxicity follows inhibition of
acetylcholinesterase (AChE), but some OPs can induce a delayed
neuropathy (OPIDN) that occurs weeks after a single exposure.
Manifestations of OPIDN differ among species, with locomotor
effects prominent in humans and hens but lacking in laboratory rats.
Potential for development of this progressive and irreversible
neuropathy is determined by capability of the OP to significantly
and irreversibly inhibit neuropathy target esterase (NTE, neurotoxic
esterase). NTE inhibition can be used to identify OPs that induced
delayed neuropathy whether NTE is examined in neural tissue,
lymphocytes, or neuroblastoma cell lines. Relative inhibition of
NTE and AChE, determined shortly after exposure, can be used to
distinguish the likelihood of causing delayed neuropathy or acute
toxicity following exposure to OPs. Use of NTE as a biomarker for
neuropathy-inducing OPs is, however, limited by a less than direct
relationship between NTE inhibition and OPIDN.

Organophosphorus Compounds and Esterase Inhibition

Organophosphorus compounds (OPs) are one of the many types of
synthetic insecticides in use today. OPs are also used as plasticizers, lubricants,
petroleum additives, and chemical warfare agents. It is their use as insecticides that
receives the most attention, however, because they command the largest segment
(more than 1/3) of the total $6.1 billion insecticide market. Over 89 million acres of
the United States are sprayed annually with OPs. OP insecticides are widely used
because they are effective and because they are biodegradable. The toxicity of OP
insecticides has been studied for decades, and we know that they have capability to
phosphorylate and, thereby, inhibit esterases. The reason they kill insects and
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80 BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

cause risk of neurotoxicity to man, domestic animals, and wildlife is that they
inhibit acetylcholinesterase (AChE), the enzyme that degrades acetylcholine, a
neurotransmitter of the central and peripheral nervous system (I-5). In avians and
mammals, the inhibition of AChE is relatively rapid and causes signs of cholinergic
poisoning related to excessive acetylcholine stimulating receptors in smooth muscle,
skeletal muscle, autonomic ganglia, and the central nervous system. The capability
of OPs to inhibit AChE, which is found in mammalian erythrocytes as well as in
the nervous system, has provided a biochemical marker for both exposure to and
effects of OPs that are discussed elsewhere in this monograph (6,7).

ACHhE is not, however, the only esterase inhibited by OPs. OPs also inhibit
other serine esterases less specific as to location and substrates than AChE.
Carboxylesterases, for example, can be inhibited by OPs. These esterases are found
in liver, kidney, plasma, lymphocytes, platetets, lung, skin, mucosa and gonads.
Carboxylesterases include a number of isozymes which differ in tissue (including
species) source, substrate specificity, enzyme kinetics, and molecular weight.
These enzymes can hydrolyze carboxylesters, thioesters, and aromatic amides
(8,9). Although inhibited by OPs, this alone is not sufficient to directly result in
clinical evidence of OP-induced neurotoxicity in insects, man, or animals.
Combinations of OPs with carboxylesterases will, however, decrease OPs available
for inhibition of AChE and prior inhibition of carboxylesterases will potentiate
cholinergic poisoning with subsequent OP exposure (1,8,9).

Among the carboxylesterases is one that has been known since the mid-
1970's to have particular usefulness in the evaluation of OP-induced neurotoxicity.
This is because OPs not only can cause acute neurotoxicity that could follow AChE
inhibition, but some may cause a progressive neuropathy that only begins to appear
weeks after exposure. Inhibition of this carboxylesterase, known as neuropathy
target esterase (NTE, neurotoxic esterase) is useful in identifying which OPs have
potential for causing delayed neuropathy. Extent of NTE inhibition, especially if
determined < 48 hr after exposure, can also be used to predict whether or not
organophosphate-induced delayed neuropathy (OPIDN) will appear in susceptible
animal species (including man). Inhibition of NTE alone, however, is not sufficient
to predict the development of OPIDN in exposed subjects, as non-OPs (including
carbamate insecticides) can inhibit NTE. A strong bond, not easily reversible, must
form between NTE and the OP. The process of forming such a bond, usually called
"aging," occurs with OPs that have a chemical structure that permits formation of a
negative charge on the OP-esterase complex (10-13). As with other
carboxylesterases, the location of NTE is not restricted to brain, spinal cord, and
peripheral nerves. This particular esterase, which is integrally associated with
intracellular membranes (e.g., the smooth endoplasmic reticulum) in the nervous
system, is also found in lymphocytes, platelets, spleen, small intestine, placenta
and the adrenal medulla (12, 14-17). NTE is also one of the carboxylesterases
found in neuroblastoma cell lines, a feature that is currently being exploited in our
laboratory as we develop a means of detecting neuropathy-inducing OPs without
exposure of animals (/8-20). (Active neuropathy-inducing OPs are potent NTE
inhibitors in these cells.) NTE activity is determined by differential inhibition of
the carboxylesterase that hydrolyzes phenyl valerate in the presence of OPs
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(paraoxon and paraoxon + mipafox)(/3), a procedure that can be done in microassay
@n.

Acetylcholinesterase inhibition and OPIDN represent two very different
types of OP-induced neurotoxicity. The first occurs in virtually all animals
(including insects and man) after sufficient systemic exposure to an OP insecticide.
The second only occurs following sufficient inhibition of NTE, and inhibition, with
only an occasional exception (23,23), must be followed by "aging" of the OP-NTE
complex (10,12,13). Furthermore, clinical signs of OPIDN (locomotor deficits
progressing to paralysis) and neuropathological lesions do not appear in all animal
species. Most OPs used as insecticides and/or human or veterinary drugs have little
effect on NTE relative to their effect on acetylcholinesterase (2,3,12). Those OPs
that cause OPIDN are (a) derivatives of phosphoric acid, phosphonic acid, or
phosphoramidic acid (including phosphorofluoridates), compounds which cause the
characteristic clinical and morphological manifestations of OPIDN (Type 1
OPIDN), or (b) triphosphites, compounds which cause a neuropathy that is
morphologically and clinically distinct (sometimes called Type II OPIDN)(24,25).
A third syndrome, called an "intermediate syndrome," has been reported (26) after
some human patients who had recovered from muscarinic signs of cholinergic
poisoning died from respiratory failure several days after OP exposure. A recent
report (27) suggests that this syndrome is due to lesions of the diaphragm that
follow acute acetylcholinesterase inhibition at this nicotinic site.

Neurotoxic Esterase - Relationship Between Inhibition and OPIDN

Just what is NTE? And what is its relationship to OPIDN? These
questions are relevant in a discussion of biomarkers for agrochemicals. Inhibition of
NTE within hours of exposure to OPs predicts potential for developing OPIDN in
susceptible animal models. This connection is sufficiently viable that registration of
OPs under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA)
requires that data on NTE inhibition be obtained as a biochemical determinant of
potential to cause OPIDN (28). For these studies, the hen is the animal model of
choice because it exhibits both obvious locomotor deficits and a distinct and unique
histopathology. Although early and significant inhibition of NTE is an excellent
predictor of potential for developing OPIDN, the relationship between NTE
inhibition and OPIDN itself is less clear. The following call to question the NTE -
OPIDN relationship: (1) The temporal differences between NTE inhibition and
OPIDN,; (2) The high specific activity and inhibition of NTE at sites that have little
morphological evidence of OPIDN; (3) The discordance between NTE inhibition
and OPIDN when drugs and chemicals are used to interfere with OPIDN
development; (4) The inhibition of NTE in species and age groups that do not
demonstrate clinical manifestations of OPIDN; and (5) The potentiation or
promotion of OPIDN when non-OP, reversible NTE inhibitors are administered
after OPs.
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The temporal relationship between NTE inhibition and OPIDN following OP
exposure. The relationship between NTE inhibition and OPIDN is not as clear as
the relationship between acetylcholinesterase inhibition and cholinergic poisoning.
NTE inhibition occurs early (within hours) of exposure, yet notable clinical and
morphological manifestations of OPIDN do not occur until weeks later. By the
time OPIDN appears, NTE activity has begun to recover and it may actually return
to control levels while OPIDN continues to progress (12,29,30). Whether or not
NTE is the specific target that initiates events that culminate in OPIDN has been
debated for some time (5,11-13,24,31,32), as the precise mechanisms responsible
for the development of the neuropathy remain undefined. Also yet undefined is the
normal physiological role for NTE, a role that could be less difficult to investigate
if pure, active NTE were available. NTE is, however, integrally associated with
intracellular membrane lipids, making purification of active enzyme difficult,
although significant progress toward purification has recently been reported (13,33-
35).

The high specific activity and inhibition of NTE at sites that have little
morphological evidence of OPIDN. OP-induced NTE inhibition in the brain,
spinal cord, and sciatic nerve of the hen, which is the accepted animal model for
OPIDN (28), has been used to indicate potential for development of OPIDN
(12,36,37). Whole tissue homogenates are used for NTE determinations, even
though lesions are restricted to or more significant in certain areas in each of these
tissues (e.g., the cerebellum and medulla of the brain, the cervical region of the
spinal cord, and the muscle branches of the sciatic nerve)(38-40). In fact, the
highest specific activity of NTE is in brain (12,21), yet lesions are least in this
tissue (38). NTE activity was similar in all segments of the spinal cord (27), yet
lesions are most prominent in the cervical region (39). NTE activities were reported
similar in a series of sciatic nerve segments (41), although lesions of OPIDN are
more notable in the distal muscular branches of the sciatic nerve (40) and in the
biventer cervicis nerve (42,43), nerves too small to isolate and use for biochemical
assays. Also, NTE activity in sciatic nerve is <10% of the activity in brain (12,21),
and it is technically more difficult to obtain and prepare sufficient quantities even of
this relatively large peripheral nerve for NTE assays than it is to obtain and prepare
brain or spinal cord. Although it has been suggested that NTE in peripheral nerve
may better predict OPIDN (41,44), relative OP-induced NTE inhibition has been
demonstrated to be similar among regions of the brain, segments of the spinal cord,
and the sciatic nerve (27). Furthermore, the relationship between inhibition of NTE
in brain and development of OPIDN has been remarkably consistent (12,26,27).
Registration of OPs under FIFRA (28) requires NTE determinations to be made
both in hen brain and spinal cord; NTE inhibition may tend to be slightly less in
spinal cord than in brain, but NTE inhibition in both tissues demonstrates a dose-
response relationship that correlates with lesion development (12,36). No lesions
have been reported following OP-induced NTE inhibition in extraneural tissues.
Why the most notable lesions of OPIDN occur in restricted portions of the spinal
cord and in the distal portions of peripheral nerves of the hen when OP-induced
NTE inhibition is relatively equivalent throughout the nervous system remains
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undefined. These data indicate that the relationship between basal NTE levels,
specific regions in which NTE is inhibited, and specific regions in which lesions
develop is unclear.

Although dose-response studies have indicated a high correlation between
the extent of early NTE inhibition and clinical and morphological manifestations of
OPIDN in hens given single doses of neuropathy-inducing OPS (37,45), this
relationship is somewhat different when NTE inhibition and OPIDN are examined
in multiple dose studies, or when hens are treated with OPs whose isomeres have
differential capability to induce OPIDN. For example, OPIDN in multiple dose
studies requires cumulative dosages greater than acute dosages that cause OPIDN,
and there appears need for NTE inhibition to reach a critical point before OPIDN
appears (46). The extent of NTE inhibition for OPIDN, however, does not appear
to have to be as high as that necessary to cause equivalent OPIDN in single dose
studies (12,47). Chemical isomerism has also been demonstrated to make a
difference in manifestations of OPIDN for at least one OP. Even though relatively
high levels of NTE inhibition were reached with methamidophos, for example,
OPIDN did not occur unless the D-(+) isomere was used (23), suggesting that NTE
inhibition may not require the chemical specificity that is necessary for OPIDN.

The discordance between NTE inhibition and OPIDN when drugs and
chemicals interfere with OPIDN. Frequency of dosing and the chemical isomere
used are not the only features that confound the direct correlation of NTE inhibition
to OPIDN for OPIDN can be ameliorated by use of therapeutic agents that do not
affect NTE. It is possible that these agents antagonize an action or process that
contributes to OPIDN, but these actions or processes differ at least temporally
from NTE inhibition. Corticoids and calcium channel blockers, for example,
decrease clinical, electrophysiological and morphological manifestations of OPIDN,
but neither class of drug altered OP-induced NTE inhibition (48-54). Amelioration
with calcium channel blockers supports the hypothesis that there is a role for
calcium and calcium-mediated enzymes in OPIDN (24,29), but the interaction of
OPs and calcium channel blockers on the vascular system cannot be discounted
(55).

Although the studies cited above suggest that the correlation between extent
of NTE inhibition and OPIDN is not always direct, the effects of the ameliorating
agents may be on processes, as yet undefined, that occur following NTE inhibition
but before obvious clinical, electrophysiological, or morphological manifestations of
OPIDN. There are other compelling experiments that suggest NTE inhibition and
aging are necessary predeterminants in the development of OPIDN. These
experiments demonstrate that OPIDN can be prevented by pretreatment with
reversible inhibitors of NTE (Z2), much as OP-induced cholinergic poisoning can be
prevented by pretreatment with reversible cholinesterase inhibitors (3,56). The
decreased availability of biochemical targets at which OPs can strongly bind due to
the presence of the reversible inhibitors on the esterases (NTE or
acetylcholinesterase) support the relationship between permanent inhibition of the
esterase and subsequent OP-induced symptoms of toxicity. Experiments
demonstrating protection from OPIDN by pretreatment with reversible inhibitors
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of NTE may, therefore, be used to support the suggestions that NTE is a target that
initiates events leading to OPIDN. Demonstration that these same reversible
inhibitors of NTE could potentiate or promote OPIDN when given after the OP
[see below] has, however, called to question the suggestion that NTE is the specific
and only target responsible for initiation of OPIDN.

The inhibition of NTE in species and age groups that do not demonstrate
clinical manifestations of OPIDN. The relationship of NTE to OPIDN is also
confounded by demonstration of OP-induced NTE inhibition without obvious
clinical signs in young chicks, rats, and mice (12), and by the modest NTE
inhibition that can be followed by clinical and morphological alterations in the ferret
(57). NTE inhibition without clinical manifestations of OPIDN can also occur in
quail (25,58) and ecothermic vertebrates (59). Although obvious behavioral signs
restricted to OPs responsible for OPIDN have not been recognized in rats (60),
NTE inhibition followed by neuronal degeneration is recognized to occur in this
species (30,45). The neuronal degradation that occurs in rats exposed to
neuropathy-inducing OPs is an exaggeration of normal background lesions that
occur as rats age. The lesions are, however, distinguished by an increase in the
number of damaged fibers and by the extent of swelling that occurs when compared
to age-matched controls. Furthermore, lesions in the rat are restricted to rostral
levels of the fasciculus gracilis (36,44,61). In the hen, the accepted animal model for
OPIDN (28), the lesions of OPIDN are extensive and distinct, appearing in the
rostral spinocerebellar and caudal medial pontine spinal tracts and in peripheral
nerves, as well as in the rostral (medullary) levels of the dorsal funiculi containing
the fasciculus gracilis in the spinal cord. Lesions in the hen are qualitatively
different from those of the rat, and include swollen edematous or debris-laden
myelinated axons and collapsed axons with associated myelin debris representing
various stages in Wallerian-like degeneration (28,36,61). In addition, there is
substantial morphological reconstitution in the rat fasiculus gracilis (the only site of
OP-induced injury in this species), whereas lesions in the hen evolve to Wallerian-
like degeneration (61).

Other species have also been examined for morphological indices of OPIDN
in the absence of locomotor deficits that identify OPIDN in the adult hen model.
Variable spinal cord damage in mice dosed once (62) and more extensive spinal cord
damage in mice dosed for 9 months (63) have been reported. In addition, extensive
morphological examination has been done of 2- and 10-week-old chicks dosed with
the neuropathy-inducing OP, diisopropylfluorophosphate (DFP)(64), with
demonstration of spinal cord lesions without neurological deficits in the 2-week-old
birds. The clinical evidence of neurotoxicity in 2-week-old chicks induced by OPs
that were inhibitors of NTE and/or acetylcholinesterase, if it appeared, was
reversible and differed from that seen in 10-week-old chicks and adult hens given
neuropathy-inducing OPs (64-66). Reasons why significant inhibition of NTE can
appear without subsequent progressive and irreversible locomotor deficits
considered typical of OPIDN, even when morphological alterations occur, have not
been determined. Differences in repair have, however, been suggested based on the
ability to recover from NTE inhibition and the reversibility of morphological
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damage (61,65). Although brain from a species relatively less susceptible to
OPIDN (the rat) has less NTE activity than does brain from a susceptible species
(the hen)(21,61,67), a lower basal NTE level cannot be correlated with lower
susceptibility to OPIDN over a wide range of species (12).

The potentiation or promotion of OPIDN. Recent studies demonstrating that
OP-induced locomotor deficits can be made to appear (promotion) in animal species
and ages previously thought unsusceptible (e.g., 35-day-old chicks and 3.5 month-
old rats (68-70) and made worse following administration of low doses of
neuropathy-inducing OPs to adult hens (potentiation)(71, 72) have again caused
scientists to question the specificity of the relationship of NTE inhibition to
OPIDN. These studies suggest that NTE is not the site for promotion or
potentiation of OPIDN, primarily because clinical manifestations of OPIDN can be
intensified by increasing the doses of a reversible inhibitor (e.g.,
phenylmethylsulfonyl fluoride, PMSF) beyond where such dosages, along with
those of the OP, would inhibit NTE more than 90-100% (13,32,70,73,74). A
recent report (75) also noted that median clinical scores for groups of hens given a
dose of OPs that caused only mild clinical signs (0-4 on an 8-point scale) could be
statistically increased by administration of doses of a phophorothioic acid that did
not inhibit NTE (range of scores in hens given both compounds = 1-8). OPIDN
was found to be accompanied by a reduction in retrograde axonal transport, as
indicated by accumulation of radiolabeled iodine in the spinal cord of hens after
injection of labeled tetanus toxin into the gastrocnemius muscle. This determinant
of OPIDN, however, was not significantly altered when PMSF administration
following OP exposure promoted ataxia in chicks given a dose of a neuropathy-
inducing OP too low to cause ataxia when given alone (76). And although more
axonal degeneration, as indicated by the Fink-Heimer silver impregnation method,
has been seen in tracts of the cervical spinal cord of 35-70 day-old chicks given 2
mg/kg DFP followed by the reversible NTE inhibitor PMSF as a promotor than
was noted in chicks given only DFP (70), studies using perfusion-fixation, plastic
embedding, and ultrastructural examination to compare lesions in promoted OPIDN
with characteristic lesions of OPIDN (39,40,45) have not yet appeared in the
literature.

The relationship of NTE inhibition to neurotoxicity has been further
challenged by reports of some increase in locomotor deficits in hens and rats given
the reversible NTE inhibitor PMSF after some neurotoxicants that are not OPs.
This would suggest that PMSF may be altering some general process that
contributes to neurotoxicity that is unrelated to NTE inhibition. For example, mild
ataxia (average less than 2 on an 8-point scale) was noted in hens given non-ataxia-
inducing doses of 2,5-hexanedione followed by treatment with PMSF (76). No
change, however, was seen when rats were the experimental subjects, as locomotor
ability was the same whether they were given 2,5-hexandione with or without
PMSF (77). Preliminary studies in rats also indicated that PMSF did not alter
locomotor scores if these rodents were given acrylamide or 3,3'-
iminodiproprionitrile (77,78). A preliminary report, however, noted an increase in
maximal clinical scores of rats treated with bromphenylacetylurea from 5.0 to 7.5
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on a 10-point scale when administration of the neurotoxicant bromphenylacetylurea
was followed by administration of the reversible NTE inhibitor PMSF (77).

Neurotoxic Esterase, Biomarker

With this discordance between NTE inhibition and OPIDN, is there enough
of a relevant relationship between NTE inhibition and OPIDN to make it possible
to use NTE inhibition to predict the severity of OP-induced neuropathic effects in
man and animals? Could NTE inhibition be used to monitor exposure to OPs
inducing delayed neuropathy? These are important questions because OPIDN is
progressive and irreversible, with no specific post-exposure treatments delineated
that will completely halt the neuropathy, although early therapeutic intervention
may slow its severity and rate of progression (11,29,49,54). Early significant OP-
induced NTE inhibition that is not readily reversible, along with protection from
OPIDN by reversible NTE inhibitors, provides substantial evidence for a
relationship between NTE inhibition and OPIDN (12,32,36,37). The relationship
between NTE inhibition and development of OPIDN has potential to be exploited
as a biomarker.

Biomarkers have been defined as measurable biochemical, physiologic or
other alterations within an organism that can indicate potential or established
impairment (79). NTE inhibition can, indeed, indicate potential for impairment
before the impairment (OPIDN) is established. This is why NTE activity, along
with AChE activity, is determined following single and multiple dosing of the hen
model if OPs are to be registered under FIFRA (28). The premarket testing that is
done provides dose-related information on inhibition for both NTE and AChE in
hen brain and spinal cord. These data can be used to predict the likelihood of acute
cholinergic poisoning and/or OPIDN (10,36). NTE inhibition alone is not usually
sufficient to keep an OP from being marketed. Doses that inhibit NTE would also
have to be considerably less than dosages that cause cholinergic poisoning that
follows AChE inhibition if there is to be concern about marketed OP insecticides
causing OPIDN (10,36). Comparing inhibition of NTE and AChE after
administration of similar dosages or after exposure in vitro to similar concentrations
of OPs has been demonstrated to identify OPs causing OPIDN (20,36,80).
Therefore, for purposes of predicting potential for OPIDN before OPs are
marketed, NTE inhibition, measured in nervous tissue, is of great value.

NTE is not restricted to the nervous system, however, and there have been
suggestions that inhibition of its activity in lymphocytes and/or platelets could be
used to monitor exposure to and potential risk from neuropathy-inducing OPs in
human and animal patients (15,16,81,83). Blood samples are easily taken, and they
are routinely used to monitor and provide indication of worker exposure to
cholinesterase-inhibiting insecticides because erythrocyte AChE activity is related
to AChE activity in nervous tissue (3,84). Although suggested as useful, little has
been done to verify advantages associated with collection and determination of NTE
activities in platelets following OP exposures (87). Other reports have, however,
noted problems with using lymphocytic NTE activity for monitoring OP exposure
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that do not occur with using erythrocyte AChE activity for monitoring OP
exposure (81,82). The total mass of erythrocytes in the circulatory system is well
regulated (85), allowing for a relatively narrow range of basal AChE levels within an
individual, although interindividual variations may be substantial (8/). In addition,
erythrocytes continuously circulate during their life span of about 120 days.
Neither lymphocyte concentration in the blood stream nor lymphocyte life span
within an individual are as well regulated as they are for erythrocytes.
Lymphocytes continually enter and are removed from the blood stream, with the
interval that they remain at any one time only being a few hours long (85).
Concentration can vary with hormonal and environmental influences. Although
lymphocytes have a life span of months and even years, their inability to stay
continually where access is easy (the blood stream) makes them a less consistent
monitor for OP exposure than erythrocytes. This sequestering of lymphocytes
may explain the variabilities encountered when lymphocyte NTE activities were
measured at time points more than 24 hr after exposure to neuropathy-inducing
OPs (86,87). The s~questering of lymphocytes could seriously limit the use of
lymphocytic NTE as a biomarker for wildlife, as it would be exceedingly difficult to
know when exposure to OPs occurred and some individuals within the exposed
population may have normal NTE values whereas others would not.

Experimental and clinical studies support the contention that use of
lymphocyte NTE as a biomarker for exposure to neuropathy-inducing OPs could
be difficult. In the hen, correlation between lymphocyte NTE, nervous system
NTE, and potential for OPIDN were good within 24 hr of exposure, and poor after
that time (86,87); lymphocyte NTE values also did not correlate with nervous
system NTE values more than 24 hr after a human exposure (88). If lymphocyte
NTE activities were to be used as a biomarker of exposure to neuropathy-inducing
OPs in humans, the variability in basal levels would need consideration. It could be
difficult to interpret postexposure lymphocyte NTE activities in exposed
individuals unless lymphocyte NTE activities had been determined in these
individuals prior to OP exposure (81,88, 89). As this may not be feasible when
monitoring human exposure to OPs, it is possible that lymphocyte NTE activity
relatively early after exposure could be compared to NTE activity at a much later
time (82). This is because NTE inhibition, if it occurs, occurs early after OP
exposure, and activity is generally back to preexposure levels by the time OPIDN
occurs (12,29,30). In one case of a human exposure, lymphocyte NTE activity
was, indeed, lower earlier (at 30 days) than later (at 90 days) after OP exposure
(82). This suggests that lymphocyte NTE activity could be a viable biomarker of
human exposure under special circumstances (15,81-83,89). One must, however,
still consider that sequestering of lymphocytes occurs and that isolation of
lymphocytes is a time-consuming process that provides a relatively low yield of
cells for assay (89). For small subjects, such as some wild birds, obtaining an
appropriately sized sample could be difficult.

Concern for public health means that biomarkers for neurotoxicity are
needed. Useful biomarkers could reliably predict potential for damage when
intervention still could make some difference, if they are used to recognize subtle
neurotoxic effects and/or monitor exposure to neurotoxicants (79,90). So where
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would it be useful to use NTE as a biomarker? Certainly, premarket testing of OPs
should continue to use NTE inhibition and the relationship of this inhibition to
ACHE inhibition to indicate potential for development of OPIDN. Premarket
testing should include insecticides, therapeutic agents (e.g., cholinesterase inhibitors
used for treatment of glaucoma, such as echothiophate), and OP-containing
lubricants (because there is possibility that some non-insecticidal OPs can inhibit
NTE without AChE inhibition). Early screening could use in vitro methods (NTE
and AChE inhibition in hen brain tissue or in human neuroblastoma cell lines
(20,80,91)), as relative sensitivity of these enzymes to inhibition in such systems
appears to indicate potential for causing delayed neuropathy or acute cholinergic
poisoning. Confirmation of capability to inhibit NTE and cause OPIDN should be
followed, as required under FIFRA, by testing in the hen model (28).

