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Preface

Acute systemic toxicity testing is conducted to
determine the relative health hazard of chemicals
and various products. Substances found to cause
lethality in animals at or below prescribed doses
are labeled to identify their hazard potential.
While acute toxicity testing is currently conducted
using animals, studies published in recent years
have shown a correlation between in vitro and in
vivo acute toxicity. These studies suggest that in
vitro methods may be helpful in predicting in vivo
acute toxicity.

An extensive evaluation of in vitro methods for
acute toxicity, known as the Multicenter
Evaluation of In Vitro Toxicity (MEIC) Program,
was initiated by the Scandinavian Society for Cell
Toxicology in 1989 under the direction of Dr.
Bjorn Ekwall, Director of the Cytotoxicity
Laboratory at the University of Uppsula. Fifty
reference chemicals were selected for which there
was acute oral toxicity data from animal testing
and blood concentrations from fatal human
poisonings. Ninety-six laboratories evaluated 30
of the chemicals in 82 different in vitro
cytotoxicity assays, and all 50 chemicals were
evaluated in 61 assays. Detailed analysis of the
results identified a battery of three human cell line
basal cytotoxicity assays that were highly
correlative with peak human lethal blood
concentrations.

In 1998, Dr. Willi Halle from Germany published
a Register of Cytotoxicity consisting of in vivo
acute toxicity data and in vitro cytotoxicity data
for 347 chemicals. These data were used to
construct a regression model that could be used to
predict estimated LD50 values based on
cytotoxicity data. Dr. Horst Spielmann and his
colleagues at the German Centre for the
Documentation and Evaluation of Alternatives to
Testing in Animals subsequently proposed that
cytotoxicity methods could be useful for
predicting starting doses for in vivo acute oral
toxicity studies, thereby reducing the number of
animals necessary for such determinations.
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In 1999, amidst growing awareness of the MEIC
and other studies, the National Institute of
Environmental