Although there may be argument for use of NTE as a biomarker, the
question is, would this be useful in field applications? Because premarket testing
means so few potent NTE-inhibiting OPs reach the market, especially for use as
insecticides, and because collection of lymphocytes is a tedious process, it is
probably unnecessary to routinely monitor NTE activity among individuals
exposed to insecticidal OPs in field situations. Information on the relative
capability of commonly-used insecticides to inhibit NTE and AChE, should
however, be considered important and be made available. There are, for example,
some NTE-inhibiting insecticides in common use today (e.g., dichlorvos,
trichlorfon, chlorpyrifos). They are, however, far more likely to inhibit AChE than
NTE (10,91,92). Therefore, it is much more likely that AChE inhibition and
symptoms of cholinergic poisoning would be noted at exposures far lower than
those necessary for sufficient inhibition of NTE to be followed by OPIDN. For
these reasons, if one were to have interest in monitoring potential for OPIDN that
would be applicable to field situations, the most efficient and sensitive biomarker
would be erythrocyte AChE activity. Inhibition of the activity of this enzyme
would not only indicate exposure and potential for acute toxicity (3,84), but this,
along with information on the relationship of NTE inhibition to AChE inhibition,
could be more predictive of OP-induced neurotoxicity than use of lymphocyte NTE
alone (10,36,80,89,92).

Summary

In summary, therefore, capability of an OP to cause NTE inhibition,
especially when considered in relation to AChE inhibition, is important because it
provides indication of potential for a particular OP to cause OPIDN in man and
susceptible animal species. NTE inhibition, however, is unlikely to provide a
useful field marker of exposure to OPs, since those OP insecticides in current use
are far better inhibitors of AChE than of NTE, and, therefore, inhibition of AChE
would provide a better indicator of exposure. NTE activity can be and has been
measured in lymphocytes of intact animals, but monitoring exposure this way can
be confounded by the sequestering and recirculation of lymphocytes and by the
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difficulty of deciding what is normal or abnormal due to the high variability of
lymphocyte NTE activities among the general population.

Abbreviations

OPs = organophosphorus compounds

ACHE = acetylcholinesterase

OPIDN = organophosphorus-induced delayed neuropathy

NTE = neuropathy target esterase, neurotoxic esterase

FIFRA = Federal Insecticide, Fungicide and Rodenticide Act

PMSF = phenylmethylsulfonyl fluoride

DFP = diisopropylfluorophosphate, diisopropylphosphorofluoridate,
isofluorophate
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Chapter 7

Increased Urinary Excretion of Xanthurenic
Acid as a Biomarker of Exposure
to Organophosphorus Insecticides

Josef Seifert

Department of Environmental Biochemistry, University of Hawaii,
Honolulu, HI 96822

This paper considers increased urinary
excretion of xanthurenic acid caused by
organophosphorous insecticides (OPI's) as a
possible biomarker of exposure to OPI's.
Urinary xanthurenic acid is assayed by high-
performance liquid chromatography. Pyrimidinyl
phosphorothiocoates and crotonamide phosphates
are the most potent OPI's, increasing
xanthurenic acid urinary excretion up to six-
fold. Elevation of xanthurenic acid occurs
within 6 hr of OPI administration and persists
for 48 hr following a single OPI dose. Age,
dietary regimen and several drugs related to
OPI action or L-tryptophan metabolism do not
affect OPI-increased xanthurenic acid urinary
excretion, while its onset and extent is
gender-dependent. The magnitude of a single OPI
dose for increasing xanthurenic acid excretion
(5 mg of diazinon/kg) indicates importance of
th@s pl.xenomenon for occupational and accidental
poisonings.

Organophosphorous insecticides (OPI's) are the major type
of insecticides used in the U.S.A. and worldwide. The
mechanism of their action is based on inhibition of
acetylcholinesterase with toxic consequences due to
accumulation of acetylcholine (1). The inhibition of
acetylcholinesterase is routinely used as a biochemical
marker of exposure to OPI's (2).

Some toxic effects of OPI's are caused by mechanisms
other than inhibition of acetylcholinesterase (3-5) and
have the potential for use as complementary biomarkers of
exposure to OPI's. Recently, we discovered that
pyrimidinyl phosphorothioate and crotonamide phosphate
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insecticides increased urinary excretion of xanthurenic
acid in mice (6,7). Inhibition of kynurenine formamidase
(aryl formylamine hydrolase, EC 3.5.1.9), an enzyme in
the L-kynurenine pathway of L-tryptophan metabolism
(Figure 1), was proposed as the trigger for changes in L-
tryptophan metabolism. This paper summarizes our findings
on this novel phenomenon and provides the information
needed for its use as a biomarker of exposure to OPI's.

Experimental

Animals and Their Treatment. Mice (Swiss Webster; 8-12
week-0ld males except for the study of the effects of age
and gender) were used throughout this project. OPI's and
other tested drugs were administered intraperitoneally
into mice in methoxytriglycol for the nonpolar compounds
and in isotonic saline for the polar ones. Cholinergic
toxicity of the potent acetylcholinesterase inhibitors
(e.g., parathion) was alleviated by atropine. Diazinon
[0,0-diethyl O- (2-isopropyl-4-methyl-6-pyrimidinyl)
phosphorothioate] was used as a model OPI since it is
both a potent kynurenine formamidase inhibitor and an
inducer of xanthurenic acid urinary excretion (6-8).

Assay of Liver Kynurenine Formamidase Activity.
Kynurenine formamidase activity was assayed
spectrophotometrically with N-formyl-L-kynurenine as a
substrate (9). The enzyme was prepared from 1livers of
control and/or OPI-treated mice by homogenization and
subsequent centrifugations at 10,000 and 150,000xg.
Increase in absorbancy due to enzymatically released L-
kynurenine was monitored at 365 nm.

Assay of Urinary Xanthurenic Acid. Urine collected from
2-4 mice was preserved with the addition of hydrochloric
acid. Acidified urine can be stored at -5°C without
substantial changes in xanthurenic acid concentration for
several days. Urine samples were cleared by
centrifugation and evaporated to dryness on a vacuum
rotary evaporator at 40°C. The residue was dissolved in
10 mM sodium hydroxide in 80% methanol and the
precipitate formed after 2 hr-standing at 0°C was removed
by centrifugation. The resulting supernatant was filtered
through a microfilter prior to high-performance liquid
chromatography (HPLC). The sample was separated on a
reversed-phase Cjg column with 1 mM monosodium phosphate
buffer, pH 2.3 as a mobile phase. Xanthurenic acid was
detected at 254 nm (Figure 2).

Results

OPI Effects on Liver Kynurenine Formamidase. Liver
kynurenine formamidase was almost completely inhibited by
a single dose of diazinon within 30 min after its
administration (Figure 3). In vivo spontaneous
reactivation of the inhibited enzyme was slow. Full
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Figure 1. The L-Kynurenine Pathway of L-Tryptophan
Metabolism. Decreased formation of liver L-kynurenine
due to inhibition of kynurenine formamidase by OPI's
is compensated by increase in L-kynurenine plasma
pool (6, 7).
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Figure 2. Assay of Urinary Xanthurenic Acid by
HPLC. Mice were administered 20 mg of diazinon/kg.
Xanthurenic acid in the urine collected for 20 hr was
separated on a reversed-phase Cig column (4.6x30 mm,
3 um CR Pecosphere, Perkin-Elmer) and detected at 254
nm. DIA - diazinon-treated. Adapted from ref. 6.
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Figure 3. Liver Kynurenine Formamidase in Mice
Treated with Diazinon. Mice were administered a
single (1 or 10 mg/kg) or multiple doses of diazinon
(1 mg/kg on days 0, 3, 6 and 9). Liver kynurenine
formamidase was assayed spectrophotometrically with
N-formyl-L-kynurenine. Values are the means of two
assays with the range indicated by bars. Activity at
time 0 - 424+75 (N=14) nmol.(mg protein)-l.min-1.
Adapted from ref. 6.
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recovery of the enzyme activity in mice treated with 10
mg of diazinon/kg has not occured even after 10 days.

A single dose of pirimiphos-ethyl, diazinon,
pirimiphos-methyl, etrimfos, dicrotophos and
monocrotophos, cited in descending order of their
potency, inhibited liver kynurenine formamidase by more
than 80% (Table I). Majority of OPI's were intermediate
kynurenine formamidase inhibitors that reduced the enzyme
activity by 28-78%. Ronnel, trichlorfon and leptophos did
not inhibit liver kynurenine formamidase.

Table I. Potency of Organophosphorous Insecticides to
Inhibit Mice Liver Kynurenine Formamidase and Increase
Xanthurenic Acid Urinary Excretion

OPI Kynurenine formamidase Xanthurenic acid?,
inhibition, % % of control (N)
P inhibi ¥ 3 } . id
Pirimiphos-ethyl 99 576185 (2)
Diazinon 973 445213 (14)
Pirimiphos-methyl 95 387
Etrimfos 89 184
Dicrotophos 89 29422 (2)
Monocrotophos 86 18322 (3)
Diazoxon 78 5011 (2)
Parathion-methyl 76 104
Profenophos 73 69
Parathion-ethyl 69 72
Malathion 58 952 (2)
Chlorpyriphos-methyl 28 56
Noniphibi f . . 1 . id
Leptophos 11 10012 (2)
Trichlorfon 8 72
Ronnel 1 113

Liver kynurenine formamidase was assayed 12-18 hr after
administering 20 mg/kg of a test compound (10 mg of
diazoxon/kg) to mice. Xanthurenic acid was determined in
urine collected for 15-24 hr. Values are meanstS.D. for N
independent experiments (a range for two experiments).
Basal values for 1liver kynurenine formamidase activity
and urinary xanthurenic acid were 424*75 (N=14) nmol L-
kynurenine.min-l. (mg protein)-l and 737 %256 (N=27)
nmol. (24 hr) -1, respectively.

4A similar values were obtained when xanthurenic acid was
expressed in nmol. (ml of urine)~l. Adapted from ref. 7.
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Figure 4. Urinary Excretion of Xanthurenic Acid in
Control and Diazinon-Treated Mice. Mice were
administered 40 mg of diazinon/kg. Urinary
xanthurenic acid was assayed by HPLC. Standard
deviations indicated by bars were calculated from 3-4
independent experiments. The inset shows xanthurenic
acid excretion for the initial period. Key: (o)
control; (e) diazinon-treated. Reproduced from ref. 6
with kind permission from Elsevier Science Ltd, The
Boulevard, Langford Lane, Kidlington OX5 1GB, UK.
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OPI Effects on Xanthurenic Acid Urinary Excretion.
Xanthurenic acid increased two to six-fold in the urine
of mice treated with a single dose (20 mg OPI/kg) of the
six most potent liver kynurenine formamidase inhibitors
(Table I). The highest increase was obtained with
pirimiphos-ethyl and diazinon. Elevated xanthurenic acid
excretion was detected as early as six hours after a
diazinon treatment, reaching a maximum in 24- and 48-
urine collections (Figure 4). The dose-dependence study
established that 5 mg of diazinon/kg was a threshold for
increasing xanthurenic acid urinary excretion (Table II).
Diazinon at doses higher than 10 mg/kg did not further
increase xanthurenic acid.

Table II. Effect of Varying Diazinon
Doses on Xanthurenic Acid Urinary Excretion

Diazinon, Xanthurenic acid,
mg.kg"1 nmol. (24 hr)-1 (N)
0 737256 (27)
1 855%199 (3)
5 1754
10 3913%479 (2)
20 2417
40 3670£752 (13)
80 3169

Urine was collected for 24 hr after diazinon
administration. Values are meanstS.D. for N
independent experiments (a range for two
experiments). Adapted from ref. 6.

Effects of Endogenous and Exogenous Factors on Diazinon-
Induced Increase in Xanthurenic Acid Urinary Excretion.
Increases in xanthurenic acid urinary excretion, caused
by diazinon, were not altered by the mice age (Table
III). The increase was similar in prepubertal, adult and
"aging" mice. The dietary regimen was not critical for
elevation of urinary xanthurenic acid (Table III).
Diazinon-induced increases were proportional to the
changes in basal 1levels of xanthurenic acid that were
caused by dietary deprivation. Gender was the only factor
that affected xanthurenic acid urinary excretion after
diazinon treatment (Table 1III). The increase in
xanthurenic acid occured earlier and at higher rates in
female mice, i.e. a maximal 11-fold increase compared to
4-fold increase in males, relative to control levels.

The increase in xanthurenic acid urinary excretion
caused by diazinon was not affected by any of the tested
drugs (Table III). Replacement of sulfur by oxygen (i.e.,
P=S in diazinon to P=0 in diazoxon) reduced in vivo liver
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Figure 5. Effect of a Multiple Administration of
Diazinon on Urinary Excretion of Xanthurenic Acid.
Mice were administered 20 mg of diazinon/kg at
indicated times. Urine was collected for 24 hr and
xanthurenic acid assayed by HPLC.
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kynurenine formamidase inhibition and abolished the OPI-
enhanced xanthurenic acid urinary excretion (Table I).

Table III. Effects of Age, Gender, Diet and
Drugs on Diazinon-Increased Urinary Excretion
of Xanthurenic Acid

Factor Xanthurenic acid
% of control

Age (weeks)

3-4 51385

8-12 445213

55-60 411+135

Gender - urine collected after diazinon
administration for:

0-2 2=6 6-13 [hr]
Male 137 255 385
Female 604+154 110473 200
Diet
Normal 445213
Restricted 40239
Drugs®
Atropine 519
Cycloheximide 464+32
Pyridine-2-aldoxime 49648
Phenylmethyl- 408

sulfonyl fluride

Urine was collected for 24 hr except for the
gender examination. Values are meanstrange for
two independent experiments (mean:SD, N=27, for
8-12 week-0ld mice maintained on a normal
diet). @Adapted from ref. 7.

Liver Kynurenine Formamidase and Urinary Xanthurenic Acid
in Multiple and Prolonged Exposures of Mice to Diazinon.
Multiple administration of diazinon maintained the
inhibition of liver kynurenine formamidase for the entire
period of treatment (Figure 3). Urinary xanthurenic acid
excretion increased rapidly following mice treatment and
returned to basal values in 24 to 48 hours after each
diazinon administration (Figure 5).

Discussion

Pyrimidinyl phosphorothiocates and crotonamide phosphates
are the two groups of OPI that increased urinary
xanthurenic acid excretion with a single dose of 20
mg/kg. Urinary xanthurenic acid is elevated only when
inhibition of liver kynurenine formamidase exceeds 80%.
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Since the majority of OPI's inhibit kynurenine
formamidase to some extent [Table I, reference (8)], it
is likely that even less potent OPI inhibitors, at higher
doses, have the potential to inhibit kynurenine
formamidase to the critical level with the consequences
of increased urinary excretion of xanthurenic acid.

Changes in urinary xanthurenic acid caused by a
single dose of OPI can be monitored from several hours up
to two days after exposure to OPI. Response to a multiple
diazinon administration follows the pattern of a single
dose and allows one to monitor exposure to the OPI for
the entire period of treatment. The magnitude of the
diazinon dose that is needed for elevation of xanthurenic
acid excretion implies the importance of this phenomenon
in accidental and occupational poisonings.

The L-tryptophan metabolism and its biochemical
components can be altered by numerous endogenous and
exogenous factors (10). Gender was the only observed
factor that affected OPI-induced enhancement of
xanthurenic acid urinary excretion and therefore needs to
be considered when using urinary xanthurenic acid for the
assessment of OPI exposure. Abolishment of the diazinon
effect on xanthurenic acid excretion after a replacement
of sulfur by oxygen is probably due to reduction of
diazoxon metabolic stability and consequently lower
inhibition of kynurenine formamidase [Table I, reference
(7).

Increase in xanthurenic acid urinary excretion is a
unique consequence of OPI interference with the L-
tryptophan metabolism. However, there are other
conditions and environmental factors under which
xanthurenic acid wurinary excretion 1is elevated. For
instance, urinary excretion of xanthurenic acid is raised
in several mental disorders (11) and during pregnancy-
(12) in humans, and in poisoning by carbon disulfide in
rats (13). Thus, when the medical history of subjects
tested is wunknown, use of urinary =xanthurenic acid
concentrations will also require measurement of
cholinesterase activities for a comprehensive assessment
of OPI exposures.

Two lines of biochemical evidence support
extrapolation of OPI-increased xanthurenic acid urinary
excretion from mice to humans. First, the mouse L-
kynurenine pathway of the L-tryptophan metabolism is
similar to that in man (14). Second, the susceptibility
of liver kynurenine formamidases from various mammals and
avians to OPI's is an established phenomenon (15). It is
reasonable to speculate that the basic assumption for
OPI-increased xanthurenic acid excretion can be met, i.e.
that the human liver enzyme is inhibited by OPI to the
critical level. Use of urinary xanthurenic acid as a
biomarker of exposure to OPI's needs to be validated by
examining workers exposed to higher amounts of OPI's,
such as pesticide formulators and applicators, farm
wogkerg and survivors of accidental or suicidal
poisonings.
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Chapter 8

Serum Protein Profile: A Possible
Biomarker for Exposure to Insecticides
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Serum protein profile as a possible biomarker for detecting exposure risks to
pesticides was assessed using lindane, endrin, endosulfan, fenvalerate,
toxaphene, heptachlor, and the two industrial pollutants trichlorophenol and
polychlorinated biphenyls in an in-vitro study. Rat serum was incubated
individually with the sublethal dose of each tested compound at 37°C for 24
hours. The change in serum protein profile was monitored using Sodium
Dodecylsulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Fast
Protein Liquid Chromatography (FPLC) techniques. The impact of each tested
compound on the protein profile was expressed as changes in the number of
bands/peaks and areas and/or formation of new bands/peaks. From the
obtained results, it seems that the molecular effect of the tested compounds is
unique and specific to the type of each compound. Thus, serum protein profile
may be used as a biomarker for single exposure to an individual insecticide.

The exposure biomarkers most commonly monitored, including the parent compound or
its metabolites in blood or urine, typically reflect only those exposures occurring during
the last 24-48 hours. Less recent exposures may be detectable as reaction products of
xenobiotics (or their metabolites) with macromolecules such as DNA and protein. The
indirect analysis of protein adducts has long been utilized to monitor the exposure to
organophosphates via the assay of plasma or serum pseudoacetylcholinesterase and
erythrocyte acetylcholinesterase activities. Recently other classes of pesticides were
reported to form protein adducts, including serum proteins. 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 suggested as biomarkers of exposure in animals
and/or humans (1). Stable protein adducts integrate exposure from all sources via all
portals of entry over the life span of the protein and reflect inter-individual variation in
absorption, metabolism, and in some cases, susceptibility. Blood is known to be the
major carrier of most essential substances as well as the endogenous defender of the body
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against foreign organisms and xenobiotics (2). Thus, blood/serum is a rich pool for
biomarkers (3). It was suggested that insecticides may have more affinity to bind to
serum and/or plasma proteins than to other blood constituents. The binding of these
pesticides to any protein may cause some changes in the chemical and physiological
characteristics of such proteins (4). Binding of some insecticides to hepatic microsomal
proteins caused a conversion of cytochrome P-450 to cytochrome P-420 in rat liver (5).
The binding of DDT, dieldrin, and parathion to rat and cockroach blood proteins was
studied. The results showed that the insecticides bind mostly to high molecular weight
proteins and that this binding is non-specific and hydrophobic (6). It was also reported
that malathion has induced changes in catfish serum proteins as well as in hematological
parameters (7). The number of protein bands in the SDS-PAGE electrophoresis were
indicative of such changes. The changes in these bands could be explained by the
physiological reaction to the insecticide or as a breakdown of some relatively high
molecular weight proteins. Previous studies from this laboratory showed that in-vivo
dermal exposure of rats to sublethal doses of malathion has a similar effect on the protein
profile as that observed after in-vitro incubation using the same concentration (8). Other
studies showed that most DNA, hemoglobin, and albumin adducts are selective
biomarkers for the effective dose of xenobiotics (9). It was also shown that AI** cations
bind preferentially to transferrin more than albumin in blood serum (10).

The biological monitoring of pesticide residues and metabolites is becoming
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. Methods are becoming more sensitive as advances are made in
analytical instrumentation systems (11). Recently, macromolecular adducts such as
proteins and DNA have received attention as possible internal dosimeters (biomonitors
or biomarkers) of exposure to pesticides (3).

The present work was conducted to evaluate the potentiality of using serum
protein profile as a possible biomarker of exposure to insecticides and other toxic
chemicals through an in-vitro study using SDS-PAGE and FPLC.

Materials and Methods

Chemicals. Endrin, lindane, toxaphene, heptachlor, fenvalerate, trichlorophenol (TCP),
and polychlorinated biphenyls (PCB’s 1221) were obtained from the US EPA (CAS
8001-35-2/QAT 5/83) either as neat samples or as standard pure solutions. Other
chemicals and reagents were of high purity or HPLC grade, obtained from Sigma
Chemical Co.

Incubation of Serum with the Tested Compounds. Stock solutions of each of the in-
vitro tested compounds (endrin, lindane, toxaphene, endosulfan, heptachlor, fenvalerate,
TCP and PCB’s) were prepared by dissolving 1 mg of the technical compound in 1 ml
methanol in clean dry screw capped tubes. Aliquots of 20 pl of each stock solution was
added to 200 pul serum taken from untreated rats and 780 pul of Tris-HCL buffer (pH 7.4)
to bring the final concentration up to 20 ppm. Untreated control serum (200 pl) was
added to 800 pl buffer and served as control. All serum/buffer tubes were incubated in
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a water bath at 37°C for 24 hours. The incubated serum samples were then used for the
study of protein profile using SDS-PAGE and FPLC. The 20 ppm concentration of
insecticides was selected as an exagerated dose to maximize the interaction with the
blood serum proteins. However, a further study will be carried out to verify the dose
response interaction at the practically monitored levels in human blood.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE). The
electrophoretic separation of serum proteins was carried out using 5% and 15%
polyacrylamide in Tris-Glycine buffer at pH 8.3 with 0.5% SDS according to the method
of Laemmli 1970 (12). Serum/buffer samples (50ul each) were treated with 4% SDS and
2% B-mercaptoethanol and heated at 100 °C for 3 minutes. After separation, the gel was
stained with 0.1 % Coomassie brilliant blue R-250 stain in 10% acetic acid and 20%
aqueous methanolic solution. The stained gels were destained and stored in 7% acetic
acid solution for scanning. The gels were scanned using a LKB Ultroscan XL laser
scanner, while the data integration was done using Gelscan XL computer software
(Pharmacia version 2.0).

Fast Protein Liquid Chromatography (FPLC). Aliquots of 50 pl of serum/test
compound/buffer were filtered through 0.25pum filter and injected into a Pharmacia/
LKB Fast Protein Liquid Chromatography (FPLC) instrument equipped with two P-500
pumps and a VWM 2141 ultraviolet detector and attached to a Mono Q HR 5/5 cation
exchange column (Pharmacia Inc.). Separation was carried out using 0.02M piperazine
at pH 6 (buffer A) and 0.02M piperazine containing 0.3 M sodium chloride at pH 6
(buffer B) with a linear gradient from 0% to 100% B in a total time of 30 minutes. The
flow rate was 0.5 ml/min and the obtained peaks were monitored simultaneously at 280
and 254 nm. The instrument was controlled with a LCC-501 plus controller, while the
quantitative analysis and data processing were carried out using the FPLC manager
software (ver. 2.1).

Results and Discussion

The electrophoretic separation of serum proteins using SDS-PAGE following
incubation of serum with different chlorinated insecticides (endrin, lindane, toxaphene,
endosulfan, heptachlor, and the synthetic pyrethroid fenvalerate), the industrial
pollutants TCP and PCB’s 1221 as well as the untreated control serum, is shown in
Figure (1) and Table I. A comparison between the protein profile of the treated and
untreated samples reveals variation in both the number and intensity of the major protein
bands transferrin, albumin, and pre-albumin. A marked decrease in the percentage of pre-
albumin was found as a result of the effect of toxaphene, heptachlor, and PCB’s 1221.
The change in low molecular weight proteins (15,000-16,000 dalton) was accompanied
with an increase in the percentage of higher molecular weight proteins. In the case of
fenvalerate, the formation of a new protein band with a molecular weight of 18,000-
22,000 daltons was accompanied by the disappearance of smaller molecular weight
bands (15,000-16,000 daltons) as shown in Fig. 1. The behavior of the industrial
pollutants TCP and PCB’s 1221 was almost the same.
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Figure 1. SDS-PAGE Electropherogram of in-vitro Treated Rat Serum.
(1) Endrin, (2) Lindane, (3) Toxaphene, (4) Endosulfane, (5) Heptachlor, (6)
Trichlorophenol, (7) Fenvalerate, (8) PCB’s, (9) Serum Control, (M) Protein Marker.
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Figure (2) illustrates the FPLC chromatograms of normal serum and serum
incubated in-vitro with different insecticides and the industrial pollutants TCP and
PCB’s. Generally, the relative percentage distribution of serum protein fractions differed
in all treatments as compared with the normal serum pattern. The changes in height and
area of the peaks of protein fractions indicate the interference of the tested compounds
which might conjugate with some specific protein(s). The appearance of new bands (6a
and 6b) and (9a and 9b) was the result of the interference of lindane, endosulfan, and
fenvalerate with serum proteins. The splitting of peak 9 into two new peaks (9a and 9b)
was the result of interference of heptachlor and TCP with serum proteins. These results
agree with those previously reported in which new protein bands were detected after
incubation of serum with C-aldrin, '“C-telodrin and “C-DDT (4, 6, 13,14). The results
suggested that these new proteins are fractions of the high molecular weight
lipoprotein. The new bands formed in the electrophoretic profile may be due to the
breakdown of high molecular weight proteins (7). The number of fractions formed due
to the adduct formation may also vary according to the structure and concentration of the
pollutant (15,16).

Biomarkers provide an important tool to the toxicologist/risk analyst in
incorporating biological insights relevant to mechanisms of action into risk assessments.
The purpose of this study was to provide accurate and reliable tools for assessing the
impact of pesticide exposure. Serum has been the medium of choice in this course of
study as it is the pool for proteins and other biological compounds. Serum protein was
a prominent biomarker for detecting the impact of either organophosphates or
organochlorine insecticides on the profile of serum proteins. The use of FPLC technique
in the assessment of protein profile proved to be a promising tool for preliminary
identification of the adducts between proteins and insecticides. In addition, this technique
may provide a rapid and accurate method for detection. Further studies are needed to use
the FPLC as a reliable tool for assessing the hazards of exposure to pesticides through
separation and identification of each protein-insecticide adduct. However, such a
technique will be limited for detection of exposure to a single pollutant at a time. Further
development of the methodology, by identification of the molecular characteristics of the
specific adduct for each pollutant, might lead to the ability of detecting exposure to a
mixture of toxicants simultaneously.

Thus, for any given toxicant, there may be more than a single biomarker of effect
which can be assessed with various specificities in different body fluids and tissues.
Hence, different types of biomarkers need to be considered in conjunction whenever
possible and appropriate using sensitive and advanced instrumentation techniques.
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Figure (2). FPLC Chromatograms of Rat Serum Protein Profiles of
Untreated Control as well as In-Vitro incubation with
20 ppm of the tested compounds.
1= Transferrin 7,8= Albumin
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Chapter 9

Breast Milk as a Biomarker
for Monitoring Human Exposure
to Environmental Pollutants
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Department of Chemistry, Texas Southern University,
3100 Cleburne Avenue, Houston, TX 77004

Residues of lead and chlorinated insecticides in human breast milk of 120
Egyptian women representing 20 different governorates (provinces) throughout
Egypt were determined. The mean values of lead in rural areas and small cities
were significantly lower than those in industrial and highly populated cities.
Higher levels of lead in mother's human milk from Cairo, Alexandria and
Assiut may be attributed to heavy automobile traffic and the use of leaded
gasoline in addition to the use of lead water pipe lines in these areas. On the
other hand, the most abundant residues of organochlorine pesticides and their
metabolits found in mother’s milk were p,p'-DDE and lindane. Endosulfan I,
and p,p-DDT residues were detected in some samples, but aldrin and endrin
were not detected in most of the samples. The mean values for p,p’- DDE,
lindane, endosulfan I and p,p-DDT levels in the milk samples of the 20
governorates studied were 21.37 ppb, 8.42 ppb, 4.84 ppb and 2.93 ppb
respectively, which are lower than the levels previously reported in some of the
developed countries. Relatively higher levels of organochlorine insecticide
residues were recorded in the samples from intensive agricultural activity
regions.The results showed that population living in large cities have higher
levels of lead but lower levels of pesticide residues while those living in rural
areas have lower levels of lead and higher levels of pesticides suggesting that
levels of pollutants in human milk may serve as a good biomarker for body
burden exposure.

The 60 million Egyptian inhabitants can be grouped into three main different community
types. The urban population, living in the capital city of Cairo (14 million) and other big
cities, is generally exposed to air pollutants, especially lead evolving with vehicle
exhaust, petroleum and gasoline vapors, carbon monoxide, and mineral dusts. In
addition, the urban communities may also be exposed to toxic residues in food and
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drinking water which may include pesticides and other toxicants. The second large
community consists of those living in rural villages who are more likely to be exposed
to pesticides and other agrochemicals. The third community includes those living in
remote desert and mountain areas in the western and eastern deserts, the Sinai peninsula,
and northern and eastern sea coasts. The population in these areas is still engaged in few
agricultural activities. There are also some Bedouin tribes in the southern part of Egypt
such as Bassharia who live mainly on raising herds of camels and sheep in the desert
areas. In such locations, the exposure to man made chemicals and pollutants is a
minimum. Therefore, it is reasonable to consider such inhabitants as a real unexposed
reference group compared to the urban or rural communities. This Egyptian model
structure, where clear differentiation can be drawn between rural, urban and remote
desert inhabitants, is expected to be successful in reaching significant correlations
between types of human activities and levels of exposure to hazardous chemicals. Since
most organochlorine insecticides are environmentally persistent and fat soluble, they may
accumulate in food and be stored in high concentrations in tissues and lipid rich organs
such as the adipose tissues, liver, meat, and milk (7). Human milk is the most important
and indispensable food for the newborn. During lactation, fat mobilization could take
place from the adipose tissue, and therefore, organochlorine compounds such as DDT,
and HCHs and their metabolites are mobilized and released mainly by breast milk.
Recent epidemiological studies indicated that breast fat and serum lipids of women with
breast cancer contain significantly elevated levels of some chlorinated organic
compounds compared to non-cancer controls. Among the chemicals found in this
investigation were several lipophilic, persistant compounds such as o,p -DDT, an isomer
of the DDT insecticide, heptachlor, PCB’s, and other chlorinated pesticides and industrial
chemicals (2). Thus, monitoring of such residues in mother’s milk will be a good
criterion to measure their impact on general population, not only on the existing
population, but also on the next generation of the newly born children. In Egypt, a few
surveys have been carried out in this regard, mainly in two governorates (Beny Sweif and
Fayoum). Although the environmental contamination by chlorinated hydrocarbon
insecticides has been reduced since 1970, when these pesticides were banned, some
amounts of these chemicals were recently found in human breast milk. However, these
amounts were within the range of acceptable daily intakes according to the FAO/WHO
guidelines (3,4).

The main objectives of this research was to evaluate the Egyptian mother's milk contents
of organochlorine insecticides and the heavy metal lead (Pb) as criterion for measuring
the body burden with environmental pollutants due to long term exposure.

Material and Methods

A total of 120 Egyptian women (20 to 40 years of age, 6 from each governorate)
participated in the study voluntarily and agreed with its aims. The women were giving
birth to their first or second child and all had lived in the indicated areas during the past
ten years. Apart from these selection criteria, they were chosen at random. Collection
sites are shown in Figure 1. Milk samples, 10-15 ml each were obtained from the out-
patient/pediatric unit of each governorate's central hospital in May and June of 1993 from
lactating women. The samples were collected by manual expression into sterilized vials
(ca. 20 ml), transported in a solid CO, ice box, and stored in a deep freezer at -80°C until
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Mediterranean Sea
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Figure 1. Sample collection sites in different Egyptian locations as indicated in
Table I.
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analyzed. Care was taken to avoid contamination during and after sample collection. The
milk was re-homogenized with an ultrasonic homogenizer prior to analysis.

Preparation of Samples for Lead Analysis. All samples were analyzed in triplicate,
using a graphite furnace Perkin Elmer 4100 ZL Atomic Absorption spectrometer, after
digestion in a nitric perchloric acid mixture as described by Vahter and Slorach (5).

Preparation of the Samples for GC Analysis. The organochlorine insecticides in
human milk were extracted according to the method of Brevik (6) with slight
modification, The method includes the extraction of 1 ml of milk sample with
acetone:hexane (3:4, v/v) by ultrasonic disintegration for 10 sec, followed by a second
extraction with acetone:hexane (1:2, v/v). The organic layers were combined together,
evaporated to dryness, redissolved in 1.5 ml of hexane and cleaned with concentrated
H,SO,(1.5 ml). Duplicate subsamples were analyzed for each gross sample. The hexane
layers were made up to 1 ml and analyzed by gas chromatography/electron capture and

gas chromatography/mass spectrometry.

Gas Chromatography and Gas Chromatography/Mass Spectrometry. Gas
chromatography (GC) was carried out using a Hewlett Packard 5890 gas chromatograph
series II controlled with chemstation software and equipped with ®Ni electron capture
detector. The column used was a DB-608 megabore column (30m, 0.53 mm i.d.), and
the flow rate was 3.5 ml/min of helium. The oven temperature was programmed at
4°C/min from 190°C to 240°C and held at 240°C for 10 min. The detector and injector
temperatures were adjusted at 220°C and 390°C respectively. The injections were split
with the split ratio (1:10).

The GC/MS was carried out using a 5972 MSD mass selective detector attached to 5890
plus gas chromatograph equipped with electronic pressure control. The column installed
was an HP-5MS capillary column (30m, 0.25 mm i.d., 0.25 mm film), and the flow rate
was 1 ml/min of helium. Injections were splitless and purged after 1.5 min with an
injector temperature of 250°C. The oven's initial temperature was 85°C, held for 1.5
min., then programmed to 190°C at 30°C/min., then to 240°C at 3°C/min. The mass
spectrometer was adjusted to the selective ion monitoring mode for the ions at m/z 181,
108, and 246. The dwell time was 40 msec/ion. Peak identification was performed by
comparing the retention times of each peak with those of known standard compounds
and by the characteristic ion peak in the SIM-GC/MS.

RESULTS AND DISCUSSION

Lead Concentration in Mother’s Milk and its Hazardous Impact. Table I presents
the mean lead concentrations in milk samples collected from the 20 different locations
shown in Figure 1. According to the daily permissible level established by the WHO
(3) of 5.0 ug/kg body weight/day, which is equivalent to about 15.5 ppb in mother’s
milk, it can be seen from Table I that the mean values of lead levels were below the
permissible level in the governorates of Fayoum, Matruh, Minia and Suez. Lead levels
in Aswan, Beheira, Beny Sweif, Dakahlia, Gharbia, Giza, Ismailia, Kaliobia, Menoufia,
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New Valley, North Sinai, Sharkia and Sohag were slightly higher than the WHO
permissible value. Mean lead levels in mother's milk from Alexandria, Assiut, and Cairo
were significantly higher than the permissible value. The higher levels of lead in
mother's milk from Cairo, Alexandria and Assiut may be attributed to heavy automobile
traffic and the use of leaded gasoline (the only type of gasoline available in Egypt), in
addition to contamination of drinking water from the lead drinking water pipe lines.
There is very little information regarding the transfer of lead via the milk from mothers
who are at high risk, such as those living in big cities i.e. Cairo, Alexandria and Assiut.
Chronic adult exposure to lead occurs mainly through the inhalation of dust and fumes,
and incidental ingestion of polluted food and drinks, and the inhalation of cigarette
smoke. The threshold limit value-time weighted average (TLV-TWA) for lead, dust and
fumes is 0.15 mg/m®. An average of 66 ug/l in mother's milk from women in Cairo is
equivalent to 10.54 .g/kg/day while a child weighing 5.5 kg may receive at least 58 ug
of lead per day. According to Mahaffey (7), the tolerable or maximum daily intake of
lead from all sources for infants between birth and the age of 6 months should be as low
as possible and should be less than 100ug/day. In Table (II) the lead levels in human
milk recorded in this study were compared with those of other countries from 1971-1994
(8-21). By comparison with the published data from other countries, the lead levels in
Egypt are between moderate lead levels found in Japan, Germany, Sweden, and the
United States, and the high values found in Mexico, Indonesia, and Thailand . The
current lead level in Egypt, although higher in some cases than the recommended WHO
levels still appears not to be at the level of a serious risk except in those cases where the
lead level is higher than 100 ppb in Assiut, followed by Cairo and Alexandria.

Due to the high risk of lead exposure between urban population in the heavily populated
cities of Cairo, Alexandria, and Assiut, it is recommended that the leaded-gasoline and
the leaded pipelines for drinking water should be banned as early as possible because it
is the main source of lead pollution in these crowded urban communities. This ban will
reduce the burden on both the human adults and their children who are actually more
vulnerable for maternal and childhood exposure to a lead polluted diet.

Chlorinated Insecticides Levels in Human Milk. The data in Table III shows that the
main detected organochlorine insecticides and their metabolites were DDE and lindane.
DDT and endosulfan I residues were also detected in some samples. Endrin was only
detected in one of the samples in New Valley, while aldrin was not detected in any of the
samples.

DDE (p,p’- DDE): DDE was identified by GC and GC/MS in 100% of the
samples. The lowest mean levels, 5.80-8.95 ppb, were found in New Valley, North
Sinai, and Aswan, while the highest mean levels, 41.7-54.5 ppb, were found in Sharkia,
Behera and Dakahlia. The mean value of DDE levels in the 20 governorates studied was
21.37 ppb which is lower than the levels reported in many developed countries as shown
in Table IV (23-37). Since DDE levels reflect previous long term exposure to DDT,
these results prove the effectiveness of the restrictions imposed on the use of DDT in
agriculture, vector control, and households since the early 70's.

DDT (p,p’- DDT): DDT is the organochlorine compound most extensively
studied throughout the world and has been shown to be present universally in the milk
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Table I1. Lead Concentration (u.g/l) in Breast Milk Reported Internationally
Location Number

of Subjects Average Range Reference

Cincinnati (USA) 22 0.012 - ®)
Connecticut (USA) 7 20.00 0-70.0 ©)
New York (USA) 10 5.00 - (10)
Iowa (USA) 4 26.00 15.0-64.0 (11)
Washington, D.C. (USA) 20 20.00 0-50.0 (12)
Boston (USA) 100 17.00 0-72.0 (13)
Arizona (USA) 39 2.80 0.90-10.0 (14)
Bangkok (Thailand) 164 85.00 136-220 (15)
Uppsala (Sweden) 41 20.00 5.0-90.0 (16)
London (England) 28 2.40 1.9-8.6 a7
Kuala Lumpur (Indonesia) 114 47.8 24.9-106.1 (18)
Hamburg (Germany) 10 13.2 9.1-15.5 (19)
Mexico City (Mexico) 35 61.8 9.2-351 (20)
Japan 22 27.0 0-56.0 (21)
Styria (Austria) 64 3.40 0-20.4 (22)
Egypt (20 Cities) 120 30.6 0-158  Present Study
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Table (III). Distribution of the Main Organochlorine Insectiside Residues

in Egyptian Mother's Milk
Lindane Endosulfan I} 4,4'- DDE 4,4'- DDT
Governorate*
Average ~ Range |Average Range [Average Range |Average Range
Greater Cairo
Cairo (7] 5.05 272 - 898 000 0.00 - 0.00 11.30 1.40 - 19.70 095 0.00 - 2.85
Giza (8] 4.96 269 - 6.59 069 000 - 208 |1202 196 - 1970 000 0.00 - 0.00
Kaliobia [6] 1387 121 - 3320 [ 000 0.00 - 000 |2062 895 - 27.30 204 000 - 3.87
Delta Region
Sharkia [5] 6.57 415 - 9.78 000 000 - 000 |[5450 19.70 - 83.30 243 170 - 364
Gharbia 1) 4.63 347 - 649 |[1050 0.00 - 1890 | 2582 4.06 - 58.30 1.68 0.00 - 253
Behera [3) 1282 447 - 2280 | 2898 7.34 - 5790 | 5095 574 - 117.00 | 551 0.00 - 10.60
Dakahlia (2] 19.53 1340 - 2470 | 6.00 0.00 - 18.00 {41.70 7.30 - 67.20 412 000 - 938
Menoufia (4) 1.52 000 - 344 000 0.00 - 000 793 240 - 10.90 259 0.00 - 7.76
Upper Egypt
Fayoum [9] n 0.68 - 7.82 000 0.00- 000 |2006 4.59 - 3740 1.84 0.00 - 461
Beny Sweif [10] 204 095 - 290 325 000 - 581 [2726 9.17 - 46.70 1.59 000 - 341
Minia [11) 3 0.81 - 630 803 000 - 2030 | 1636 6.88 - 21.70 483 0.00 - 1450
Assiut [12) 1095 0.78 - 31.00 | 1.63 0.00 - 490 |30.89 347 - 7130 512 351 - 702
Sohag [13) 1288 6.75 - 2130 | 477 0.00 - 1430 | 2942 297 - 7750 547 0.00 - 13.60
Aswan [14] 1284 447 - 2820 | 702 241 - 12.70 | 895 3.80 - 18.50 246 000 - 738
Coastal Areas
Alexandria [17) 1246 237 - 2050 | 0.00 0.00 - 0.00 935 732 - 1210 000 0.00 - 0.00
Matrouh (16} 1130 641 - 1500 ({2583 000 - 61.80 [ 1511 7.04 - 2300 | 000 0.00 - 0.00
North Sinai (18] 11.81 992 - 1290 | 0.00 0.00 - 0.00 8.84 517 - 13.70 | 1452 477 - 32.90
Ismailia [19] 3 1.36 - 543 000 0.00- 000 |19.17 1420 - 2540 000 0.00 - 0.00
Suez [20] 144 0.00 - 221 000 0.00-000 1135 578 - 2030 239 0.00 - 7.16
Desert
New Valley [15] |13.08 893 - 1820 | 000 0.00 - 0.00 583 413 - 854 1.04 000 - 3.13
Averagein Egypt| 842 000 - 31.00 | 484 0.00 - 61.80 |21.37 140 - 117.00 | 293 0.00 - 32.90
*Number of coll site as indicated in Figure (1).
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Table (IV) Average Organochlorine Insecticide Residues in Human Milk from
Various Countries (ug/kg whole milk).

Country (City) Year Lindane DDE DDT DDE/DDT Reference

Brazil* (Sao Paulo)1985 traces 30 119 025 (23
Canada* 1987  0.21 2922 245 11.92 (24)
Egypt 1993  8.42 2137 293 7.30  Present study.
(20 Governorates)

Finland* 1985 - 2135 2.1 10.16 (25)
Finland* 1982 N.A. 29.75 126  23.61 (26)
Germany 1987  0.77 26.18 213 1229 (27)
(Westfalia)

Greece* 1983 039 NA 122 NA. (28
Hong Kong 1989 1.71 33259 61.84 538 (29
India* 1986 N.A. 2548 5589 455 (30
India* 1988  1.65 4427 8.5 506 (31)
Israel (Jerusalem) 1985 1.14 79.0 8.46 933 (32
Italy* 1985 ND. 14 0.25 5.6 33)
Jordan (Amman) 1992  6.78 60.18 1327 453  (34)
Poland* 1987 1.75 17325 16.1 10.76 (35)
Spain (Madrid) 1991 03 18.7 04 46.75 (1)
Spain 19828 19 170 83 205 (36)
Thailand 1987  0.11 12635 2558 494 (27)
(Bangkok)

Turkey* 19878 0.35 161.21 228 707 (37)
USA (New York) 1987  0.07 1839 0.78 23.57 (27)
Vietnam 1987  0.99 288.1 202.1 143 (27)
(Ho Chi Minh)

*Calculations based on 3.5% fat content. Year of publication.
*Milk samples of occupationally exposed donors.
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of lactating mothers (38). However, from the 60 human milk samples, 51% of the
samples were free from any detectable DDT levels, a fact which may suggest that there
were no recent sources of pollution by intact DDT. DDT levels from 0.00-5.00 ppb
were detected in 75% of the samples, while the higher levels (5.00 ppb and above) were
recorded only in 25% of the milk samples from the 20 Egyptian governorates. The
highest DDT level (32.90 ppb) was detected in the Dakahlia governorate. The fact that
the highest DDT residue levels were found in human milk from the Delta area may be
attributed to the higher agricultural activity in the Delta and the fact that mothers in these
areas mainly consume fresh fruits and vegetables. New DDT residue levels reflect
previous and present exposure of the mothers to this particular pollutant (39).
Hexachlorocyclohexanes (HCH isomers): y-HCH (lindane) was detected in
95% of the analyzed human milk samples. The lowest levels were found in governorates
between Cairo and Assiut, and in Suez (0.00-10.00 ppb), while the higher levels (10.00-
33.00 ppb) were found in the Delta area and in Alexandria. The higher levels could be
areflection of the use of lindane in agriculture and in the control of cattle ecto-parasites.
Also, this might be due to the human consumption of large quantities of polluted fatty
fish. Several studies (40) have pointed out the presence of organochlorine residues
including lindane in different food stuffs (meat, dairy products, grain, and drinks). These
contaminated foods, which represent the basic staples for the donor mothers, may explain
the source of lindane in their milk.
Higher organochlorine insecticide residues were identified in breast milk samples from
areas around the extensive agricultural regions. The WHO (1986) has proposed an
acceptable daily intake (ADI) of 20 pg/kg body weight for total DDT compounds, and
10 pg/kg body for y-HCH (41). If these acceptable ADI values are applied assuming a
mean intake of 0.8 L human milk per day by infants with the mean body weight of 5 kg,
the mean concentration will not exceed 125 pg/kg whole milk for the total DDT and
metabolites, and 62.5 pg/kg whole milk for lindane (y-HCH) (42,43). None of the mean
levels of the organochlorine insecticides recorded in this study exceeded the WHO
recommended limits. Although the averages were below the international ADI’s,
however, single values were recorded which actually exceeded that average and also
exceeded the WHO ADI’s. Such values are alarming that there are epidemiological
exposures which might be hazardous to the new born. A more extensive survey where
more samples are analyzed especially in the highly exposed governorates is needed for
precise description of the status of body burden of both organochlorines and heavy
metals.
In Table (II) the level of organochlorine components in human milk recorded in this
study was compared with those of other countries from 1987- 1994. It is noteworthy to
mention that the reported amount of organochlorine insecticide residues in human milk
worldwide have shown a steady decline and that the amounts for 1992 and 1993 are
much less than those previously reported in 1985 and 1986. This could be attributed to
the effectiveness of governmental restrictions on the use of these insecticides regions.
The results showed that population living in large cities have higher levels of lead but
lower levels of pesticide residues while those living in rural areas have lower levels of
lead and higher levels of pesticides suggesting that levels of pollutants in human milk
may serve as a good biomarker for body burden exposure.
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Chapter 10

Carnitine and Its Esters as Potential
Biomarkers of Environmental—Toxicological
Exposure to Nongenotoxic Tumorigens

John E. Garst

3008 Del Prado, Alamogordo, NM 88310

Recently it has become clear that /-carnitine (Cn) and/or its esters can
protect against a wide variety of toxic substances. This protection arises
both from their critical roles in normal and abnormal metabolism and as
signal and regulatory molecules. Peroxisomal proliferating agents (PPA)
are structurally diverse and include widely-used drugs, industrial-, and
agrochemicals. PPA cause hepatomegaly by increasing both the number
and size of liver cells. PPA also produce hepatic tumors in rodents, but
PPA are termed non-genotoxic tumorigens because they do not direct{z
affect DNA. Enhanced gene-expression and reduced natural cell dea
(apoptosis) are increasingly suspected of involvement in non-genotoxic
tumor production. PPA-mediated liver tumors may arise because of the
ability of PPA to induce conversion of free Cn mostly to acetylOCn.
Because ions diminishing free Cn and increasing acetylOCn
have the combined effect of fostering gene expression and of impeding
apoptosis, respectively, they offer a direct explanation of PPA-induced
hepatic tumors. Hence, perturbations in Cn are postulated to define in
molecular terms the events underlying non-genotoxic tumor promotion.

The name carnitine (Cn), which is derived from carnivore, reflects its isolation
in 1906 from animal flesh. Twenty years later, Cn was fortuitously assigned the
correct structure, 3-hydroxy-4-(trimethylammonium)-butanoate. But, for nearly
fifty years after its isolation, Cn was a substance without a function ( / ). Cnisa
vitamin for some insects ( / ). Although omnivorous humans may obtain up to
7/8 of their Cn from dietary meat and meat products, technically Cn is not a vit-
amin for humans, because considerable Cn can be provided by endogenous bio-
synthesis ( 2 ). Cn is biosynthesized from lysine and methionine by protein-
lysine N-trimethylation, protein hydroal]ysis, hydroxylation at the 3 position of
e-N-trimethyllysine, a chain-splitting aldol cleavage, an oxidation, and a hydrox-
ylation at the g-posiﬁon of y-butyrobetaine ( 2,3 ). Ascorbic acid (vitamin C)
and iron are critical cofactors for Cn biosynthesis ( ref 12 in citation 2 ). Serum
concentrations of free Cn are significantly lower in lactovegetarians and strict
vegetarians, but the functional significance of this reduction is unclear ( 2 ).

NOTE: Please see Legend of Symbols on page 136 for abbreviations.

0097—-6156/96/0643—0126$15.00/0
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Cn and Cn Esters Can Protect Against Diverse Toxic Substances

Recent evidence suggests that Cn and/or particularly short-chain Cn esters can
moderate or even ameliorate adverse effects of diverse chemicals and drugs (4).
These chemicals and drugs include halothane, 2,4,5-trichlorophenoxyacetic
acid (2,4,5-T), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, dipropylacetic
acid (i.e. valproic acid), adriamycin, aflatoxin B, , and even hyperbaric oxygen.
Moreover, the toxicities of ammonia, carbon monoxide, thioacetamide, heavy
metals like cadmium and mercury, and even the antibiotic cephaloridine seem
mediated, at least in part, by actions that somehow affect Cn. Citations for the
toxic effects of these compounds, the protection afforded by Cn and/or Cn
esters, and other relevant actions of Cn and Cn esters were discussed in a 1995
Society of Toxicology symposium ( 4 ) and a manuscript on the subject will
appear in a forthcoming issue of Toxicology and Applied Pharmacology.

Since 1990 several monographs ( 5-6 ) and articles ( 7-11 ) have reviewed
the biology of Cn and its esters. Understanding how they can moderate or pro-
tect against toxic agents requires knowledge both of the fundamental roles of Cn
and Cn esters 1) in buffering free ooenzgme A (HSCoA), 2) in normal mitochon-
drial and peroxisomal metabolism, and 3) in detoxification, as well as recognit-
ion that Cn and Cn esters can have powerful signaling and regulatory actions.

Fundamental Roles of Cn and Cn Esters

Cn and Cn Esters Buffer the AcylSCoA/Free HSCoA Ratio. Most carboxylic
acids are readily converted to the corresponding acylcoenzyme A esters in the
peroxisomes, the outer mitochondrial membrane, or the mitochondrial matrix.

This multi-step transformation consumes ATP and free coenzyme A (HSCoA)
and utilizes a chain-length specific acylSCoA synthase ( 9,12-15). An overload
of acylSCoA esters, such as can occur after eating, would deplete all cytosolic
free HSCoA ( 9,14,16), were it not for several mechanisms, including the fact
that many acylSCoA can be readily converted to acylOCn esters. Optically active
R-(L)-Cn has biological importance mostly, but not solely, because the Cn alco-
hol group can transesterify acylcoenzyme A esters (RCOSCoA) (equation 1) and
facilitate their transport into the mitochondria as acylOCn esters for energy-

producing B-oxidation ( 16,17). These acylOCn esters retain the ATP-derived

Acylcoenzyme A Coenzyme A
EOO' EOO'
HO((:: + RCOSCoA 2 RCOOE + HSCoA (1)
+N(Me) 3 +N(Me) 3
R-(L)-Carnitine R-(L)-Acylcarnitine

high energy of the acylSCoA ester yet can be converted back to the acylSCoA
ester as metabolism utilizes and reduces foodstuff supplies. Functionally like a
PH buffer that sequesters or releases protons to maintain a relatively constant
hydrogen ion concentration, formation of acylOCn esters from acylSCoA esters
creates a buffering action that ensures a supply of free HSCoA, which is essent-
ial for many biochemical transformations ( 9, 14,18 ). Besides being directed
toward oxidation, the acylOCn ester can be transferred as an energy store to
other organs. Cn esters can also be excreted, generally in the urine.

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
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Cn and Cn Esters in Mitochondrial and Peroxisomal Metabolism. Cn is essent-
ial for synthesis of a variety of esters of which the acetyl- (AcOCn); propionyl-
(PrOChn), isovaleryl- (IvOCn), octanoyl- (OcOCn) and palmitoyl- (PmOCn)

esters seem to be the most important. These acylOCn esters are formed by an

array of chain-length specific acylOCn transferases that catalyze the Cn-mediated
transesterification of acylSCoA 1n the left to right forward reaction of equation

1, or the coenzyme A (HSCoA)-mediated thiolysis of Cn esters, producing the
acylSCoA ester as the reverse reaction of equation 1 ( 16 ). Various acylcarnitine
transferases and disposition enzymes, for which Cn and/or Cn esters are sub-

strates, along with Cn and its esters, constitute what is referred to herein as the
Cn system.

The various acylcarnitine transferases have a diverse localization within the
cell. Inside their outer membrane, mitochondria contain a Cn palmitoyl trans-
ferase I (CPT-1) that acts on long-chain acylSCoA esters (Figure 1). Malonyl-
SCoA, derived from food, down-regulates CPT-I activity and mitochondrial
fatty acid -oxidation, fostering fat storage ( 16 ). Cn palmitoyl transferase II
(CPT-II), located on the inside of the inner mitochondrial membrane, performs
essentially the reverse reaction of CPT-I, reforming the acylSCoA using the mat-
rix supply of mitochondrial impermeable HSCoA (Figure 1). Lastly, mitochon-
dria contain a soluble matrix Cn acetyltransferase (CAT). CAT processes short-
and medium-chain carboxylic acids can directly partition into the mitochon-
dria (Figure 1). Other organelles also contain Cn enzgmes. Very long-chain fatty
acids undergo B-oxidation as the corresponding acylSCoA ester in the peroxi-
somes, reducing the chain-length by two carbon (AcSCoA) increments. Oxidat-
ion generally stops with octanoylSCoA (OcSCoA; 19 ). Hence, peroxisomes
contain both CAT and Cn octanoyltransferase (COT) activities to convert perox-
isomally-produced AcSCoA and OcSCoA to the corresponding acylOCn ( 16,
19). The endoplasmic reticulum also contains a Cn medium/long-chain transfer-
ase activity ( 20 ), the purpose of which is not well understood.

Various other enzymes also regulate the disposition of Cn or Cn esters.
Many cells contain a sodium-dependent system for free Cn uptake located on the
outer membrane (not shown in Figure 1) ( 6 ). Impairment or deficiency of this
uptake system from the renal brush border can lead to reduced systemic Cn up-
take and adverse systemic Cn deficiency (CnD; 21 ).

Regardless of their acyl chain-length, acylOCn esters enter the mitochondria
only via a concentration-dependent Cn translocase (CnT), located in the inner
mitochondrial membrane (Figure 1). Normal concentrations of acylOCn esters
allow CnT to move cytosolic/peroxisomal Cn esters through the otherwise im-
penetrable inner mitochondrial membrane into the matrix while simultaneously
exporting free Cn from the mitochondria to the cytosol/peroxisomes (Figure 1).
Available evidence suggests there is but one form of CnT ( 22 ). In view of the
importance of CnT for fatty acid 8-oxidation and energy production, the three
known cases of human CnT deficiency (<1% of normai CnT) have been under-
§ct:ln%a_1blydfatal (22). Signs varied from hypothermia to seizures and neurolog-
ical disorders.

Cn and Cn Esters in Detoxifying Metabolism. Some acylOCn esters, whether
originating as xenobiotic- or as endogenous carboxylic acids, are directly

excreted ( 2,16,23 ). This occurs because the compound itself cannot be further
metabolized or because metabolism of the compound is prevented, often by gen-
etic enzyme deficiencies. For example, unmetabolizable trimethylacetic (e.g.
pivalic) acid is excreted in the urine as pivaloylOCn ( 18 ). Bieber et al. (23 )
discuss Cn as a detoxicant of other non-metabolizable acylSCoA esters and

provide some information on Cn assays elsewhere in this volume. People with
genetic deficiencies of medium-chain acylSCoA dehydrogenase, which normally
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oxidizes OcSCoA, or of isovaleroylSCoA dehydrogenase, which normally oxi-
dizes IvSCoA, can excrete large quantities of OcOCn and IvOCn, respectively
(24,25 ). Missing enzymes are clearly the underlying cause. But excretion of Cn
esters reflects the accumulation of acylSCoA esters and/or a deficiency of free
HSCoA ( 14,18,25 ). Either process can cause various toxic effects and are

exemplified by the toxicities of valproic acid and hypoglycin ( 18 ). But, because
free Cn can transesterify some acylSCoA esters and because it can shuttle acyl
residues between intracellular-, intercellular-, and even interorgan compart-

ments ( 16,17 ), large-scale excretion of Cn esters can precipitate a systemic

CnD ( 23,26-29). CnD can cause many effects, including muscle weakness,

fatigue, and malaise ( 7-10,30-31).

Signal and Regulatory Roles of Cn and Cn Esters

Signal potential for Cn and particularly Cn esters is substantial, but little
recognized. Stryer discusses similarities between a number of biochemical signal
molecules ( 15 ). He notes that many signal molecules are formed in a single
step from a major metabolic intermediate (see Table I). Stryer also stresses the
irreversibility of the synthesis and degradation of these signal molecules as being
critical to controlling their concentrations.

Table I. Signal Molecules Formed in One-step from a Major Intermediate

Precursor Molecule Signal Molecule
ATP Cyclic AMP
GTP Cyclic GMP
Glutamate Ggg:
Tyrosine D
Choline Acetylcholine
Arachidonate Prostaglandin PGE,
g'y-a.minobutyric acid

3,4-dihydroxyphenylalanine
SOURCE: Adapted from ref 15.

Cn esters meet one, but not both of Stryer’s criteria. Like the other signal
molecules, Cn esters are formed and cleaved in a single step involving relatively
abundant free Cn by a set of chain-length specific acylcamnitine transferases. Cn
and Cn esters have been suggested to act as integrators and regulators of the cell-
ular response to xenobiotics ( 32 ). Accordingly Stryer’s second point, namely
the irreversibility of signal synthesis and degradation, cannot be retained. Since
the effects of Cn esters are based on their concentration, to serve a integrative,
regulatory role Cn and Cn esters must be free to traverse intracellular, inter-
cellular, and interorgan compartments to affect equilibrium. Their signal or
message can be diminished or even retracted if target compartments can reverse
the'ilrht:)rmaﬁon or facili ;)t:te their excretion. ; gnali od

t excretion may be an important aspect of Cn ester signaling is suggest
because after years of study no process has been identified by which the valu-
able N-methyl groups from Cn and Cn esters are recovered. Like choline, Cn
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and Cn esters contain three N-methyl groups. But choline undergoes stepwise
degradation to betaine, N,N-dimethylglycine, and N-methylglycine, recycling
each methyl group to S-adenosylmethionine ( 33 ). In contrast there is no evi-
dence for recycling of Cn and/or Cn ester N-methyl groups. This suggests that
recycling of these N-methyl groups might interfere with some inate function. If
that function were detoxification of acylSCoA esters by excretion (as noted in
the preceding section), the absence of excretion would accrue toxic, even lethal
acylSCoA esters as occurs with certain genetic e deficiencies. This might
explain why evolution has not selected to recycle these N-methyl groups.

For Cn and Cn esters to act as integrators and regulators of the cellular
response to xenobiotics as proposed ( 32 ), these substances must have biological
actions. The actual signal and regulatory properties of Cn and Cn esters are
diverse and include antioxidant and antiapoptotic actions, effects on known sig-
nal and regulatory di)athways, as well as protein translation and nucleic acid
transcription as well as other aspects of gene expression.

Antioxidant Properties of Cn and Cn Esters. The unusual "antioxidant" action
of AcOCn has been discussed ( 34-35 ). In another example AcOCn can raise
glutathione (GSH) concentrations and reduce lipofuscin in brain ( 36-37 ). But
exactly how these "antioxidant” actions are mediated is unclear. They could stem
from the ability of acetylOCn (AcOChn) to act as an energy reservoir in sperm
( 38), in flight muscles and heart ( 16,39 ), and possibly in peripheral mono-
nuclear cells ( 40). Through catalysis by CAT AcOCn, serving as an energy
reservoir, may maintain an AcSCoA pressure for citric acid cycle oxidation
forming NADH and for NADH electron transport chain oxidation forming ATP.
Via the malate shuttle, NADH and ATP can be converted to NADPH and pro-
vide reducing equivalents for maintenance of GSH ( 41 ). Hence, facilitating the
mitochondrial citric acid cycle and the malate shuttle could explain the "anti-
oxidant" action of AcOCn. Besides increasing mitochondrial efficiency, decreas-
ing mitochondrial oxidant production has also been sugﬁested for AcOCn ( 35).
Alternatively, the indirect "antioxidant" action of AcOCn could involve
another effect of massive importance. The AcOCn "antioxidant" action might
stem from its ability to be converted to free Cn and for Cn to prevent the mito-
chondrial permeability transition (MPT). The MPT involves the opening of
large pores in the mitochondria that allow matrix contents to spill into the cell
cytosol. Opening of these pores can be associated with mitochondrial swelling,
but swelling may not always occur, even when the pores have opened ( 42 ).
With or without swelling, development of the MPT causes release of GSH
(without conversion to its disulfide), rapid oxidation of escaping pyridine
nucleotides, and consequently depletion of ATP and ADP. Hence, occurrence of
the MPT can dramatically reduce mitochondrial antioxidant protection in several
ways ( 42). Cyclosporin A (at 1uM) is a very potent inhibitor of the MPT; it
prevents loss of mitochondrial GSH, oxidation of mitochondrial pyridine nucleo-
tides, and depletion of ATP and ADP. However, the less potent, but naturally
abundant Cn (at 1 mM) may be the more relevant regulator ( 43 ). And MPT in-
hibition may underlie protection by Cn against the ATP-depleting, Parkinson-
like disease-inducing agent 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine ( 43 ).
AcOCn is not the only Cn ester antioxidant. The propionyl ester (PrOCn),
formed from PrSCoA generated by S-oxidation of odd-length fatty acids, also
has marked antioxidant effects. They arise from the specific ability of PrOCn,
but not AcOCn, to chelate iron and prevent Fenton-like reactions that can foster
lipid peroxidation ( 44 ). While the short-chain acylOCn work differently and
are more potent, studies using red blood cells, devoid of mitochondria, revealed
the long-chain ester (PmOCn) to be a secondary antioxidant, critical to rebuild-
ing oxidant-damaged cell membranes that can restrain oxidative processes ( 45 ).
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Antiapoptotic Properties of Cn and Cn Esters. Apoptotic cell death was investi-
gated in a teratocarcinoma cell line ( 46 ). Addition of fetal calf serum to the
teratocarcinoma cell line reduced DNA fragmentation to less than 5% of the
extent without fetal calf serum. Addition of AcOCn alone enhanced cell survival
and retarded both DNA fragmentation and nuclear condensation by half its
extent without the fetal calf serum. But AcOCn can only delay, not prevent apo-
ptosis ( 46 ). The authors suggested that apoptosis in these cells does not seem to
involve an oxidant mechanism, because addition of FCS does not change GSH
concentrations ( 46 ). The abilit%r:f AcOCn to delay apoptosis is also interesting
because various other work confirms that increasing AcOCn can reduce DNA
fragmentation ( 47-49 ). Perhaps the apoptosis retarding action of AcOCn arises
because it can sustain the citric acid cycle and the electron transport chain or,
alternatively, because AcOCn can be readily converted to Cn, which can prevent
the mitochondrial permeability transition ( 43 ). In this regard a structure-
activity relationship study of various Cn derivatives found that only those Cn
esters that could be converted to free Cn could prevent hepatic apoptosis ( 50 ).
But the facile interconversion between AcOCn and free Cn and ambiguity about
the antiapoptotic mechanisms were not addresssed in this study of derivatives.

Other Signaling and Regulatory Properties of Specific Cn Esters. Protein kinase
C (PKC) is a critical enzyme regulating receptor function, cellular differentiat-
ion, and carcinogenesis. Some acylSCoA esters can potentiate the activity of
PKC ( 12). If the acylOCn ester were without PKC activity, the buffering action
of Cn that converts PKC-potentiating acylSCoA esters to the corresponding acyl-
OCn ester would moderate any increase in PKC activity by reducing acylSCoA
ester concentrations. But large, bulky acylSCoA, such as those derived from
peroxisome proliferating agents that often have PKC activity ( 12 ), seem
precluded from forming acylOCn esters.

Other specific Cn esters also can also serve as cellular signals. For example,
IvOChn is a controlling factor in limiting lysosomal proteolysis-mediated muscle
degradation ( 51 ). IvOCn is also associated with a specific form of proteolysis;
IvOCn can activate a form of the calcium-activated neutral proteases, called the
calpains-II ( 52 ). The calpains-II target for destruction those proteins involved
in the cytoskeleton that connect the mitochondria and other organelles ( 53 ).

In contrast, the long-chain C-16 PmOChn plays integral roles in the cell as a
product of CPT-1 and as substrates for CnT and CPT-II. But PmOCn itself also
has clear signaling and regulatory properties. While conversion of acylSCoA to
acylOCn might moderate any acylSCoA-linked increases in PKC, if the acylOCn
ester is devoid of PKC action, one specific acylOCn, namely the long-chain Pm-
OChn, is also a powerful inhibitor of PKC ( 54-55 ). Because PmOCn can accrue
under a variety of physiological conditions, its antiPKC actions could reflect
evolutionary protection. But PmOCn also has detrimental properties, which
include the inhibition of CAT ( 23 ), increased ion flux ( 56-58 ), uncoupled
cells (59 ), inhibited gap junction transmission ( 60 ), and a strong arrhythmic
effect on heart ( 61 ).

Cn and Cn Esters Can Affect Protein Translation and Nucleic Acid Transcript-
ion. The ability of Cn and its esters to affect gene expression (GE) and protein
production affords these substances additional regulatory potential. Several
instances have been identified where Cn and/or its esters control protein
translation ( 62 ), protein function ( 63-64 ), key cellular receptors ( 65 ), and
even GE. Association between Cn and Cn esters and GE became most evident
with the recent discovery of a genetically CnD mouse strain ( 66 ); these juv-
enile visceral steatosis (jvs) mice show hepatic fat deposition, hepatomegaly,
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and impaired urea cycle enzymes. Administration of Cn alleviates these prob-
lems; moreover, it actually restores to normal the reduced concentrations of
mRNA’s for the affected urea cycle enzymes. CnD jvs mice also produce high
concentrations of the mRNA’s for the tumor-linked proto-oncogenes (POG) c-
Jjun and c- fos and also for a-fetoprotein and aldolase A, which are typically
expressed in undifferentiated or de-differentiated hepatocytes ( 67 ). Production
of the AP-1 transcription factor (a tetradecanoylphorbol acetate-responsive
binding element) might underlie the problems encountered by jvs mice ( 66 ).

CnD and Cn ester formation could increase protein products by increasing
mRNA transcription or by reducing mRNA degradation OR they could increase
protein translation or decrease protein degradation. And CnD and/or Cn esters
seem to act in many ways to affect protein concentrations. Not only does CnD
increase mRNA for c-jun and c-fos POG, but AcOCn, for example, enhances the
integrity of cytochrome C oxidase by increasing subunit I mRNA ( 64 ). The
specific mechanism underlying either increase in mRNA is unclear, however. A
reduction in antioxidant, short-chain acylOCn esters may also be relevant to
transcription, since oxidative conditions can activate transcription factors that
produce c-jun, c-fos and other POG protein products ( 68-69 ).

Both Cn and AcOCn have been shown to prevent the degradation of specific
proteins. In this regard feeding Cn with an ethanol (EtOH) diet increased micro-
som:ldgtochrome P-450 CYP2EI isozyme content significantly higher than that
affor by EtOH alone ( 70 ). In this case Cn had no effect alone and it did not
affect mRNA concentrations. Exactly how Cn affords this increase in CYP2E1
protein is not known. However, a recent discovery is pertinent to this issue.
AcOCn acts as an antioxidant to prevent the degradation of certain post cardiac
arrest brain proteins ( 71 ). This discovery suggests that the increase of CYP2E1
P-450 protein by EtOH + Cn might involve addition of Cn to the EtOH metab-
olite acetic acid to form AcOCn. Then, AcOCn could act as an antioxidant to
protect the P-450 isozyme against oxidative processes.

Cn and Cn Esters Can Affect GE. Recent evidence suggests that Cn esters have
the potential to affect DNA transcription directly. DNA is wound about a multi-
protein nucleosome core that is composed of histones, containing many strongly
basic amino acids. These basic amino acids bind the strongly acidic phosphate
anions of the phosphate groups that connect the DNA bases, which wrap around
the nucleosome. In addition to binding the protein core, these histones contain
tails with more basic amino acids. These tails reach around to cover the top
surface of the DNA. N-Acetylation of the basic amino acids in this tail removes
their positive charge, releasing the acetylated tails from their grasp on the
phosphate anions of DNA, enabling nucleosomal conformational changes and/or
faciliting transcription factor binding. Histone tail release must happen for DNA
transcription to occur and consequently, acetylation of histones is strongly
correlated with actively transcribed DNA ( 72-73 ).

In principle, deacetylation of these tails restores histone-to-DNA binding and
would terminate the active transcription process. Hence, inhibition of deacetyl-
ation should foster the transcription process. Much evidence indicates that 10
mM sodium butyrate inhibits deacetylation of histones. And, prevention of dea-
cetylation by butyrate causes hyperacetylation of histone H4 and produces
strong, but uncoordinated gene activity resulting in a dominant lethal mutation
in the fruit fly Drosophila melanogaster ( 74 ). Recently PrOCn, and to a lesser
extent AcOCn have been found to inhibit histone deacetylation nearly as well as
butyrate ( 74 ). Hence, formation of large amounts of short-chain acylOCn
should, in principle, foster not only CnD but GE, both of which may enhance
DNA accessibility to transcription factors. This possible new role for short-chain
acylOChn in transcription also raises another question. Just as PrOCn was found
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to inhibit histone deacetylation, might butyr{lOCn mediate butyrate actions and
might longer Cn esters, like peroxisomally-produced OcOCn, have similar
effects on transcription?

Cn and Cn Esters as Biomarkers of Envi oxicological Exposure

Free HSCoA and acylSCoA esters have many signal and regulatory actions ( 12,
14,18), but their actions are constrained to cytosolic/peroxisomal or to mito-
chondrial comgamnents by impermeable membranes. By virtue of its buffering
function, the Cn system reflects the status of the free and acylSCoA in those
compartments. But unlike the thioesters, Cn and Cn esters can use the CnT to
freely cross the membranes. Hence, it is not unreasonable that Cn and Cn esters
have the potential to signal and regulate, as the above discussion illustrates.
Following is but one example, albeit an example with hundreds of causative sub-
stances, where perturbations in the steady-state balance between free Cn and its
esters, termed Cn perturbations (CnP), illustrates the potential of CnP as a
biomarker of non-genotoxic tumorigenicity.

Cn and Cn Ester Perturbations May Explain Peroxisomal Proliferating Agent(s)
(PPA)-Induced Tumorigenicity. Structurally-diverse PPA, which include the
important drugs aspirin, ibuprofen, and gemfibrozil and the herbicides bifon-

azole, dicamba, and the phenoxyacetic acids, cause hepatomegaly by increasing
both the number and size of liver cells. PPA generally produce hepatic tumors in
rats and mice, which do not involve alteration of DNA ( 75-76 ). Hence, under-
standing the mechanism by which these non-genotoxic agents produce their

effects 1s of great importance to risk-assessment for humans ( 75-76 ).

PPA and POG Expression. PPA uniformly increase expression of POG c-
Myc, but they also increase expression of H-Ras (77-78 ). Induction of c-myc
protein often follows c-jun and c-fos }n'oteins ( 68,79 ). Induction of c-jun and
c-fos also occurs in CnD jvs mice ( 67 ). PPA-induced expression of c-myc may
be connected to the transient CnD and acylSCoA mediated-increases in calcium
and PKC or to oxidative reactions ( 68 ) that increase formation of the oxidation-
derived pigment lipofuscin after PPA exposure ( 76 ). Interestingly, CnD shows
considerable pathological parallel to peroxisomal proliferation (PP); animal and
human CnD shows a pleiougpic response involving hepatomegaly and liver PP
€ 30), and other common eftects ( 7,14,25,65 ).

PPA Reduce Hepatic Apoptosis. Besides effecting changes that increase POG
expression, PPA, like nafenopin for example, also decrease hepatic apoptosis
( 80). Other potent PPA, including Wyeth 14,643, have a similar effect in
vitro (Roberts, R. A., Zeneca Central Toxicology Laboratmz, personal com-
munication, 1995). The immediate and prolonged increase in AcOCn caused by
PPA may be a major factor relevant to tumor development, because AcOCn
itself can retard normal hepatic cell apoptosis.

Tumor Development Oftea Seems Linked to Increased POG Expression and
Reduced Apoptosis. Increasingly tumor development seems correlated with both
increased POG expression and reduced tosis. Three studies illustrate this
point ( 81-83 ). Immortalized rat lung fibroblasts were transfected with plasmids
containing three genomes or combinations thereof. Cell proliferation rates of
thirteen transformed genomes were found to vary relatively little, but apoptosis
rates differed considerably and were the biggest determinant of cell population
increases. These genomes were injected into immune-suppressed mice to produce
tumors. Tumors derived from fibroblast cell lines having high rates of apoptosis
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grew slowly. Tumors derived from fibroblast cell lines with low rates of apo-
ptosis grew rapidly. Hence, the authors concluded that the specific POGs being
expressed seem to determine the apoptosis rate ( 81 ).

In neuroblastomas bcl-2 POG promotes cell growth by preventing apoptosis.
In humans with this type of tumor, bcl-2 antibodies were most strongly assoc-
iated with "unfavorable histology,"” according to the Shimada classification sys-
tem, and with Neuroblastoma N-myc gene amplification suggesting that ex-
pression of this POG may be relevant to tumor development and/or progression
of malignancy ( 82).

PC3 human prostate cells contain a variant called PC3-(R) that is round and
antineoplastic drug-resistant. While PC3 cells undergo apoptosis in response to
such drugs, PC3(R) cells do not. PC3(R) cells do, however, express 2-3 times
more bcl-2 than the parental cell line and also overex&ress POG c-jun, c-
myc, and H-ras. Hence, expression of bcl-2 and/or the other POG would seem
to contribute to the differential apoptosis and chemosensitivity of the round
versus parental cell line ( 83 ).

PPA Cause CnP. After weeks of exposure, PPA substantially increase both
free Cn and AcOCn and dramau;ae;lly raise hepatic CAT activity. Major increa-
ses in CAT activity is one of several definitional biomarkers of a PPA ( 76 ).
Other studies of PPA have found decreased free HSCoA and increased PPA-der-
ived acylSCoA, as well as decreased free Cn and increased AcOCn immediately
after PPA exposure ( 26-28,84 ). This suggests a short period of hepatic CnD,
followed by a substantial long-term increase in free Cn. Hence, PPA uniformly
affect changes composed of an early CnP (transient CnD with increased AcOCn)
as well as long-term CnP (increases in both Cn and AcOCn).

CnP May Mediate PPA-POG Expression and PPA-Apoptosis. GE, apo-
ptosis, and CnP occur in response to PPA administration. Since early CnP
(transient CnD with increased AcOCn) can have the same effect on GE (in-
creased) and apoptosis (decreased) as does PPA, CnP may underlie PPA-medi-
ated tumors. Hence, it is possible that increased POG/GE and decreased apo-
ptosis may be better defined in terms of these molecular CnP and therefore CnP
could better exlll)lain PPA tumorigenicity than other proposed theories ( 32 ).
Moreover, such CnP support the premise that the Cn system may be an integra-
tor/regulator of the cellular response by the organism to its environment ( 32).

CnP Reflect Important and Subtle, but not Sweeping Changes. Although more
details could be presented, sufficient basis has been provided to make clear this
hypothesis that CnP have the potential to be highly relevant biomarkers of
exposure at least for the non-genotoxic PPA class of hepatic tumorigens.

In the effort to elucidate and to utilize biomarkers, it is often tempting to
overestimate their importance. In this regard it is interesting that not all toxic
substances cause dramatic Efrturbations of Cn and Cn esters. For example, a
toxic dose of carbon tetrachloride, which exerts its effect after P-450 activation
to covalent binding intermediates, raises free Cn and short- and long-chain
acylOCn esters but does not greatly preturb the acylOCn to free Cn ratio in liver
or serum ( 85 ). Addition of supplemental free Cn does, however, increase the
acylOCn/free Cn ratio in serum, although it is without effect in liver ( 85 ).
Hence, it seems reasonable that the CnP mentioned herein may have interesting
utility as a possibly selective biomarker of subtle, non-genotoxic changes. Sub-
stantial research is necessary, however, to determine the full potential and scope
of CnP in non-genotoxic tumorigenicity.
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Legend of Symbols

CAT, camitine acetyl transferase; CnD, carnitine deficiency; CnP, camnitine per-
turbations; CnT, carnitine translocase; COT, carnitine octanoyltransferase;
CPT-I or CPT-II, carnitine palmitoyl transferase I or II; GE, gene expression;
GSH, glutathione; MPT, mitochondrial permeability transition; PKC, protein
kinase C; POG, proto-oncogene; PPA, peroxisome proliferating agents.

Cn, carnitine; acylOCn, acylcarnitine; AcOCn, lcamitine; PrOCn, pro-
pionylcarnitine; IvOCn, isovaleroylcarnitine; OcOCn, octanoylcarnitine;
PmOChn, palmitoylcarnitine.

HSCoA, coenzyme A; acylOSCoA, acylcoenzyme A; AcSCoA, acetylcoen-
zyme A; PrSCoA, propionylcoenzyme A; IvSCoA, isovaleroylcoenzyme A; Oc-
SCoA, octanoylcoenzyme A; PmSCoA, palmitoylcoenzyme A.
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Chapter 11

L-Carnitine as a Detoxicant
of Nonmetabolizable Acyl Coenzyme A

L. L. Bieber, Z. H. Huang, and D. A. Gage

Department of Biochemistry, Michigan State University,
East Lansing, MI 48824—1319

Liver contains short-chain, medium-chain, and/or long-chain carnitine
acyltransferases associated with mitochondria, peroxisomes, and
microsomes. These data, plus the demonstration that elevated levels of
acylcarnitines can occur in human urine due to impaired metabolism of
specific acyl-CoAs, strongly support roles for L-carnitine in both modulat-
ing the acyl-CoA:CoA ratio and being an acceptor of specific non-
metabolizable acyl-CoAs. Heretofore, an overlooked aspect of this
metabolic problem has been the impact and implications of the inhibitory
effects of acyl-CoAs, such as palmitoyl-CoA, on the short-chain carnitine
acyltransferase activity. Herein, we show that palmitoyl-CoA is a potent
inhibitor of carnitine acetyltransferase and that a secondary carnitine
deficiency associated with a renal loss of carnitine can result in urinary
excretion of specific a-keto acids that are substrates for the branched-chain
a-keto acid dehydrogenase, pyruvate dehydrogenase, and a-ketoglutarate
dehydrogenase. These latter data indicate mitochondrial carnitine deficiency
can result in inhibition of mitochondrial a-keto acid dehydrogenase activity.

Although the pioneering studies of Bremer () and Fritz (2) concomitantly established a role
for L-carnitine in the mitochondrial 8-oxidation of long-chain fatty acids, multiple roles for
L-carnitine in intermediary metabolism are strongly supported by data showing: 1) tissues
such as liver contain a family of carnitine acyltransferases with overlapping acyl-CoA
specificities, 2) peroxisomes, endoplasmic reticulum, and mitochondria all contain short-
chain, medium-chain, and long-chain carnitine acyltransferase activity, and 3) the medium-
chain/long-chain enzyme is a different protein in each organelle (3,4). Each of the above-
mentioned organelles contain at least two enzymes with broad acyl-CoA specificities capable
of reversibly catalyzing the conversion of C, to greater than C,, acyl-CoAs to acylcarnitines
as shown below.

Although three different enzyme types, CAT, COT, and CPT, are shown, it should
be recognized that COT and CPT use the same substrates. The medium-chain/long-chain
carnitine acyltransferase was designated a COT because of its kinetic preference for
medium-chain acyl-CoAs, while others refer to the enzymes as CPT on the basis of
functional considerations.

0097—-6156/96/0643—-0140$15.00/0
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Reactions Catalyzed
1. CAT (Carnitine Acyltransferase)

Short-Chain Acyl-CoA
+ Short-Chain Acylcarnitine
L-carnitine +

CoASH
2. COT (Carnitine Octanoyltransferase)
Medium-Chain/Long-Chain Acyl-CoA

+ Medium-Chain/Long-Chain Acylcarnitine
L-carnitine +
CoASH
3. CPT (Carnitine Palmitoyltransferase)

Long-Chain/Medium-Chain Acyl-CoA
+ Medium-Chain/Long-Chain Acylcarnitine
L-carnitine

+
CoASH

The majority of our studies with CAT have focused on its roles 1) in catalyzing the
reaction in which L-carnitine serves as an acceptor for non-metabolizable acyl-CoA
derivatives and 2) in modulating the acyl-CoA:CoA ratios intracellularly. Support for such
roles has come from studies on human disease states which produce secondary carnitine
deficiency (5-8) and from mitochondrial studies documenting a direct effect of carnitine on
specific acyl-CoA:CoA ratios (9,10). However, the potential inhibitory effect of specific
acyl-CoAs on the activity of carnitine acyltransferases that do not use the specific acyl-CoA
as a substrate has received little experimental attention. Herein, we show that palmitoyl-
CoA strongly inhibits CAT and that a secondary carnitine deficiency due to renal carnitine
loss can promote excessive excretion of specific a-keto acids.

Assays

CAT was assayed spectrally at room temperature in a 260 pl reaction mixture containing
50 mM potassium phosphate buffer, pH 7.4, 200 uM dithiopyridine, 98 uM acetyl-CoA,
and 1 pl of dialyzed commercial pigeon breast muscle CAT, diluted 1:10 in potassium
phosphate buffer. Reactions were normally started by addition of 19.5 mM L-carnitine and
the change in optical density at 324 nm monitored (full-scale = 1 OD unit, charge speed
2 cm/minute). For figure 1, 10 ul of palmitoyl CoA, final concentration 98 uM, was added
where indicated. For figures 2 and 3, the enzyme was preincubated with palmitoyl-CoA
and acetyl-CoA for 1 minute and the reaction initiated with L-carnitine. Palmitoyl-CoA
concentration was varied as shown in the graphs. Assays were performed at room
temperature, 25°C. A minimum of three separate runs were done for each curve. Extracts
for determination of free and total carnitine were prepared as described (11), and free
carnitine was quantitated by the radiochemical method of Cederblad and Lindstedt (12).
Total carnitine was assayed as described above, after alkaline hydrolysis.

Effect of Carnitine on Short-chain and a-Keto Acid Metabolism
It is well established, from investigations of secondary carnitine deficiency produced by

some organic acid acidurias, that L-carnitine can serve as an acyl acceptor for some non-
metabolizable acyl moieties (5,6); in humans, the urinary acylcarnitire profile can be used
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Figure 1. Effect of palmitoyl-CoA on CAT reaction rate.
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Figure 2. Effect of increasing palmitoyl-CoA concentration on CAT.
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Figure 3. Kinetic analyses of the inhibitory effect of palmitoyl-CoA on CAT. The
Y values shown on the graph are in the same order as the symbols.
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for diagnostic purposes. Table I shows the urinary acylcarnitine profile of an individual
with impaired propionyl-CoA metabolism (sample provided by J. M. Saudubray). For the
data in Table I, pivaloyl-L-carnitine is the internal standard and the DMCPE (N-
demethylcarnitine propyl esters) derivatives were determined by GC-MS analyses as
described (13). Note that the amount of propionyl-L-carnitine was 8- to 10-fold higher than
the next most abundant acylcarnitine, (i-5:0) isovalerylcarnitine. The excreted acyl
conjugated to carnitine in some disease states can greatly reduce tissue and blood carnitine
levels which, in severe cases, may be life-threatening.

TABLE 1. Urinary Acylcarnitine Profile of an Individual
with Compromised Propionyl-CoA Metabolism

246 3:0 206
274 pivalyl (internal standard) 100
274 i-5:0 26
288 6:0 18
286 6:1 9
330 9:0 isomer or DC 4:1 23
316 8:0 16

Since no adequate animal model exists for secondary carnitine deficiency, the
metabolic basis or underlying cause for the clinical crisis is often not readily apparent.
Some years ago, in response to an attending physician’s request, we performed carnitine and
acylcarnitine analyses on urine, blood, and biopsied samples from a child in crisis.
Previous tissue biopsies had shown muscle lipid droplets surrounded by mitochondria,
indicative of a carnitine deficiency syndrome. As shown in Table II, the serum levels of
free carnitine were approximately 10% of normal values, and the levels of total carnitine
were approximately 20% of normal values. Similarly, the free carnitine levels of muscle
and liver were 10-15% of control values. Gas chromatographic/mass spectrophotometric
analyses of the urinary organic acids were performed by the MSU Mass Spectrophotometry
Facility. As shown in the analysis C column of Table II, the 24-hour urinary output of
pyruvate and a-ketobutyric acid was greater than 50-fold that of controls, while the 24-hour
urinary output of a-ketoisovaleric, a-ketoisocaproic, and a-ketoglutaric acid was greater
than 10-fold above control values.

Each of these a-keto acids is a substrate for one or more of the mitochondrial a-keto
acid dehydrogenases; their greatly elevated urinary levels strongly indicate an impairment
in a-keto acid dehydrogenase function. Although the serum level of total carnitine was
approximately 20% of normal, as shown in analysis D of Table II, the total urinary output
of carnitine plus acylcarnitines was between 1.3- and 1.9-fold greater than the 24-hour
output for controls. These data strongly indicate the patient had muscle and liver carnitine
deficiency which compromised the normal functioning of the mitochondrial a-keto acid
dehydrogenases, pyruvate dehydrogenase and branched-chain a-keto acid dehydrogenase,
as well as a-ketoglutaric acid dehydrogenase of the TCA cycle.

The basis for the elevated excretion of specific a-keto acids metabolized by
mitochondria is not known; the acids shown in Table II are the only ones which deviated
from normal values. The possibilities are that the reduced carnitine levels resulted in less
capacity to adequately buffer the acyl-CoA:CoA ratio with subsequent decreases in free CoA
and increases in acyl-CoA, both of which could reduce a-keto acid dehydrogenase activity.
Reduced free CoA levels could directly compromise the activity, since it is a substrate for
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the dehydrogenases and increased acyl-CoA levels could, via short-term metabolic allosteric
control, inhibit the dehydrogenases. CoA and acyl-CoA analyses were not done due to the
very limited quantities of material. Daily oral carnitine therapy relieved some of the
symptoms (personal communication of the physician); consequently, additional diagnostic
data were not required. The fact that oral carnitine rapidly relieved the clinical symptoms
strongly indicates that carnitine facilitates the action of intramitochondrial a-keto acid
dehydrogenases. The elevated excretion of substrates for pyruvate dehydrogenase and o-
ketoglutaric dehydrogenase is surprising and was not anticipated. In contrast, a facilitory
role for carnitine in a-ketoisovaleric and a-ketobutyric acids which are substrates for the
branched-chain a-keto acid dehydrogenase has previously been proposed (4). These acids
are derived from the branched-chain amino acids, leucine and valine, and a-ketobutyrate
is an intermediate in methionine metabolism.

TABLE II. Carnitine Status of a Patient with a Renal Carnitine Leak

Normal 17.1 8.2
Patient 1.9

pyruvic > 50X
a-ketobutyric > 50X
a-ketoisovaleric > 10X
a-ketoisocaproic > 10X
a-ketoglutaric > 10X

24-hour urine at week-
ly intervals 1.4,13,19
|

Effect of Palmitoyl-CoA on CAT Activity

During investigations into the mode of action of a potent inhibitor of CPT, etomoxiryl-CoA,
it was shown that this long-chain, hydrophobic acyl-CoA is an inhibitor of CAT (14). This
finding raised the possibility that other, including normal long-chain acyl-CoAs might be
inhibitory to the short-chain carnitine acetyltransferase. Figure 1 shows the effect of adding
98 uM palmitoyl-CoA to a reaction mixture containing 98 uM acetyl-CoA, carnitine, and
pigeon breast muscle CAT. Within one minute after addition of the palmitoyl-CoA, greater
than 90% inhibition occurs. The response of CAT to varying concentrations of palmitoyl-
CoA at a fixed concentration, 98 uM, of acetyl-CoA is shown in Figure 2. The apparent
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K; for palmitoyl-CoA is 3 uM, which is the same as the 3 uM value for etomoxiryl-CoA,
using essentially identical incubation conditions and the CATs purified from liver
peroxisomes, liver mitochondria, and pigeon breast muscle enzyme (I4). Mixed-type
inhibition was obtained for the peroxisomal and mitochondrial liver enzyme, and
uncompetitive inhibition was obtained for the pigeon breast enzyme. The inhibition type
was investigated by determining velocity vs. substrate concentration analyses at palmitoyl-
CoA concentrations 1, 2, and 3 times the apparent K;; double reciprocal plots of such data
are shown in Figure 3. Palmitoyl-CoA did not behave as an uncompetitive inhibitor;
however, additional experiments are needed to determine the exact inhibition type.

The surprisingly potent inhibitory effects of palmitoyl-CoA on CAT raise some
interesting questions about the physiological response of CAT to palmitoyl-CoA, particularly
in the matrix of mitochondria where long-chain acyl-CoA may be relatively abundant. The
data are consistent with fatty acid oxidation in liver mitochondria being ketogenic and with
the limited acetylcarnitine production by heart mitochondria from fatty acids when compared
to pyruvate as substrate (9,/0). The 50% inhibition of CAT by low concentrations of
palmitoyl-CoA (in our studies, the K; was approximately 3 uM) provides a reasonable
explanation for the minimal or limited acetylcarnitine production by mitochondria oxidizing
fatty acids under conditions in which acetyl-CoA levels would be expected to be reasonably
abundant. These data raise the intriguing possibility that some of the unusual acyl-CoAs,
in which carnitine serves as a metabolic detoxicant, might partially inhibit CAT when their
levels increase. If such inhibition were sufficiently great to limit the capacity of CAT to
modulate or buffer the acyl-CoA:CoA ratio, this could have profound metabolic
consequences. One wonders if some of the symptoms, produced by secondary carnitine
deficiency that can be alleviated by oral carnitine therapy, are caused by a major imbalance
in the acyl-CoA:CoA ratio due to reduced CAT activity as a consequence of unusual acyl-
chain inhibition of CAT.

Conclusions

The data presented herein clearly show a greatly enhanced a-keto acid excretion in urine
from an individual with secondary carnitine deficiency. These data strongly support an
indirect role for carnitine in the mitochondrial metabolism of specific a-keto acids, likely
via partial inhibition of the mitochondrial a-ketoglutarate dehydrogenase, the mitochondrial
branched-chain keto acid dehydrogenase, the pyruvate dehydrogenase, as well as the o-
ketobutyrate dehydrogenase complex. Similarly, the finding that palmitoyl-CoA is a potent
inhibitor of CAT strongly indicates that during mitochondrial oxidation of long-chain fatty
acids, conversion to acetylcarnitine is restricted and preference is given to the TCA cycle,
as well as ketogenesis in liver. These results also provide an explanation for why pyruvate
is a superb source of mitochondrial acetylcarnitine efflux, while substrates such as octanoate
are poor precursors of acetyl-L-carnitine.
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A reporter gene system (RGS) assay has been implemented using a
human liver cancer cell line, 101L, which carries the human CYPIA ]
gene promoter linked to the firefly luciferase gene. The exposure to
these cells with Ah receptor ligands leads to the induction of luciferase
activity. From 6 to 18 hours after application of an organic extract of
water, tissue, or soil, the reaction is stopped by rinsing, the cells are
lysed and the extract is measured for luminescence. Induction of
luciferase activity by such compounds as dioxin, dioxin-like PCB
congeners (coplanar), and polycyclic aromatic hydrocarbons (PAHs)
infers these xenobiotics are present at levels that are potentially toxic,
carcinogenic, or mutagenic to organisms. Solvent extracts (using
standard extraction methods, EPA 3550) of aquatic sediments, soils, and
mussel tissue have been directly applied to these cells. Results
produced in the last year show that significant induction from
concentrations of inducer compounds, that if present in a typical 40 g
sample, would be (in ng/g or ppb): 0.008 for Dioxin; 0.063 for Furan;
6.2-2000 for a range of coplanar PCB congeners; 6.2-7500 for specific
PAHs; and 250 for a mixture of PAHs. Comparisons between the EPA
Toxic Equivalent Factors (TEFs) and those generated from RGS testing
differ considerably. While most PCBs are significantly lower than
dioxin (as EPA estimates), some of the PAHs tested exhibit higher
TEFs than PCBs. Testing a wide geographic area for the presence of
the above chemicals can be performed rapidly, with sensitivity and
specificity using the RGS assay.

Dioxins, polychlorinated biphenyls (PCBs), and polycyclic aromatic
hydrocarbons (PAHs) are primarily regulated due to their toxicity and

0097—-6156/96/0643—0150815.00/0
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persistence in the environment. A human tissue culture cell line, 101L (1), has
been implemented as a biological screen (2) to detect these contaminants in
environmental samples.

These agents, which are known Ah-receptor (AhR) ligands, bind to the AhR
and stimulate a series of signal transduction events that lead to the nuclear
uptake of the receptor, culminating in transcriptional activation of AhR
responsive genes (3). The CYPIAI gene, which encodes a benzo[a]pyrene
hydroxylase P450, is a target of the AhR complex, and in the presence of
ligand culminates in a significant increase in the rate of gene transcription. In
101L cells, the CY P14 I gene promoter and 1800 bases of flanking regulatory
DNA that contain AhR enhancer recognition sequences (4) have been linked
to the firefly luciferase gene (Reporter Gene System), and this chimeric stably
integrated into HepG2 cells. Therefore, any stimulus that activates the AhR and
facilitates its migration to the nucleus results in transcriptional activation of the
CYPIA 1 gene promoter, which can be quantitated by measuring the relative
fold increase in cellular luciferase activity. While the term CYP1A1 reporter
gene system is a more accurate description of the assay, recognition of the
importance of P450 induction in environmental studies led us to use the term
P450 RGS. In this paper and subsequent publications, RGS will be used to
aviod conflict with accepted terminology. Since many of the agents that serve
as AhR ligands are potentially carcingoenic, the RGS assay can be used as a
meaningful measure of relative toxicity and potential carcinogenicity. The
advantage of this method over analysis of inducible P4501A1 or quantitation
of its mRNA (5-8) is the assays simplicity and the ability to measure multiple
samples quickly and accurately. .

Safe (9) has reviewed the biological effects associated with exposure to
many chlorinated organics, including dioxins and PCB congeners. The Toxic
Equivalent Factors (TEF) proposed by Safe (9) for PCBs, and those for dioxins
and furans, used by the Environmental Protection Agency (10) can be used to
estimate the overall cancer risk of an environmental sample containing
concentrations of these chemicals. First, the products of individual TEF values
and their concentrations in the sample are calculated. Then, the sum of these
products is used to estimate the overall Toxic Equivalents (TEQ) of a sample.
One of the major factors used to establish a TEF for a specific compound is the
ability of the chemical to induce benzo[a]pyrene hydroxylase activity. It has
been demonstrated that the relative P4501 A1 (AHH) induction levels, decrease
by about an order of magnitude from dioxin to coplanar PCBs, to mono-ortho
PCB congeners. Another factor used to evaluate the toxicity of compounds,
such as receptor binding, was also found to decrease by approximately a factor
of 100 from dioxin to coplanar PCBs, to mono-ortho coplanars. An order of
magnitude difference in the ability of dioxin and PCBs to induce in mouse cells
a chimeric reporter gene under the control of AhR enhancer sequences has also
been demonstrated (11). Previous studies from our laboratory using 101L cells
(RGS) has shown there is a decrease by approximately 100 in CYP1Al
induction potential between dioxin and PCB #126, and about 100 between this
congener and the other coplanar PCBs (2).
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One of the agencies required to deal with the contamination of
sediments from dioxins, PCBs, and PAHs is the U.S. Army Corps of Engineers.
McFarland et al. (12) have suggested that approaches such as the RGS assay
will become an acceptable alternative to the expensive analytical chemical
methods of measuring dioxin TEQs. In another report, he and co-workers (13)
described the results of intercomparison studies conducted in their laboratory.
They have found that the RGS method was more rapid, sensitive, and less
expensive than other tests evaluated.

Objectives. The objective of this paper is to provide an overview of how a
rapid screening technique can be used to estimate the Toxic Equivalent Factors
(TEFs) for dioxins, PCBs and PAHs in environmental samples. We believe
there is a need to compare these three classes of toxic organic compounds on
a equal basis to accurately determine the relationships between the chlorinated
and non-chlorniated hydrocarbons. The testing methods, data on standards, and
the analysis of field samples will be described.

Materials and Methods

Test System. A description outlining the construction of the chimerics and the
cell line (1) and the use of these cells in assays with standard solutions and
sediment extracts (2) has been reported. Cells (101L) used as the CYPIA ]
reporter gene system (RGS) were derived from the human hepatoma cell line
HepG2. These cells carry a single copy of a stably integrated plasmid that of
the human CYPIA I promoter and 5'-flanking sequences fused to the firefly
luciferase gene (1). The human CYP1A1 promoter and flanking DNA contain
three AhR specific xenobiotic responsive elements that bind the liganded AhR.

Cells were grown in Dulbecco's modified Eagle medium supplemented
with 10% fetal calf serum and in 0.4 mg/mL G418. Compounds used as
reference inducers (2,3,7,8-dioxin, TCDD and benzo[a]pyrene) were applied in
dichloromethane (DCM), and control cells were given DCM alone. Induction
from the DCM (at 0.1 % or less) was used as unity in the calculation of fold
induction. The RGS fold induction values reported are the means of three
replicates. Standard deviations for the three replicates were generally ten
percent of the mean or less. Between test variations obtained with a 10 nM
(3.2 ng/ mL) concentration of 2,3,7,8-TCDD, used as a reference toxicant, were
relatively small (140 fold induction + 22 S.D.). Samples of soil, sediment or
tissue applied to the cells were prepared in dichloromethane (DCM) by the
EPA method 3550. When 20 pL or less of DCM was added to 2 mL of
medium (0.1%) in the test well, cells remained viable as measured by trypan
blue dye exclusion. The reaction time used in this study for induction of cells
was 18 hours. Previous studies (1) have shown that reaction times of 6 and 12
hours are also appropriate, but by 24 hours there is a significant decrease in the
RGS response on exposure to benzo(a)pyrene and benzo(a)anthracene.
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Luciferase assays were as previously described (1,2). The cells were
lysed with a lysis buffer, and cell lysates were centrifuged. The supernatant
(50 pL) was used in luciferase assays started by injection of 100 pL of
luciferin. Light output was measured with a 96-well luminometer (Dynatech
ML 2250, Chantilly, VA). Luciferase activities in the samples were first
expressed as relative light units (RLU), and then converted to fold induction
vaules, by dividing by the RLU of the solvent control.

Test Substances. Specific PCB congeners used in this study will be
discussed by number, but the chemical formulae of the compounds are also
listed in Tables I and I. It should be noted that the Toxic Equivalent Factors
(TEFs) for dioxins and specific PCB congeners (Table I) are all related to the
toxicity of 2,3,7,8-TCDD, but those of the polycyclic aromatic hydrocarbons
(PAHs) have only thus far been related to benzo(a)pyrene (14). A mixture of
non-coplanar PCBs was prepared to be certain the test system was specific to
coplanar and mono-ortho coplanar compounds. Table II lists the specific PCBs
in this mixture, and the concentrations of each. Table III lists the
concentrations of individual pesticides and three-ring PAHs that have been
tested. Specific PAHs were combined in an experimental mixture (Table IV)
to simulate an environmental sample, and this mixture was used to test the
response of the RGS.

The levels of specific toxicants added to the cells are expressed as the
final weight (ng or pg) in the 2 mL of media, bathing the cells, or as the final
concentration (in ng/mL, ppb) in the cell medium. Since 3.2 ng/mL (10nM)
of TCDD is used with the each test, the response to this reference toxicant can
be used to convert the average fold induction values of the samples into
estimated dioxin (TCDD) equivalents (in ng/g). We have used this same
approach to express the RGS responses in terms of benzo(a)pyrene equivalents
(in pg/g).

Normal procedure is to extract forty gram samples of soil or sediment
(wet) with DCM, and then reduce the volume to 1 mL. When 20 pL of these
extracts are applied to 2 mL of medium in the wells, the concentration of
contaminant in the soil (in ng/g) is a factor of 2.5 greater than the concentration
in the exposure solution (in ng/mL). Therefore, this factor may be used to
convert data we present in terms of exposure concentrations to those in the soil
that would produce the same response. We will also present the data in terms
of TEF values, producing a specific level of RGS induction.

Results

Responses to Standards. Initial use of these cells (1) described the
induction of CYP1A1-luciferase activity with differing concentrations of dioxin
and PAHs, while more recent experiments (2) have documented the use of 5
coplanar and mono-ortho coplanar PCB congeners. Figure 1 presents these
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Table I. Toxic Equivalent Factors for Dioxins,

PCBs and PAHs

CHEMICALS TEFs
2,3,7,8-TCDD 1(a)
1,2,3,7,8-PeCDD 0.5
1,2,3,4,7,8-HxCDD 0.1
1,2,3,6,7,8-HxCDD 0.1
1,2,3,7,8,9-HxTCDD 0.1
1,2,3,4,6,7,8-HpCDD 0.01
1,2,3,4,6,7,8,9-0CDD 0.001
3,3',4,4',5-PCB (#126) (b) 0.1 (b)
3,3',4,4',5,5'-HCB (#169) 0.05
2,3,4,4',5-PCB (#114) 0.0001
3,3',4,4-TCB (#77) 0.01
2,3,4,4',5-PCB (#156) 0.0002
Benzo(a)pyrene (c) 1(c)
Benzo(a)anthracene 0.1
Benzo(b)fluoranthrene 0.1
Benzo(k)fluoranthrene 0.01
Chrysene 0.01
Dibenzo(a,h)anthracene 1
Indeno(1,2,3-cd)pyrene 0.1
(a) Reference (10)
(b) Reference (9)
(c) TEF values for PAHs are relative to B(a)P,

and not Dioxin (14).
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Table IL. Non-coplanar PCBs Present in the Test Mixture Applied

155

to the RGS Assay
Number Compound Concentration
(ug/mL)
15 4,4’-dichlorobiphenyl 237
28 2,4,4’-trichlorobiphenyl 7.72
52 2,2°,5,5’-tetrachlorobiphenyl 8.99
49 2,2’4,5’- tetrachlorobiphenyl 5.76
47 2,2’,4,4’- tetrachlorobiphenyl 4.58
44 2,2’3,5’- tetrachlorobiphenyl 838
37 3,4,4’-trichlorobiphenyl 3.36
40 2,2’,3,3’- tetrachlorobiphenyl 2.12
74 2,4,4°,5- tetrachlorobiphenyl 6.54
70 2,3’,4’,5- tetrachlorobiphenyl 12.30
66 2,3’,4,4’- tetrachlorobiphenyl 12.92
88 2,2’,3,4,6-pentachlorobiphenyl 1.76
60 2,3,4,4’- tetrachlorobiphenyl 10.82
101 2,2’,4,5,5’- pentachlorobiphenyl 8.60
97 2,2’,3’,4,5- pentachlorobiphenyl 3.50
87 2,2’,3,4,5’- pentachlorobiphenyl 7.72
110 2,3,3°,4°,6- pentachlorobiphenyl 11.24
82 2,2’3,3’,4- pentachlorobiphenyl 3.46
108 2,3,3°,4,5’- pentachlorobiphenyl 3.29
149 2,2’,3,4’,5’- pentachlorobiphenyl 4.72
118 2,3°,4,4’,5- pentachlorobiphenyl 9.11
153 2,2’,4,4',5,5"-hexachlorobiphenyl 8.30
105 2,3,3°,4,4’- pentachlorobiphenyl 531
141 2,2’,3,4,5,5’-hexachlorobiphenyl 2.20
138 2,2°,3,4,4’,5’- hexachlorobiphenyl 9.98
187 2,2’,3,4°,5,5°,6-heptachlorobiphenyl 1.91
128 2,2’,3,3’,4,4’- hexachlorobiphenyl 1.97
180 2,2’,3,4,4°,5,5’-heptachlorobiphenyl 3.84
Total 234
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Table III. Specific Pesticides and Three-Ring Aromatic
Hydrocarbons Tested with the RGS Assay

Chemical

Concentrations Tested (pg/mL)

2,6- Dimethylnaphthalene
2,3,5-Trimethylnaphthalene
1-Methylfluorene

0.25,0.5, 1.0, 2.0, and 4.0
0.25,0.5, 1.0, 2.0, and 4.0
0.25, 0.5, 1.0, 2.0, and 4.0

Phenanthrene 0.25, 0.5, 1.0, 2.0, and 4.0
2-Methylphenanthrene 0.25, 0.5, 1.0, 2.0, and 4.0
3,6-Dimethylphenanthrene 0.25, 0.5, 1.0, 2.0, and 4.0
9-Methylanthracene 0.25, 0.5, 1.0, 2.0, and 4.0
2-Methylanthracene 0.25, 0.5, 1.0, 2.0, and 4.0
9,10-Dimethylanthracene 0.25, 0.5, 1.0, 2.0, and 4.0
Chlordane 2, 10, and 20
Toxaphene 2, 10, and 20
2,4-DDD 1, 10, and 20
2,4’-DDE 1, 10, and 20
2,4’-DDT 1, 10, and 20

Table IV. PAH Composition of Test Mixture Applied

to the RGS Assay

Chemicals Concentration (ugﬂnL)
Naphthalene 15.0
1-Methylnaphthalene 45.7
2-Methylnaphthalene 335
Acenaphthylene 42
Acenaphthene 1.7
Fluorene 38
Biphenyl 14.7
Phenanthrene 13.6
Anthracene 53
Fluoranthene 16.1
Pyrene 29.6
Benzo(a)anthracene 14.8
Dibenzothiophene 23
Chrysene 15.9
Benzo(b)fluoranthene 13.7
Benzo(k)fluoranthene 13.7
Benzo(a)pyrene 212
Benzo(e)pyrene 16.4
Indeno(1,2,3-cd)pyrene 10.5
Dibenzo(a,h)anthracene 4.7
Benzo(g,h,i)perylene 13.5
Perylene 224

Total 332.3
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results on a basis of the level of Toxic Equivalents (TEQs) for each compound
detected by RGS. To produce these values the RGS detection limits for the
compound in a soil sample (ng/g) were multiplied by the TEFs for the
compound (see Table VIII). It is important to note that all but two of the
PCBs shown in Figure 1 produce significant induction at a dioxin equivalent
(TEQ) of 1 or less.

To demonstrate the specificity of the test system, concentrations of the
PCB mixture listed in Table IT were applied at total concentrations up to 234
ng/mL (ppb). No induction from this mixture of 28 different non-planar
congeners was observed. There were also no significant RGS responses from
even the highest concentrations of 3-ring aromatic hydrocarbons and specific
pesticides, listed in Table III.

Because many of the environmental samples we have examined contain
significant amounts of contamination from PAHs, it was important to
investigate the RGS response to a mixture of PAHs representative of
contaminated marine sediments. Table IV listed the specific compounds
present in the mixture and their concentrations. Figure 2 shows the levels of
RGS induction produced when the cells are exposed to concentrations of this
mixture between 21 and 665 ng/mL. The dashed line represents a logrithmic
regression of the data, with a correlation coeficient (r2) of 0.99. There was no
apparent decrease in induction caused by the possible toxicity of the mixture
at the higher concentrations tested. The maximum induction observed was
about 36 fold, and in other testing with marine sediments, we have observed
fold induction as high as 900.

Figure 3 summarizes the RGS responses to several individual polycyclic
aromatic hydrocarbons with four to six aromatic rings, tested at concentrations
up to 5000 ng/mL. Relatively low responses were produced by chrysene,
benzofluorene, and benzo(a)pyrene. Benzo(k)fluoranthrene, indeno(1,2,3-
cd)pyrene, and dibenz(ah)anthracene produced the strongest induction, and
benz(a)anthracene was intermediate in response. These results will be
considered further in the discussion section, as the relative responses of these
PAHs are compared to those of dioxin and coplanar PCBs.

Responses to Extracts of Environmental Samples. Even when sample extracts
apparently do not contain enough contaminant to produce a strong induction of
the RGS, there is a background or baseline response. Natural and anthropogenic
compounds present in soils, sediments and tissues at low levels produce a
degree of induction, suggesting a reference sample (from a presumed clean
location) should be used to determine the background RGS response for a given
area or tissue type. We have found that DCM volumes from extracts of soils,
sediments, and mussel tissue between 2 and 20 pL give a background response
of 2 to 5 fold induction.

In as many cases as possible we attempt to correlate the RGS results
with those produced from the chemical analysis of the same sample (split
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TEF x ng/g Detected

TCDD
TCDF
PCB #126
PCB # 169
PCB #77
PCB #114
PCB #156

Figure 1. Taxic Equivalents (TEQs) Detected in a Soil Sample by the RGS
Assay. Bars represent the product of TEF values for 2,3,7,8-TCDD, 2,3,7,8-
TCDF, and specific PCB congeners, and the level of detection (ng/g) of the
RGS. TEFs are listed in Table I and detection limits are in Table VIII
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Figure 2. Responses of the RGS to varying concentrations (ng/mL) of a
mixture of PAHs. Solid line connects data points, and the dashed line is the
computed log regression of the data, with the equation and correlation
coefficient (r*) shown. The composition of the mixture is listed in Table IV.
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Figure 3. Responses of the RGS to varying concentrations of specific PAHs.
A. RGS Responses to Low Levels of PAHs. IND-Indeno(1,2,3-cd)pyrene;
DBA-Dibenzo(a,h)anthracene; BA-Benzo(a)anthracene; BKF-
Benzo(k)fluoranthrene.
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B. RGS Responses to High Levels of PAHs. BaP-Benzo(a)pyrene; BFL-
Benzofluorene; CHR-Chrysene. Curves shown are computer generated linear
or log regressions of the dose-response data, except for BaP, which was hand
drawn.
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Table V. Results of Chemical Analyses and TEQ Calculations for Soil

Samples Tested by RGS
CHEMICALS TEFs 9SW-7.0 8SW-6.5 S1/82
(pg/g) TEFs | (pg/g) TEFs | (pg/g) TEFs

TCDD:s (total) 1 16 0.016 4.8 0.0048

2,3,7,8-TCDD 1 26 0.003 1.8 0.0018 0.11 0.11
1,2,3,7,8-PeCDD 0.5 0 0 53 265
HxCDD:s (total) 0.1 43  0.004 37 0.0037 0
1,2,3,4,7,8-HxCDD 0.1 0 0 14 14
1,2,3,6,7,8-HxCDD 0.1 0 0 58 5.8
1,2,3,7,8,9-HxTCDD 0.1 0 0 39 3.9
HpCDD:s (total) 0.01 140  0.001 120 0.0012 0
1,2,3,4,6,7,8-HpCDD 0.01 59 0.0006 52 0.0005 1300 13
1,2,3,4,6,7,8,9-OCDD 0.001 440 0.0004 390 0.0004] 15000 15
DIOXINS TOTAL 700.6 0.0253} 605.6 0.0124] 16416.4 41.86
TCDFs (total) 0.1 4.2 0.0004 0

2,3,7,8-TCDF 0.1 0 0 1.6 0.16
PeCDFs (total) 0 0 0
1,2,3,7,8-PeCDF 0.05 0 0 022 0.011
2,3,4,7,8-PeCDF 0.5 0 0 10 5
HxCDFs (total) 0.1 26 0.0026 28 0.0028 0
1,2,3,4,7,8-HxCDF 0.1 0 0 41 4.1
1,2,3,6,7,8-HxCDF 0.1 0 0 16 1.6
2,3,4,6,7,8-HxCDF 0.1 0 0 21 2.1
1,2,3,7,8,9-HxCDF 0.1 0 0 6.6  0.66
HpCDFs (total) 0.01 77 0.0008 73 0.0007 0
1,2,3,4,6,7,8-HpCDF 0.01 0.0000 20 0.0002 400 4
1,2,3,4,7,8,9-HpCDF 0.01 0.0000 0.0000 24 0.24
1,2,3,4,6,7,8,9-OCDF 0.001 48 0.0000 42 0.0000 1500 1.5
FURANS TOTAL 155.2 0.0038 163 0.0038] 2020.42 19.371

TEQ TEQ TEQ
TOTALS 0.8558  0.02917|0.7686  0.0162|18.4368 61.231
ng/g ng/g ng/g
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sample) or one collected nearby. Table V shows the analytical results for three
samples that were first screened by RGS assays. The first two samples
contained quite low levels of individal dioxins and furans, with totals of about
0.8 ng/g. When these individual concentrations have been multiplied by the
individual TEFs, and the sum produced, the total TEQ is only about 0.03. The
RGS assay indicated these samples contained significant amounts of toxic
organics equivalent to 0.2 ng/g of dioxin. This value compares favorably with
the sum of measured dioxins and furans, but not after these have been
multiplied by their individual TEFs, and the sum of these expressed as dioxin
Toxic Equivalents (TEQ). There are many dioxin and furan congeners, which
have not yet been asigned a TEF, and thus the contribution of these compounds
are not included in the final TEQs.

The third sample (S1/S2) was taken in between samples S1 and S2, for
which in RGS produced estimated dioxin equivalents of 51 and 52 ppb. The
RGS induction was conservatively high compared to the chemical analyses (18
ng/g dioxins and furans) of the S1/S2 sample. Table V shows that the
chemical analyses and calculation of individual TEFs produced a total TEQ of
61 for S1/S2. These comparative data are shown again in Table VI, combined
with additional data available from projects that have followed our RGS
screening test with chemical analyses of selected samples. Samples marked
SAC1 through SAC10 were first screened by RGS, and later 6 samples
collected nearby these 6 earlier samples were analyzed for dioxins and furans.
There is reasonably good agreement between the two assays for five of the
stations, but sample SAC4 was predicted by RGS to have significantly higher
dioxin equivalents than chemical analyses showed. Extracts from both samples
SAC4 and SAC7 had a very dark appearance, which often indicates substantial
contamination from PAHs.

Several projects have been conducted with the RGS assay, where the
suspected contamianants were PAHs. Table VII presents a reduced data set
from one such investigation. Since the first set of tests with RGS, using 10 uL
of extract produced very high fold induction, we later used 2 pL of the
extracts to confirm the findings. Also shown in Table VII are the analytical
data, produced much later, for total PAHs and PCBs. Since congener specific
analyses of PCBs were not conducted, we can not assess the possible
contribution of coplanar PCB induction of the RGS. The data have also been
converted to estimated benzo(a)pyrene (BaP) equivalents. The estimated pg/g
levels of benzo(a)pyrene equivalents correlates well (> = 0.85) with the total
PAH values measured in these sediments. Since there are several PAHs that
induce RGS more strongly than B(a)P, the RGS estimates of B(a)P equivalents
can be higher or lower than chemical analytical data depending upon the levels
of specific compounds present in the extract.

The final aspect of our testing results relates to the determination of
RGS fold induction from extraction and analyses of animal tissues. Spiking
and extraction studies have been successfully conducted with fish, shrimp and
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mussel tissues. Field deployment of the mussel (Mytilus edulis) has been going
on for about 20 years (mussel-watch), as these organisms are known to be
excellent at accumulating various types of marine pollutants. Some of the data
from a 2-month deployment of mussels at various sites in San Diego Bay are
shown in Figure 4. From chemical analyses it was clear that PAHs were the
primary contaminants accumulated by these animals. Figure 4 demonstrates a
very good fit of the RGS responses (r* = 0.87) to the total PAH concentrations
found in the mussels.

Discussion

Toxic Equivalency. Table VIII provides an overview of the EPA TEF values
for dioxin (10), and those of Safe (9) for the 5 PCB congeners tested
previously (2). In addition, the table includes the recently tested PAHs, which
are listed by the EPA in there most recent assessment of potential risk from
PAHs (14). Nisbet and LaGoy (15) provided an additional evaluation of the
studies comparing the carcinogenicity of individual PAHs, and proposed TEFs
somewhat different than those listed by EPA (Table VIII). It is important to
note that to our knowledge there has been no attempt to compare the relative
risk of dioxins and coplanar PCBs to specific PAHs, using the same biological
assay. Since we have tested each of these compounds with the RGS assay, it
is possible to list the concentrations of each compound found to produce a
significant (10 fold) induction. The range (10°) of concentrations is from a low
of 0.003 ng/mL for 2,3,7,8-dioxin to a high of 3,000 ng/mL for chrysene. As
measured by the RGS test, the coplanar PCBs would be ranked orders of
magnitude more distant from TCDD, than the present TEFs indicate. It is most
interesting to find that PCB # 126, which is the strongest inducing PCB, is
approximately equal to dibenzo(a,h)anthracene in CY P14 1 induction potency.
Two other PAHs (benzo(k)fluoranthene and indeno[1,2,3-cd]pyrene) induce
transcription at lower concentrations than the other four coplanar PCBs (77,
114, 156, and 169).

The RGS responses are first ranked for TEFs in comparison with dioxin,
as is the normal procedure. These estimated TEF values merely reflect the
strength of induction discussed above, but also place the PAHs in this ranking
well above four of the five coplanar PCBs tested. The last two columns
compare our experimentally produced TEFs, using the RGS responses to PAHs,
with the TEFs for these compounds previously published by the EPA (14) and
proposed by Nisbet and LaGoy (15). Dibenzo(a,h)anthracene induces CY P14 1
at concentrations considerably lower than those of benzo(a)pyrene, in
disagreement with the EPA ranking, but closer to other estimates (15). In fact,
benzo(k)fluoranthene,indeno(1,2,3-cd)pyrene,andbenzo(a)anthracene produced
a 10 fold induction of CYPIA 1 at lower concentrations than B(a)P.
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Table VIL.  RGS Responses to Marine Sediment Samples (40g)
Expressed as Benzo(a)pyrene Equivalents
PAHs PCBs Ave Fold Induc. Equivalents
Station (ug/g) (ug/g) (10uL) (2uL)  BaP(ug/g)
11 5.18 0.463 319 65.0 1.95
1 5.68 0.700 494 80.8 2.42
9 6.73 0.489 783 96.6 2.90
7 8.26 0.555 806 102.2 3.07
16
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Figure 4. Correlation of RGS responses to the application of mussel tissue
extracts and the concentrations of total PAH in the tissue. After two months
at various locations, composite mussel tissue samples were extracted, and 20
pL of the dichloromethane extracts were applied to the RGS. Chemical
analyses were provided by J. Means, Louisiana State Univer., Baton Rouge,
LA.
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Environmental Samples. Using the data generated in the various studies
with RGS, it appears that the assay (with 20 uL) of an organic extract from
a 40 gram environmental sample of sediment, soil or tissue, would detect as
little as 0.008 ng/g of 2,3,7,8-TCDD. The most toxic PCB coplanar (#126)
would be detected at about 6.2 ng/g. At about two orders of magnitude higher
concentration (200 to 800 ng/g) the other specific PCB congeners would be
detected in environmental samples. At concentrations of about 31 ng/g or less,
three of the strongest inducing PAHs would produce a RGS induction of about
5 times background. The range of PAH induction indicates the RGS could
detect some at 6 ng/g, but others would not be detected until the level reached
7.5 ug/g (chrysene).

The mixture of PAHs used as representative of environmental
contamination could be detected in sediment samples at about 100 ng/g. Water
samples are generally of 1 liter volumes, which means the levels that could be
detected would be approximately 0.04 times (40g soil/ 1000g water) the
detection limits discussed. This enhanced detection would likely be necessay,
since most of the inducing compounds are quite low in water solubility.

We presently do not know which of the approximately 40 specific PAHs
often quantified in environmental samples are potential CYP1A1 inducers.
Those tested thus far that have exhibited induction (4- to 6-rings) are not
necessarily the most prominent of PAHs at contaminated sites. Since
petroleum contains a higher proportion of alkylated compounds, than the parent
(ring structure only) structure, we would expect to find higher levels of the
former in environmental samples. It likely that the complex mixture of
compounds found in environmental samples contain some inducers, some that
have no affect on the system, and others that inhibit to a degree the cellular
response to inducers. Studies using various combinations of specific PAH
should be conducted to evaluate this possibility. In the many sediment
mixtures of PAH we have analyzed by RGS, there would seem to be little
inhibition demonstrated, as the induction correlates well with the concentrations
of total meansured PAHs. Testing with combinations of PAHs, coplanar PCBs
and dioxin has shown the responses vary between about 30 and 100% of the
response that would be expected if the effects were additive (J.W. Anderson,
unpublished data). The mean response for these tests was 58% of expected
additive effects.

An apparent weakness of the RGS method is its inability to identify
specifically which components in extracts were responsible for the observed
strong CYP1A1l induction. However, when working with environmental
samples, which seldom contain only one type of contaminant, it is very cost-
effective to use a screening tool such as RGS to determine which samples are
of major concern and require further investigation. In these cases, the detection
of a wide range of possible xenobiotics can be considered a strength of the
approach. The purpose of these screening tests is to determine if one or some
combination of compounds in the sediments has the potential for causing DNA-
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receptor mediated binding, which would have deleterious effects on organisms
exposed to these substrates. This signal must then be followed by detailed
chemical characterization to identify the responsible substances.

Conclusions

The present approachs which use Toxic Equivalents (TEQs) to evaluate
the potential risk from dioxins and coplanar PCBs use rather expensive
chemical analyses to weight the different congeners on a basis of potential risk,
and finally derive an overall risk assessment for the sample (10). The RGS has
several advantages in that it is rapid, inexpensive, and it integrates the effects
from multiple xenobiotics present in the extract. This study has demonstrated
that PAH contamination of environmental samples may represent the same level
of risk as PCB contamination. PCBs have been shown to biomagnify in the
food web, unlike PAHSs, but the overall concern should relate to impacts on
biological systems, including humans. Considering the ubiquitous nature of
PAH contamination and the comparative induction responses measured in this
investigation, it is possible these compounds should be given attention at least
equal to that of PCBs.

Chemical analyses have the advantage of being capable of measuring
very low concentrations of specific dioxins, PCBs and PAHs, but because of
time and cost limitations, few samples are completely characterized. For
screening large sites, both spatially and vertically, and for most evaluations of
biological significance, the detection limits offered by the RGS may be
satisfactory. We believe it is more likely that a hot spot will be overlooked (in
an effort to decrease costs) when composite samples or widely separated
samples are characterized chemically, than when a screening test is run on
numerous samples to narrow the selection for detailed chemical characterization
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Chapter 13

Field Application of Fluorescence-Based
Catalytic Assays for Measuring Cytochrome
P450 Induction in Birds

J. A. Davist, D. M. Fry, and B. W. Wilson

Center for Ecological Health Research, 139 Hoagland Hall,
University of California, Davis, CA 95616

A variety of fluorometric catalytic assays have been developed for
use in mammals to specifically measure cytochrome P450 (P450)
induction due to two distinct classes of pollutants: dioxin-like
compounds and certain organochlorine pesticides and PCBs. These
substrates have also been employed in studies of P450 induction in
birds. In birds, however, the specificity of many of the assays is
altered and the information they yield is difficult to relate with
exposure to specific pollutants. This report discusses the utility of
resorufin- and coumarin-based assays in birds based on published
data and results from our own laboratory and field studies. Only one
of these assays, the ethoxyresorufin-o-deethylase (EROD) assay, has
been demonstrated to have the sensitivity and specificity required in
a biomarker for contaminant exposure in wild bird populations.

Induction of cytochrome P450 (P450) enzymes is one of the most widely measured
biomarkers of pollutant exposure in wild animals (/,2). P450 enzymes catalyze the
oxidation of both endogenous molecules and environmental toxicants. Exposures
to molecules that are substrates for P450 induce tissues to manufacture more of
these enzymes. The increased concentrations of P450 in tissues can be detected and
used as a marker of exposure to the inducing chemicals. In mammals a variety of
fluorometric catalytic assays can be used to specifically measure induction due to
two distinct classes of pollutants: dioxin-like compounds and certain
organochlorine pesticides and PCBs. To a limited extent, these substrates have also
been employed in laboratory and field studies of P450 induction in birds. In birds,
however, the specificity of many of the assays is altered and the information they
yield is difficult to relate with exposure to specific pollutants. This review
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discusses the utility of fluorometric assays in studies of P450 induction in birds
based on published data and results from our own studies. Desirable properties in
biomarkers applied in the field are also discussed based on our detailed studies of
EROD induction in wild bird populations.

P450 Enzymes

Two points regarding the P450 enzyme family must be considered in interpretation
of the catalytic activities of these enzymes in different species. First, catalytic
assays may measure the activity of more than one P450 isozyme. The label P450
applies to a diverse collection of over 150 different isozymes, with some
representatives found in every biological kingdom (3). Individual organisms can
also have many different P450 enzymes in their tissues. The rat expresses more
than 40 different P450 genes, and most of these are expressed in a single organ, the
liver (4). Further complicating matters, P450 enzymes include constitutive and
inducible forms, and both of these types can contribute to observed catalytic
activity. In interpreting patterns of catalytic activity among different species it is
important to consider that the patterns may be a product of the activities of a
multiplicity of inducible and constitutive isozymes.

Another important point relating to species differences in catalytic activity
is that minor changes in amino acid sequences in proteins can make qualitative
differences in catalytic activity. For example, a single amino acid change in a
mouse P450 peptide of 494 residues was observed to change the peptide's catalytic
activity from coumarin 7-hydroxylase to testosterone 15-o-hydroxylase (5).
Considering this observation, one might expect potentially substantial variation in
catalytic activity among species, and even among populations and individuals.

In the present context the P450 isozymes of greatest interest are those that
are induced by pollutants because they are potential biomarkers. In mammals, the
best studied animal Class, there are two major P450 families that are induced by
pollutants: the CYP1A family, which is induced by dioxins (e.g., 2,3,7.8-
tetrachlorodibenzo-p-dioxin [TCDD]), dibenzofurans, polychlorinated biphenyls
(PCBs), polycyclic aromatic hydrocarbons, and other compounds that bind to the
Ah receptor; and the CYP2B family, which is induced by phenobarbital (PB),
certain organochlorine pesticides (e.g., DDT and o--hexachlorocyclohexane), PCBs,
and other compounds. Analogues to these two families are present in birds. In this
paper the CYP1A analogues are referred to as TCDD-induced P450 and the CYP2B
analogues as PB-induced P450.

Avian TCDD-induced P450. Two P450 isozymes are induced in chickens
exposed to TCDD or other compounds with affinity for the Ah receptor (6,7). The
mechanism of enzyme induction mediated by the Ah receptor has received a great
deal of attention (8-11), and appears to be consistent among birds and mammals
(12). Ah receptor agonists bind to the receptor and initiate a sequence of events
that leads to increased transcription of mRNA and protein synthesis. One of the
two P450 isozymes induced by TCDD in chickens (6) has a high capacity for
oxidation as measured with the ethoxyresorufin-o-deethylase (EROD) and aryl
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hydrocarbon hydroxylase (AHH) assays and is currently identified as TCDDas.
The other isozyme is efficient at epoxygenation of arachidonic acid and is identified
as TCDDa. Conventional "CYP" designations will be given to these enzymes
when they have been cloned and sequenced (6).

Avian PB-induced P450. Three proteins are induced by PB in chickens (7,13).
Genes for two of these proteins have been sequenced and designated CYP2H1 and
CYP2H2 (I13). Unlike TCDD induction of P450, the mechanism of enzyme
induction by PB remains unclear but may involve a labile repressor protein that
modulates transcription of the CYP2H genes (/3). The PB-induced isozymes
metabolize some substrates that are not metabolized by the TCDD-inducible forms
(e.g., aminopyrine and aldrin) and some that are (arachidonic acid and
ethoxycoumarin) (7,14). Catalytic activity specific to the PB-induced isozymes
(aminopyrine demethylase) is present in all three isozymes (7). Since
organochlorine pesticides also cause PB-type induction, these PB-inducible P450
isozymes are potential biomarkers for these contaminants.

Fluorescence-based Catalytic Assays for Measuring P450 Induction

Induction of P450 isozymes can be quantified by measurement of increases in
catalytic activity, immunochemical detection of P450 protein, and detection of
mRNA using cDNA probes. These approaches complement each other. Catalytic
assays are valuable because they provide an index of the actual metabolic capacity
of functional P450 protein.

Our studies of P450 induction have employed fluorescence-based catalytic
assays for several reasons. Fluorometric assays such as those based on alkylated
homologues of resorufin and coumarin involve a relatively minimal amount of
sample manipulation. Fluorescence of the metabolized substrate in these assays can
be read directly in the vessel in which the reaction takes place. This is particularly
useful in assays of cultured cells where the assay can be performed in the wells of
multi-well culture plates. Furthermore, multiple fluorescent endpoints can be
measured in the same well (15,16, 51). The advent of microplate fluorometers has
also greatly reduced the sample volumes needed for fluorometric assays and vastly
improved the efficiency with which these assays can be performed (15). Microplate
fluorometers are sensitive enough to detect low rates of uninduced P450 activity in
reaction volumes on the order of 100 ul.

A variety of fluorogenic substrates have been developed that can be used to
specifically measure either TCDD- or PB-induced P450 isozymes in mammals.
This specificity is of great value in field applications because it makes the induced
enzyme a marker for a specific class of contaminant rather than just a marker for
general contamination. To a limited extent, these substrates have also been
employed in laboratory and field studies of cytochrome P450 induction in birds. In
birds, however, the specificity of many of the assays is altered and the information
they yield is difficult to relate with exposure to specific pollutants.

In Biomarkers for Agrochemicals and Toxic Substances; Blancato, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by STANFORD UNIV GREEN LIBR on September 23, 2012 | http://pubs.acs.org

172 BIOMARKERS FOR AGROCHEMICALS AND TOXIC SUBSTANCES

Alkoxyresorufin Substrates. The EROD assay yields consistent results in birds
and mammals. In rats TCDD-type inducers cause approximately a 100-fold
increase in hepatic EROD activity, while PB causes only a 3- to 5-fold increase (17,
18). Studies of hepatic EROD induction in many species of birds (chicken [Gallus
gallus), pigeon [Columba livia], double-crested cormorant [Phalacrocorax
auritus], great blue heron [Ardea herodias], black-crowned night heron [Nycticorax
nycticorax], and eider duck [Somateria mollissima]) exposed to TCDD-type
inducers indicate that the sensitivity of this response is similar to that seen in
mammals (Table I). Exposure to TCDD or TCDD-type inducers in these species
caused increases of 20- to 200-fold in hepatic EROD activity. There are exceptions
to this rule, however. In some, but not all, studies Japanese quail (Coturnix
coturnix japonica) have been relatively unresponsive to TCDD-type inducers (27,
29, 30). American kestrels (Falco sparvarius) (33) and domestic mallards (Anas
platyrhynchos) (34) were also relatively unresponsive. The specificity of EROD as
a measure of TCDD-induced P450 in birds is similar to that in mammals, with PB
exposure causing only slight increases in activity (Table I). Detailed studies in
chickens have identified one TCDD-inducible isozyme, TCDDam, that is
responsible for the increased EROD activity observed in induced individuals (6, 7).

Unlike EROD, data for other resorufin-based assays in birds indicate that
they are either not specific for either class of P450 enzyme or conflict with the data
from mammals. For example, Lubet et al. (I8) found that pentoxyresorufin-o-
deethylase (PROD) in rats is a sensitive and specific marker for PB-type induction.
PB in this study increased PROD activity 41-fold over controls while the TCDD-
type inducer B-naphthoflavone (BNF) caused only a negligible increase. In
contrast, studies of PROD induction in 4 species of birds exposed to PB all indicate
that PROD activity is induced by TCDD-type inducers, but not by PB (Table ).
Lubet et al. (18) also found that in rats benzyloxyresorufin-o-deethylase (BROD)
was sensitive (47-fold increase) and specific for PB-type induction. In birds,
however, BROD can be induced by both TCDD- and PB-type inducers, with a more
sensitive response to TCDD-type compounds (Table IIT). Therefore, of these three
most commonly used alkoxyresorufin assays, only EROD retains the specificity
observed in mammals. Although PROD and BROD have been measured along
with EROD in wild bird populations, available evidence indicates that the lack of
specificity of PROD and BROD makes it impossible to identify the pollutants
causing whatever variation is observed in these activities.

Alkoxycoumarin Substrates. Fluorometric assays for P450 induction using
alkoxycoumarin substrates have also been developed in rats. Assays of
ethoxycourmarin-o-deethylase (ECOD) activity (35) have been commonly
employed. In such studies ECOD activity is a general index of P450 induction,
since ECOD is induced in rats by both TCDD-type and PB-type inducers (35, 36).
Hepatic methoxycoumarin-o-deethylase (MCOD) activity has also been studied in
rats, but with some contradictory results. One study (37) found that MCOD was
specifically, though not markedly, induced by PB about 4- to 8-fold over controls.
In contrast, another study found MCOD activity to be inducible by both BNF (a
TCDD-type inducer) and PB (36).
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Table . Summary of literature on experimental induction of

hepatic EROD activity in birds

173

Prepar- Induced  Refer-
Species” Age  Inducer  Dose ation®  activi®’  ence
Chicken 17d BNF 3 mg/egg M 34 20
Chicken 19d PCB77 500 nmol/egg S9 48 21
PCB 169 500 nmolegg 31
TCDD 6 nmol/egg 58
Chicken 10d PCB126 4ugkgegg H 30 22
8d PCB77 4.3 ug/kgegg 74
Chicken 18d BNF 6.7 mglegg M 100 7
PB 20 mg/egg 1.1
Chicken 19d TCDD 10 nmol/egg S9 200 23
Chicken 16d TCDD 3 ug/kg egg M 28 24
Chicken 18d BNF 2 mgfegg M 169 25
PB 10 mg/egg 1.5
Chicken 3wk TCDD 100 ug/kg i.p. M 40 26
Quail (F) 8-12wk BNF 7.3 mg/bird, i.p. S9 20 19
PB 0.1% in drinking 1
water
Quail (F) Adult 3MC 20 mg/kg d, i.p. M 25 27
BNF 30 mg/kgd, i.p. 2.8
PB 160 mg/kg d, i.p. 1
Quail (F) Adult BNF 150 mg/kg/d, i.p. M 13 28
PB 70 mg/kg d, i.p. 1
Quail (M) Adult 3MC 15 mg/kgd, i.p. M 0.5 29
Quail (F) Adult PCB 126 50ug/kgd, oral M 45 30
PCB 105 3 mg/kg d, oral 36
Pigeon 14d TCDD 100 ug/kg egg M 30 24
Heron 22d TCDD 100 ug/kg egg M 35 24
Cormorant 22d _TCDD 100 ug/kgegg M 22 24
Night heron 21d 3MC 200 ug/egg M 14 31
PB 2 mglegg 2
Eiderduck  4-5wk PCB 77 50 mg/kg i.p. M 57 32
Kestrel lyr PCB126 0.05 mg/kgd, oral M 1.9 33
’ PCB 105 3 mg/ke d, oral 0.7
Mallard Adult BNF 25 mg/kg d, oral M 5 34
(6-8 wk)
PB 80 mg/kg, oral S

“See text for full species names. F=female, M=male.
"M:microsomes, S$9=9000g supernatant, H=liver homogenate

“Induced activity expressed as fold-increase over control activity
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Table II. Summary of literature on experimental induction of

hepatic PROD activity in birds
Prepar- Induced Refer-
Species”  Age Inducer  Dose ation” activity’  ence
Chicken 18d PB 10 mg/egg M 13 25
BNF 2 mglegg 13
Quail (F) 8-12wk PB 0.1% in drinking ~ S9 1 19
water
BNF 7.3 mg/bird, i.p. 4
Night heron21 d PB 2 mglegg M 1 31
3MC 200 ug/egg 12
Mallard  Adult PB 80 mg/kg, oral M 0.8 34
(6-8 wk)
BNF 25 mg/kg, oral 6.3

“See text for full species names. F=female.
bM=microsomes, S$9=9000g supernatant
“Induced activity expressed as fold-increase over control activity

Assays using alkoxycoumarin substrates have been applied much less
frequently in studies of birds than have the alkoxyresorufins. Results from these
studies are consistent with those from rats. Nakai et al. (7) purified the P450
isozymes induced in chick embryo liver by both BNF and PB. ECOD activity was
found in both of the TCDD-inducible and in one of the PB-inducible P450
isozymes. In domestic mallards ECOD is also induced by both BNF and PB (34).
One study of wild birds (black-crowned night herons) did not find significantly
elevated ECOD after exposure to either 3-methylcholanthrene (a TCDD-type
inducer) or PB (31).

The very few data available on induction of MCOD activity in birds are
contradictory. Data from Riviere (34) indicate that this substrate is specific for PB-
induced P450 in mallard ducks, with a slight but significant 1.4-fold increase in PB-
treated animals and no increase in BNF-treated animals. Following up on the data
of Riviere, we examined MCOD induction in chickens and found that both BNF
and PB caused increases in activity of 1.5- and 1.6-fold, respectively. Even if
MCOD is a measure of PB-induced activity in birds, the small increase observed in
the induced state would make it difficult to apply this response as a biomarker in
field studies.

Summary of Fluorescence-based Catalytic Assays for Measuring P450
Induction. One alkoxyresorufin assay, EROD, has the sensitivity and specificity
needed in a biomarker for field studies of P450 induction in birds due to
environmental contamination. This assay is a very informative marker of
environmental exposure of birds to TCDD-like compounds, and has been used in
many studies (31, 32, 39-44). Unfortunately, other resorufin- or coumarin-based
P450 assays lack either the sensitivity or the specificity required to make them
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Table III. Summary of literature on experimental induction of
hepatic BROD activity in birds
Prepar- Induced Refer-

Species”  Age Inducer  Dose ation® activity®  ence
Quail (F) 8-12wk PB 0.1% in drinking ~ S9 36 19
water
BNF 7.3 mg/bird, i.p. 13
Night heron21 d PB 2 mg/egg M 3 31
3MC 200 ug/ege 14

“See text for full species names. F=female.
bM=microsomes, $9=9000g supernatant
“Induced activity expressed as fold-increase over control activity

useful in field studies of bird populations. At present there is no fluorogenic
substrate for measurement of induction of PB-induced P450, a potential enzyme
marker for organochlorine insecticides. It should also be noted that assays based on
other types of measurements have not been established as markers of PB-induced
P450, and that many of these non-fluorometric assays suffer from the same lack of
sensitivity and specificity seen in the fluorescence-based assays.

Case Study: EROD in Wild Avian Embryos

In an ongoing study we have measured EROD activity in liver of double-crested
cormorant (Phalacrocorax auritus) embryos (Davis et al., in preparaton). One
objective of this project is to examine hepatic EROD as an indicator of
accumulation of TCDD-like compounds at the top of the aquatic food web of San
Francisco Bay. Several studies have demonstrated that EROD activity in hepatic
microsomes of wild bird species inhabiting polluted environments is highly
correlated with accumulated concentrations of TCDD-like compounds (31, 40, 42,
43, 50). Sanderson et al. (43) specifically established this relationship for double-
crested cormorant embryos, finding a significant regression of hepatic EROD
activity on log-transformed TCDD toxic equivalents (R =0.69, p<0.00005).
Because of this strong relationship between hepatic EROD activity and body
burden of TCDD-equivalents, measurement of hepatic EROD represents a cost-
effective alternative to expensive chemical analysis of dioxins, dibenzofurans, and
coplanar PCBs. ,

In a two year period (1993-1994) we found the lowest median activity in
1993 samples from Hunters Island, OR (54 pmol/min/mg) (Table IV). In 1993 and
1994 median activity in samples from the 2 locations in San Francisco Bay was
elevated 4- to 8-fold over Hunters Island and these differences were statistically
significant. For both locations in San Francisco Bay median activity in 1994 was
higher than in 1993, but due to the large variance in the data these increases were
not statistically significant. The 4- to 8-fold elevation of median EROD activity
observed in San Francisco Bay colonies is comparable to the degree of elevation
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Table IV. Summary of hepatic microsomal EROD in double-crested

cormorant embryos
Location Year Count Median®  Minimum Maximum
Hunter Island, OR 1993 10 54 (a) 13 103
Richmond Bridge, San 1993 11 206 (b) 87 801
Francisco Bay, CA 1994 10 370 (b) 90 467
San Mateo Bridge, San 1993 8 202 (b) 95 427
Francisco Bay, CA 1994 13 393 (b) 48 1095

“Medians not sharing letter were significantly different in Kruskal-Wallis
ANOVA and multiple comparison procedure, overall p<.05 for all
comparisons.

found in other studies of birds inhabiting environments contaminated with high
concentrations of TCDD-like compounds (31, 39-43).

The elevated microsomal EROD activities observed in colonies in San
Francisco Bay is consistent with many other datasets indicating contamination of
this ecosystem with polychlorinated biphenyls (45-48). We are currently analyzing
PCB residues in yolk sacs from these embryos.

In experimental injections of double-crested cormorant eggs with TCDD,
Sanderson and Bellward (24) established a relationship between TCDD dose and
hepatic microsomal EROD activity in hatchlings. At a dose of 3 ug TCDD/kg egg,
cormorant embryos showed a 5-fold increase in activity over controls. Sanderson
and Bellward (24) also found that 3 ug TCDD/kg egg was the lowest dose at which
mortality and subcutaneous edema, characteristic consequences of exposure to
TCDD-like compounds (49), began to appear in cormorant embryos. These
findings suggest that wild double-crested cormorant embryos in San Francisco Bay,
which have a 4- to 8-fold greater activity than embryos from a reference location,
are exposed to a concentration of TCDD-equivalents at the threshold for toxic
effects in this species. Comparison of a biomarker response observed in the field
with responses observed in controlled exposures, as made possible in this case by
the work of Sanderson and Bellward (24), can provide an appreciation of the
toxicological significance of the responses measured in wild populations.

This study demonstrates the utility of avian hepatic EROD measurement in
studies of contamination due to TCDD-like compounds. Hepatic EROD possesses
two important features that make it a useful biomarker in field applications. First,
the sensitivity of the EROD response allows for statistical differentiation of
populations with moderate differences in levels of exposure. Second, the
specificity of EROD for TCDD-induced P450 allows conclusions to be drawn on
the identity of the inducing substances.
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Chapter 14

Initial Results for the Inductively
Coupled Plasma—Mass Spectrometric
Determination of Trace Elements
in Organs of Striped Bass
from Lake Mead, U.S.A.

Vernon Hodge!, Klaus Stetzenbach?, and Kevin Johannesson?

!Department of Chemistry and Harry Reid Center for Environmental
Studies, University of Nevada, Las Vegas, NV 89121-4003

Twenty-two elements (Li, Be, V, Cr, Mn, Co, Ni, Ga, As, Se, Rb, Sr,
Ag, Cd, In, Te, Cs, Ba, Tl, Pb, Bi, U) were determined in tissues
from nine organs of striped bass (Morone saxatilis) from Lake Mead
by ICP-MS. Similarities and differences are presented in the
concentrations of these elements and in chemical families of these
elements. Results for rare earth elements (REEs) are presented for
the intestinal contents of the fish, for filtered lake water, and for
particulate matter filtered from the water. The shale-normalized
patterns for the REEs in the intestinal contents and in the water-
borne particulates show a similar depletion in the heavy REEs. This
suggests that particulate matter may be a significant source of the
REE:s in the fish’s diet.

The highest concentrations of natural radioactivity ever reported for any
biological tissue were found in the digestive organs of oceanic fish (Z). Almost
one million times more *°Po was found in the caecum of an albacore than was
found in seawater. However, high concentrations of *°Po are not limited to
oceanic fish, but are also found in the digestive organs of striped bass and
catfish from Lake Mead (2). About 500,000 times more *°Po was found in the
intestine of a striped bass than in the unfiltered lake water. The question posed
by these remarkable accumulations was: Are elements in the same chemical
family, such as selenium and tellurium, also highly concentrated
(bioaccumulated) in the digestive tract? The availability of an inductively
coupled plasma-mass spectrometer (ICP-MS) provided the analytical tool to
determine not only the concentrations of selenium and tellurium, but a total of
36 elements in the acid digests of several different tissues from striped bass
caught in Lake Mead. The rare earth elements were also measured in filtered
lake water (0.45 ym) and in the associated particulate material.

0097—6156/96/0643—0180$15.00/0
© 1996 American Chemical Society
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Experimental

The fish were caught during the summer of 1994 in Lake Mead, placed in
plastic bags, and frozen until needed for analysis (less than one week). The fish
were dissected, and all or portions of the desired organs from three healthy fish
were weighed into acid-washed Teflon beakers and dried on a hotplate.
Twenty-five mL of ultrapure nitric acid (Seastar Chemicals, Seattle, WA) was
added to each of the samples. They were covered with a Teflon watch glass and
allowed to react at room temperature. Subsequently, the samples were digested
for two days at reflux until they remained light yellow or colorless. Additional
nitric acid was added periodically to all samples during the digestion process to
replace that which evaporated. Finally, the samples were evaporated to about
10 mL and diluted to 100 mL with 1% (v/v) nitric acid for analysis. Two
reagent blanks were carried along with every 10 samples. Ultrapure water was
prepared from tap water which was passed through a reverse osmosis
membrane, mixed-bed ion exchange resins, and distilled in an all glass still. The
purified water was used to make all solutions (3).

Particulate matter was collected from lake water by pumping 35 L of water
through a polysulfone filter cartridge, 0.45 pm (Gelman Sciences, Ann Arbor,
MI), or by vacuum filtering a 50 L sample through acid-washed paper filters
(Whatman, No. 41, Whatmann International Ltd., Maidstone, England). Four
liters of the filtered water was acidified with ultrapure nitric acid to 1% (v/v)
and saved for analysis. The particulates were removed from the filters by
refluxing the filters with aqua regia for 24 hours. The aqua regia was
evaporated to dryness in 1000-mL Teflon™ beakers. After several treatments
with concentrated nitric acid followed by hydrochloric acid (Seastar Chemicals,
Seattle, WA), the residues were dissolved in 1% (v/v) hydrochloric acid, filtered,
and the REEs preconcentrated for ICP-MS analysis by cation exchange in the
same manner as the filtered water samples (3). The final residues from the
columns were dissolved in 1 mL of hot concentrated nitric acid and diluted to
20 mL with ultrapure water for ICP-MS analysis. The analysis included blanks
for the filters and the ion exchange procedure.

All samples were assayed using a Perkin-Elmer Corporation (Norwalk,
CT) Elan-5000 ICP-MS (3). Prior to analysis, 20 mL of the sample was placed
into acid-washed polyethylene bottles and spiked with enough terbium to
produce a 10 ppb signal. The terbium served as an internal standard for the
analyses of all elements excepting the REEs. Platinum was used as the internal
standard for the determination of the REEs. Analysis of National Institute of
Standards and Technology (NIST) "Trace Elements in Water" (SRM 1643c) and
other solutions prepared from NIST-traceable multielement solutions (High-
Purity Standards, Charleston, SC) served as a check on the accuracy of the
calibration. The NIST solution contains 15 of the 22 elements measured in the
striped bass organs covering the mass range from 7 (Li) to 208 (Pb). Details of
the analysis procedure are reported elsewhere (3). All results have been
corrected for the appropriate blank analysis.
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Results and Conclusions

The average concentrations of 22 elements in the organs of the striped bass are
listed in Table I. The REEs in the intestinal contents, filtered water, and
particulates are shown in Table II. In general, the REEs were at or below the
ICP-MS detection limits for the 100-mL analysis solutions of most of the tissue
samples. Preconcentration by cation exchange was used to obtain the values
reported for the water and particulate samples.

The highest concentrations of lithium are in samples of the fin + skin, the
gill, and the digestive tract (27 ppb to 234 ppb). The same general trend is seen
for vanadium (5.4 ppb to 135 ppb), manganese (527 ppb to 3300 ppb), nickel
(31 ppb to 1900 ppb), strontium (1730 ppb to 135,000 ppb), barium (129 ppb to
7900 ppb), and uranium (2.8 ppb to 42.1 ppb). The high concentrations of
strontium and barium, and possibly lithium, suggest that these elements are
associated with the bony material in the fish and its food. Beryllium, silver,
indium, and tellurium are found in measurable concentrations only in the
sample of the intestine + contents: S ppb beryllium (five times the standard
deviation of the measurement), 0.01 ppb indium (six times the standard
deviation), and 13 ppb tellurium (thirteen times the standard deviation).
Preliminary measurements show that there is about 0.005 ppb tellurium in the
Lake Mead water analyzed, giving a bioconcentration factor of about 3000 for
the intestine, more than 100 times less than that for #°Po, suggesting that these
two elements are not similarly accumulated in the intestines of striped bass.

Gallium concentrations range from 4 ppb to 290 ppb, with the highest
concentration found in the sample of fin + skin. Arsenic concentrations range
from 283 ppb to 1340 ppb, with the highest concentrations in the eye, liver, and
digestive tract. Selenium concentrations peak in the liver tissue (12,200 ppb),
with high concentrations also in the gill, muscle, kidney, and intestine without
contents, all having about 5000 ppb. Preliminary measurements suggest that
there was about 5 ppb of selenium in the Lake Mead water analyzed, which
gives a bioconcentration factor for selenium in the intestine of about 500, about
1000 times less than that of #°Po. Cadmium appears in the liver (64 ppb) and
digestive tract (from 6.5 ppb, in the empty stomach, to 48 ppb in the intestinal
contents). Measurable lead concentrations were found in the eye (55 ppb), fin
+ skin (120 ppb), intestine + contents (24.8 ppb), empty intestine (52 ppb), and
the empty stomach (14 ppb). While the fish were alive, the eye and fin + skin
samples were directly exposed to the lake water, and the digestive tract was also
in intimate contact with the water via the fish’s food. However, the gill does not
show measurable lead concentrations. It would be expected that this organ
would have measurable lead, if the lead came directly from the water.
Moreover, since the digestion blanks did not contain measurable concentrations
of lead, contamination of the samples during the lengthy digestion procedure
does not appear likely. Bismuth is found in samples of the heart (20.5 ppb),
muscle (1.5 ppb), liver (0.7 ppb), and intestinal tract (1.2 ppb to 2.7 ppb).

The concentrations of strontium and barium, two alkaline earth elements,
peak in the sample of fin + skin (135,000 ppb and 7900 ppb, respectively) and
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reach their lowest values in the muscle and liver tissue samples (about 500 ppb
and about 40 ppb respectively). The ratio of strontium/barium is not constant
and ranges from 3.7 in the stomach contents to 41 in the heart. Excluding those
organs, the eye and the intestine + contents, the average strontium/barium ratio
is 14 + 3.

Lithium, rubidium, and cesium are alkali metals. Except for the sample
of intestine + contents, the stomach without contents, and the stomach contents,
the rubidium/cesium ratio is fairly uniform, 66 + 9, or, excluding all of the
digestive tract samples, 70 + S. However, the rubidium/lithium and
cesium/lithium ratios are quite variable, ranging from 1.1 to 770, and 0.10 to
3.6, respectively. The rubidium/lithium ratio is the highest in samples of the
muscle (770), kidney (270), heart (190), and liver (120), while the
cesium/lithium ratio is highest in the kidney (3.6), heart (2.7) and liver (1.6),
and near its lowest in the muscle (0.13). All of the lowest values for both ratios
are in the digestive tract, the intestine, and the stomach tissue.

The fourteen rare earth elements, including lanthanum (promethium was
excluded because it does not occur in nature), were measured in all of the
samples, but found only in high concentrations in the intestinal contents.
Yttrium and thorium are also reported (Table II). The REEs have been used
to fingerprint ocean waters () and groundwaters (5) by the patterns that result
when the absolute concentrations are normalized to the REE concentrations
found in a standard material, such as a shale (4). When the concentrations of
the elements in the intestinal contents are compared to the intestine from which
they were squeezed, it is apparent that most of the elements are more highly
concentrated in this exudate than in the intestine tissue itself. Therefore, it is
apparent that much of the biomagnification has occurred before reaching the
fish, and may include the particulate (detritus and minute organisms) in the
water.

The concentrations of the REEs in the intestinal contents are about 10,000
times greater than the concentrations in the filtered water and only about 150
times the concentrations in the particulates. Thus, the build-up factor,
bioconcentration or bioaccumulation factor, will be very different for the REEs
or possibly any element, depending on which is considered the source of the
elements of interest. Figure 1 shows the shale-normalized ratios for the REEs
in the intestinal content, the filtered water, and the captured particulates. The
curves for the intestinal contents and the particulate matter appear to have
similar shapes and are different from the pattern for the REEs in the filtered
water, or the "dissolved"” REEs. The normalized values for the intestinal
contents and the particulates show a trend toward depletion in the heavy REEs
(HREE:s). In contrast, the filtered water shows a "w shaped" pattern, with a
possible increase toward the HREEs. These initial results suggest that the
bioaccumulation factors for elements in the sample of intestinal contents will
probably be more informative if calculated relative to the concentrations of the
elements in the particulate matter. It may be possible, with preconcentration,
to establish whether or not the "dissolved" fraction of the REEs is an important
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Table 1. Concentrations of Twenty-two Trace Elements in Selected Tissues

Trace Element Concentrations in ppb* (ug/kg) for Wet Tissue

Element Eye Fin & Skin Heart

Li 15 + 1 91 + 4 9 4 1
Be 2 + 1 2 + 1 < 05

v 68 + 03 80 + 1 12 + 1
Cr 310 + 2 37 + 40 140 + 60
Mn 233 + 3 3300 + @ 306 + 7
Ni 50 + 10 1900 + 100 50 + 30
Co 58 £ 03 54 t S 20 + 1
Ga 19 + 1 290 + 30 19 + 1
As 1160 + 4 610 t 2 394 + 7
Se 3700 + 100 3540 + 7 3720 + 20
Rb 663 t 4 1380 t 6 1690 t 20
Sr 4250 + 30 135,000 + 6000 1760 + 20
Ag <04 < 03 <1

Cd <1 < 07 <5

In <0.01 < 001 < 0.02

Cs 101 £ 03 19.0 * 02 47 £ 02
Ba 650 + 10 7900 + 8 43 3
Tl 18 t 02 33 + 0.1 50 % 02
Pb 55 + 1 120 + 2 <2

Bi 02 + 0.1 010 =+ 0.05 205 + 0.7
U 06 0.1 94 + 0.7 05 + 02
Te <0.1 < 01 <01

* + One standard deviation
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of Striped Bass from Lake Mead, USA, as Determined by ICP-MS.

ICP—MS and Trace Elements in Striped Bass

185

Trace Element Concentrations in ppb* (pg/kg) for Wet Tissue

Gill Muscle Kidney Liver
76 + 3 34 * 04 12 + 1 14 + 1
5 + 2 <0.5 <0.6 3 + 1
56 + 1 08 + 01 48 = 02 35 + 1
600 + 40 150 + 10 130 + 20 450 + 30
2370 + 10 n + 2 228 + 3 1250 + 20
610 + 20 <3 8 + 9 <5
20 + 1 21 £ 01 475 = 04 151 + 2
41 + 3 29 + 1 54 + 2 2 = 1
650 + 20 283 + 3 295 + 9 1340 + 20
5100 + 100 4900 + 200 5200 + 300 12200 + 800
1010 + 8 2610 + 2 3250 + 40 1640 £+ 20
55,300 + 800 505 + 5 4460 + 60 562 * 4
<1 <04 <0.6 <04
<1 <0.8 <2 64 + 2
< 0.02 <0.05 <0.02 <0.02
137 % 03 436 =+ 01 437 = 0.6 23 % 0.02
3350 + 40 39 + 1 254 + 6 35 t 1
34 £ 02 33 0+ 02 122 ¢ 0.2 96 =+ 0.1
<2 <1 <1 2 + 1
03 £ 0.1 15 %+ o1 <08 08 +* 0.1
94 + 0.8 <09 11 £ 02 07 + 0.1
<0.1 <0.1 <0.1 3 + 1
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Table 1. (Continued) Concentrations of Twenty-two Trace Elements in Sclected Tissucs

Tracc Element Concentrations in ppb* (ug/kg) for Wet Tissuc

Element | Intestine + Contents | Intestine - Contents** Intestinal Contents

Li 234 + 5 27 + 1 113 t 5
Be 5 + 1 4 + 2 2 + 1
v 135 t 1 150 = 07 13 ¢ 1
Cr 250 10 67 % 4 100 * 30
Mn 2300 r 2 629 + 6 260 ¢ 30
Ni 142 + 4 45 = 8 200 £ 10
Co 489 = 05 278 + 06 496 £ 0.7
Ga 33 + 1 32 = 1 6 = 1
As 470 t 5 1330 30 450 £ 10
Se 2100 + 100 6700 200 160 £ 20
Rb 262 t 1 1920 + 5 2340 £ 20
Sr 18,100 = 100 1730 + 10 9900 + 100
Ag <0.2 <06 <1

Cd 42 * 2 18 + 2 48 k4 2
In 006 + 0.01 < 002 < 0.07

Cs 265 £ 03 294 + 06 493 = 0.7
Ba 4060 + 2 129 + 3 900 = 10
Tl 53 £ 03 46 = 0.2 98 £ 0.2
Pb 248 = 0.8 52 = 3 <2

Bi 12 ¢ 0.1 27 ¢ 0.1 16 * 0.1
U 421 + 03 28 + 08 127 ¢ 05
Te 13 + 1 4 £ 1 3 ¢ 1

* + One standard deviation
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of Striped Bass from Lakc Mcad, USA, as Dctermined by ICP-MS.

Trace Element Concentrations in ppb* (pg/kg) for Wet Tissuc

Stomach + Contents Stomach - Contents** Stomach Contents
38 + 1 60 + 2 122 + 2
3 + 1 2 + 1 1 + 1
87 % 0.3 16 £ 0.2 54 ¢ 0.8
430 = 20 490 = 30 130 ¢ 30
1030 + 10 527 + 3 1980 + 10
31 + 3 39 + 4 210 + 10
100 + 03 41 £ 04 396 £ 0.8
4 = 1 23 + 1 20 + 1
1040 ¢ 20 450 + 10 288 5
5200 + 200 2600 E S 100 1470 + 30
1510 + 20 170 t 1 208 + 2
2210 + 20 2900 + 6 18,800 + 100
<03 <03 <1
3 = 1 65 £ 0.7 13 + 2
< 0.02 <0.02 0.02
215 % 0.2 58 = 0.1 136 02
197 + 4 282 + 1 5070 + 30
48 t 0.2 38 03 66 * 02
<06 14 = 1 <3
04 = 0.1 03 * 0.1 <0.1
35 0.2 105 04 22 + 2
2 % 1 2 S 1 <01
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Table II.  Concentrations of Rare Earth Elements Yttrium and Thorium in the
Intestinal Contents of Striped Bass, Filtered Water, and Particulate Matter

from Lake Mead, USA, as Determined by ICP-MS.

Intestinal Filtered Water ng/L  Particulates ng/L
Element Contents (ppb) of Water of water
+ SD* +SD + SD
Y 14.7 + 0.6 139 + 06 91 + 2
La 231 + 03 370 + 007 198 + 1
Ce 417 % 03 295 + 008 350 + 2
Pr 58 + 02 027 = 002 411 + 04
Nd 214 £ 07 2.0 + 02 144 + 22
Sm 42 + 02 039 x 005 236 + 03
Gu 09 + 01 011 + 04 75 + 02
Gd 39 + 03 053 + 006 36 r 1
Tb 049 + 0.04 0038 +  0.006 32 & 01
Dy 25 + 01 020 + 002 131 + 04
Ho 050 + 0.03 0.048 +  0.008 25 + 01
Er 13 1 017 £ 0.03 72 = 02
Tm 0.18 <+ 0.02 0.039 £  0.006 08 + 0.04
Yb 10 £ 01 024 1 003 53 £ 01
Lu 0.16 + 0.03 0.043 *  0.009 077 + 0.06
Th 90 * 05 011 % 005 31 + 1

* Standard deviation (n = 3)per wet weight for intestinal contents.
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Figure 1. Logarithm of shale-normalized REE concentrations in the intestinal
contents of striped bass, filtered water, and particulate matter from Lake Mead,
USA.

source of these metals in organs, such as the liver and kidney, which are not in
intimate contact with the fish’s diet.

Conclusions

The shale-normalized values of the REEs in the intestinal contents and the lake
water particulates show a trend toward depletion of the HREEs. Normalized
values for the concentrations of the REEs in the filtered water shows a different
pattern, a "w-shaped” bimodal pattern, with enrichment in the HREEs. This
difference suggests that the particulate matter may be a significant source for
the REEs in the fish’s intestinal contents and its diet. The REEs have
bioaccumulation factors of about 10,000 in the intestinal contents, when
compared to the "dissolved" concentrations of these elements in the lake water,
but the results of this study suggest that an accumulation factor of about 150,
calculated from the concentrations of REEs found in the particulate matter
filtered, is more realistic. Moreover, the ICP-MS was able to determine many
elements simultaneously in the digests of the striped bass tissues. It also was
able to determine the long-lived radioisotopes, 2*U and *Th, in most of the
samples, without additional effort.
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Chapter 15

Aquatic Toxicity of Chemical Agent
Simulants as Determined by Quantitative
Structure—Activity Relationships and
Acute Bioassays

N. A. Chester!, G. R. Famini!, M. V. Haley!,
C. W. Kurnas!, P. A. Sterling!, and L. Y. Wilson?

1U.S. Army Edgewood Research, Development and Engineering Center,
Aberdeen Proving Ground, MD 21010
2Department of Chemistry, La Sierra University, Riverside, CA 92515

Chemical agent simulants (simulants) have been used over the last 30
years to resolve obvious safety issues and provide sources for the
development and testing of chemical defense equipment and
procedures. In response to increasingly more stringent requirements
being placed on the use of the simulants, restrictions involving
hazardous waste disposal, and the necessity of performing outdoor
tests, a major emphasis has been placed on efforts for determining
environmental toxicity and damaging effects. Aquatic bioassays
including the Microtox Assay (Photobacterium phosphoreum) and 48
hr Daphnia magna bioassay, were employed to provide preliminary
acute toxicity data. A D magna ECs¢9 QSAR model from the
TOPKAT software package and a QSAR model for estimating P.
phosphoreum ECsgs based on the Theoretical Linear Solvation
Energy Relationship (TLSER), were used to compare estimates with
actual bioassay data. Chemicals tested were chosen from a list of the
70 "most used" simulants which include glycols, ethers, acetates,
sulfides, organophosphates, and various other chemicals.

Chemical agent simulants have been used over the last 30 years to resolve obvious
safety issues and provide sources for the development and testing of chemical
defense equipment and procedures (1). Open air testing is often required in order to
effectively evaluate chemical defense materiel. Due to stringent environmental
regulations for use of simulants in these conditions, and restrictions involving
disposal of hazardous waste, it has become necessary to choose wisely the simulants
available which not only fit the requirements for usage, but also are the least toxic
and damaging to the environment (Duncan, D.P.; Famini, F.R.; Chester, N.A.
ERDEC-Technical Report, in press). The result has been placement of major
emphasis on determining environmental toxicity and harmful effects of simulants.
With the list of possible simulants numbering over 1000 and the "most used”
simulants at about 70, there has been great interest in Quantitative Structure Activity
Relationship (QSAR) methods that may generate, for a bulk of structures,
environmental results for missing data. Data gaps have been found to be extensive

0097-6156/96/0643—0191§15.00/0
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for many simulants and generally, both toxicity information for aquatic, terrestrial
and wildlife populations, and information on fate of the materials is necessary in
order to assess potential environmental impact. Typically, a battery of toxicity assays
is conducted for each chemical, representing both aquatic and terrestrial organisms,
and also different levels of biological organization. The availability of QSAR models
which have been designed to predict toxicity for environmental species are available
and may offer a toxicity screening tool for a large quantity of chemicals that can
assist in highlighting the compounds that warrant more complete environmental
testing with additional in depth, expensive and time consuming toxicity tests.

In order to make a judgment on the applicability of two QSAR models available
in-house for use in the simulant program at ERDEC, empirical data was generated
for comparison in a post hoc fashion. Bioassays were conducted that represent
different trophic levels of aquatic species in order to provide an initial assessment of
the aquatic aspect of environmental impact. In this case, the five minute Microtox
assay employing the representative marine bacterium Photobacterium phosphoreum,
and the 48-hour Daphnia magna (algae-feeding freshwater crustacean) toxicity
assay, were performed to provide acute aquatic toxicity data.

Two different models that generate estimates of acute aquatic toxicities were
used to examine the predictive power of QSAR equations. An equation developed by
Health Designs, Incorporated (HDi) in collaboration with this laboratory (2) for
estimating toxicities for D. magna, was chosen from the TOPKAT software package
which also contains other aquatic models, and toxicity calculations were done using
this equation for ten simulants. A model for estimating P. phosphoreum ECsgs that
was developed at this laboratory (3) was selected to generate fourteen model-specific
toxicity estimates. Predictions were compared with actual bioassay data to
investigate the efficacy of the assay alternatives.

TOPKAT Model. TOPKAT is an integrated software package for the estimation of
toxic, environmental, and biological effects of chemical structures using statistical
quantitative structure-activity relationship techniques (4). The software at Edgewood
Research Development, and Engineering Center (ERDEC) contains 13 predictive
equations along with the data bases from which they were derived. Several of these
mathematical models have been developed for environmental species (5), including a
D. magna ECsg equation (2), which was chosen to provide toxicity estimates. This
model was constructed using molecular connectivity indices (MCI - molecular shape
descriptors) and substructural keys as the parameters descriptive of the compounds
in the model's data base which contribute most to the explanation of the D. magna
ECsp. At the time of development of the equation (1989), the data set consisted of
167 chemicals. The data base continues to be enlarged and updated.

Health Designs' MOLSTAC system was used to generate substructural keys as
parameters. They fall into the following classes of descriptors (2):

1. Identification of the longest continuous chain of atoms (excluding hydrogen)
in the molecule.

2. Identification of carbon chain fragments.

3. Identification of ring systems, including combinations such as the rings
forming the bay region in certain carcinogens.

4. Identification of chemically or biologically or both functional substructural
fragments.

y 5. Identification of electron-donating and electron-withdrawing substructural
eys.

A total of seventeen parameters were used for the model including primary
amine bound to an aromatic ring atom; oxygen-substituted aryl ester; three carbon
fragments between two functional groups (electron withdrawing, electron releasing,
or combination); valence path-cluster, order 4; benzene; aliphatic alcohol; and
valence path MCI, order 2, as examples. The methodology for calculation of the
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predictive equation uses multiple regression. Equation 1 shows the form of the final
regression equation incorporating the seventeen parameters and the coefficient
resulting from the regression of each parameter with the corresponding toxicity
endpoint (2):

Daphnia ECsg =  constant + (parameter 1 x coefficient 1) 1)
+ (parameter 2 x coefficient 2) + ...
+ (parameter n x coefficient n)

Initial performance tests which validate the model's regression equation used the
cross-validation method. Briefly, one chemical is removed from the data set, the
equation is recalculated, and the omitted compound is estimated with the equation.
The process is repeated for all compounds and the statistics calculated on the
estimates. These results can be expressed as the fraction of compounds predicted
within certain factors. This model predicted the toxicity (ECsp) of 85.6% of the
compounds from the data set within a factor of ten; however, the TOPKAT program
includes important specifications for the validation of an estimate which, along with
User's toxicological knowledge of and/or experience with the compound, will
provide confidence in the prediction.

Theoretical Linear Solvation Energy Relationship (TLSER) Model. Linear free
energy relationships (LFER) and quantitative structure activity relationships (QSAR)
have been used extensively to correlate and characterize observed macroscopic
properties in terms of microscopic structural features. The basic tenet that structure
affects a property in a systematic manner is fundamental to chemistry. In the late
1970s to mid 1980s Kamlet and Taft (6, 7) extended the LFER/QSAR methodology
dramatically with the development of the linear solvation energy relationship
(LSER). The generalized LSER states that all solute/solvent related properties
consist of the sum of four effects as described in equation (2); a) a cavity/bulk term,
b) a polarizability/dipolarity term c) a hydrogen bonding acidity, and d) a hydrogen
bond basicity term.

property = bulk/cavity term(s) + dipolarity/polarizability term(s)
+ hydrogen bonding term(s) + constant )

Correlations between properties and structure, which currently number in excess of
300, range in diversity from general toxicity to solubility to nuclear magnetic
resonance (NMR) and ultraviolet (UV)-Visible (Vis) spectral shifts (8).

One of the difficulties in using the LSER is the need for empirical descriptors.
In order to circumvent this, there have been two independent efforts to substitute
molecular orbital based parameters for the empirically derived ones. The effort by
Politzer and Murray (9) has focused on using ab initio methods to generate
molecular electrostatic potential maps (MEPs). These maps provide maxima,
minima and deviations which are input as descriptors into an LSER-like equation.

The second approach, has been to use descriptors directly generated from the
molecular orbital calculation to substitute directly on a one for one basis for the
solvatochromic descriptors. Based on the LSER philosophy and general structure, a
new, theoretical set of parameters for correlating a wide variety of properties has
been developed (10). These theoretical linear solvation energy relationship (TLSER)
descriptors have shown good correlations and physical interpretations for a wide
range of properties. These include the following: five nonspecific toxicities (3)
including Microtox Test toxicity (P. phosphoreum ECsg) using 42 compounds;
activities of some local anesthetics and the molecular transform (/17); opiate receptor
activity of some fentanyl-like compounds (12); and six physicochemical properties:
charcoal absorption, HPLC retention index, octanol-water partition coefficient,
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phosphonothiolate hydrolysis rate constant, aqueous acid equilibrium constant, and
electronic absorption of some ylides (13).

These TLSER parameters are determined solely from computational methods
thus permitting nearly a priori prediction of properties. Modeled after the LSER
parameters, TLSER descriptors were developed to correlate closely with those
descriptors; to give equations with correlation coefficients, R, and standard
deviations, SD, close to those for LSER; and to be as widely applicable to
solute-solvent interactions as the LSER set. Table I gives a summary of these
TLSER descriptors as used in this paper and described in the next paragraphs (14).

The TLSER bulk/steric term is described by the molecular van der Waals
volume, Vmc, in units of 100 cubic angstroms. The dipolarity/polarizability term
uses the polarizability index, =y, obtained by dividing the polarizability volume by
the molecular volume to produce a unitless, size independent quantity which
indicates the ease with which the electron cloud may be moved or polarized. For
fﬁxam;;lle, aromatics and chlorine rank high while alkanes and fluorine rank low on

e scale.

Table I. TLSER Descriptors
Symbol  Name Definition Units Meaning
Vmc molecular volume  molecular volume 100A3 cavity/steric
o4 polarizability index polarizability/Vmc none polarizability
€B covalent basicity 0.30-| AE@,Iw)! /100 hev acceptor HBB
q- electrostatic basicity maximum | (-? chargd acu acceptor HBB
€A covalent acidity 0.30- | AEQ,bw)| /100 hev donor HBA

Q+.

A = Angstrom; hev = hecto-electronvolt; acu = atomic charge unit; HBB or HBA =
hydrogen bond basicity or acidity; AE(h,lw) = E(h)-E(lw); E(h) = HOMO energy;
E(l) = LUMO energy; E(lw) and E(hw) refer to the E(LUMQ) and E(HOMO) for
water, respectively; | | indicate absolute magnitudes.

SOURCE: Reprinted with permission from ref. 14. Copyright 1994.

The acceptor hydrogen bond basicity (HBB) is composed of covalent, eg, and
electrostatic, q., basicity terms. Analogously, the donor hydrogen bond acidity
(HBA) is made up of covalent, e5 and electrostatic, g, acidity terms. The covalent
HBB parameter, ep, is the magnitude of the difference between the energy of the
highest occupied molecular orbital (HOMO) of the solute and the lowest unoccupied
molecular orbital (LUMO) of water. The result is divided by 100 for convenience in
presentation and comparison of coefficients; the units are in hectoelectronvolts
(heV). Analogously, the covalent HBA parameter, e5 is the magnitude of the
difference between the energies of the LUMO of the solute and the HOMO of water,
again scaled like the covalent HBB with the same units. The water energies are
included for aesthetic reasons; the smaller these differences the greater is the ability
to form a hydrogen bond with water.

So far no adequate descriptor has been found analogous to §y12, the Hildebrand
solubility parameter (15), to provide a theoretical model for the solvent cohesive
energy. The first thing that comes to mind is to use 1/Vpci; this amounts to
assuming the enthalpy of vaporization does not change much over the set of
solvents. Since the Hildebrand solubility parameters are readily available for a large
number of solvents it has been suggested that it be used along with the theoretical
descriptors.
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Equation (3) is the result of applying the TLSER descriptors to the LSER
model, equation (2) (14), where logSSP represents the logarithm of some property
affected by solvent-solute interactions, and subscripts 1 and 2 refer to solvent and
solute respectively:

10gSSP = a 8112Vmc2 + b 172 + ¢ €B1€A2 + d €A1 €B2
+eq.19+2+fg41 92 +10gSSPg 3

This relation can be simplified in the case of multiple solvents for a single solute to
give equation (4).

logSSP = ap 812 + by w11 + 2 €81 + d2 €A1 + €2 q-1 + £2 G4+1 + 10gSSPp 4

The TLSER equation, analogous to equation (3) for multiple solutes in a given
solvent, is equation (5).

logSSP = a1 Vipe2 + b1z +¢1 €2 + d1 Q.2 + €1 €A2
+f1 q42 +10gSSPy &)

It is important to note that the theoretical descriptors are from calculations that
apply to an isolated molecule in the gas phase. However, one might expect that there
could be some relationship between the gas phase structure and the structure in a
condensed phase. In TLSERs involving toxicity, the substrate can be considered the
“"solute”, and the medium/organism/receptor, the "solvent". Except in rare cases,
therefore, equation 5 can be used as the generalized starting point for developing
specific TLSERs. In most cases, some of the six descriptors are not significant in the
regression analysis, and can be removed from the final TLSER.

Based on the TLSER descriptors having shown good correlations and physical
interpretations for a wide range of properties including nonspecific toxicities, the
equation correlating the Microtox test (Photobacterium phosphoreum) for a series of
42 compounds was chosen in addition to TOPKAT's D. magna ECso model for
investigation of the predictive power of structure activity relationships.

This paper addresses the aquatic ecological toxicity of selected simulants and
compares the TOPKAT-generated D. magna toxicity estimates and TLSER-
generated P. phosphoreum toxicity estimates to experimental results.

Materials and Methods

Chemicals. Simulants were obtained from chemical suppliers, and purchased at a
minimum of 97 percent purity. Stock solutions for tests were prepared fresh at the
start of each assay. Water soluble/miscible acetoacetates, glycols, organophosphates
and organophosphonates, along with miscellaneous other chemicals were among
simulants tested. Chosen chemicals were investigated for safety considerations and
known human toxicities prior to testing and required standard operating procedures
incorporating fume hoods, laboratory coats, and non powdered polyvinyl gloves.

Daphnid Toxicity Tests. The 48 hour D. magna acute toxicity test conformed to
applicable ASTM and U.S. EPA standards (16, 17), and has been described
previously (18). Daphnia cultures were originally obtained from Dr. Frieda Taub at
the University of Washington (Seattle, WA), and were reared in the laboratory as
described by Goulden et al. (19) using treated well water. Forty-eight hour tests were
conducted in a temperature-controlled room at 20+1°C, using a 16:8 light/dark (315
ft. candles) cycle. Typically, controls and five to six concentrations of simulant, in
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replicate, were prepared as 100 mls of daphnia media in each of 250 mis beakers.
Ten daphnia (< 24 hours old) were added to each test vessel, and immobility/
mortality was observed at 24 and 48 hours. The ECsgs (effective concentration at
which 50% of the organisms are immobilized) were calculated using the PROBIT
analysis (20), and if needed, verified with graphically tabulated ECsgs derived from
mortality and concentration values.

Bacterial Toxicity Tests. Bacteria (reagent) and test solutions for the
Photobacterium phosphoreum bioassays were purchased by Microbics Corporation,
the test's manufacturer. P. phosphoreum is a luminescent marine bacterium used in
the Microtox aquatic assay as the test organism. Exposure of the organisms to
toxicants typically lowers light output in proportion to toxicity. The assay is
conducted within the temperature controlled (15°C) wells of a photometer (21)
(Microtox Analyzer) and consists of sample solutions, serially diluted by factors of
two, and controls (containing no toxicant). A corresponding set of tubes holds
diluted Reagent (bacteria) ("Reagent-Tubes"), and following a 15 minute
temperature stabilization period, are read at time zero for initial light output (Ip).
Following this, aliquots from the sample and control tubes are added to the
"Reagent-Tubes" and mixed; light output is then measured at predetermined times
(t), usually five and 15 minutes, to give final light readings (Ip).

Due to the natural decay of light output over time, the timed readings are
normalized using the "Blank Ratio" (BR), which is the ratio of the light output of the
controls at time t to light output of controls at time 0. This BR is applied to Igs to
correct for drift and effects of dilution of organisms, and allows for the measurement
of a true baseline. "Light lost" to "light remaining" is calculated, and further data
reduction produces an ECsg - the effective concentration at which there is a 50%
reduction in light output.

Scoring Criteria. Scoring criteria for aquatic toxicity results (Table II.) was derived
from O'Bryan and Ross' "Chemical Scoring System for Hazard and Exposure
Identification" (22) where aquatic refers to animal (except mammalian) and plant life
in the water environment, including algae and other lower life forms. Although the
above authors define ECsg as the concentration at which the effect under observation
occurs in 50% of the test group under conditions of study, we have applied this
ranking also to ECsps generated by Microtox tests where ECsg is the concentration
at which light output is decreased by 50%. The description of ranking nomenclature
by levels of toxicity (from neglible to high toxicity) has been designated by the
authors of this paper, based on O'Bryan and Ross' numerical scores given to
subgroups of ECsps and authors' knowledge and experience. Rankings are used to
present toxicity data categorically for easy comparisons.

TOPKAT Estimation and Validation. Structures of simulants were entered into
TOPKAT using the Simplified Molecular Input Line Entry System (SMILES) (23).
SMILES is a linear notation scheme for entry of chemical structures into computer
data bases. The Daphnia magna ECsg model was selected to obtain an ECsg
estimation for the 48 hour bioassay. A two-step validation process was then
employed to ascertain confidence in the toxicity estimate (24). First, a determination
was made as to whether the major substructures of the compound being estimated
were present in the data base of the model selected, and second, the data base was
examined for structurally related compounds whose assay results and also TOPKAT-
predicted estimates may either support or refute the estimate in question. This
information, together with the user's own experience and knowledge of the
compound, provides a measure of confidence that can be placed in the prediction.
The resulting estimates were compared to the actual ECsgs.
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—___ TABLEIL SCORING CRITERIA FOR AQUATIC” TOXICITY

___SCORE __ACUTE (ECsq)°
8 <1 HIGH
6-7 1-10 HIGH
4-5 >10-100 MODERATE
1-3 >100-1000 LOW
0 >1000 NEGLIGIBLE
TOXICITY _

2 Aquatic refers to animal (except mammalian) and plant life in the water
environment, including algae and other lower life forms.

Acute refers to an exposure less than or equal to 96 hours. ECsq is the
concentration at which the effect under observation occurs in 50% of the test group
under conditions of study.

¢ Description of ranking nomenclature designated by authors; ranking applies also to
ECsps generated by Microtox tests where ECsg = concentration at which light output
is decreased by 50%.

TLSER Microtox Equation. For determination of TLSER parameters for the P.
phosphoreum ECs0 model, PCMODEL (Serena Software, Bloomington, IN) and the
in-house-developed molecular modeling package, MMADS, were used to construct
and view all molecular structures (25). Viewing the molecular model helps indicate
that the structure is reasonable and might be close to a global minimum. Further
molecular geometry optimization was performed using the MNDO algorithm
contained in MOPAC (26, 27). The orbital energies, partial charges and
polarizability volumes are results of this optimization. The molecular volume for the
optimized geometry was determined using the algorithm of Hopfinger (28).
Multilinear regression analysis using MYSTAT (Systat, Evanston, IL.) or MINITAB
(Minitab, Inc. State College, PA) was used to obtain the coefficients in the
correlation equation given in equation (6):

v,
LOGECs; = - 3.63 2 . 45.8 7, + 3.71q. - 2.92q, +11.4
50 jo0 4387 +3.7lq. - 2.92 ©)

for N=38 where R=0.977 sd=0.37 F=176

The correlation equation was selected based on the following considerations: 1)
Most important is the need for an adequate sample size. A good rule of thumb is that
t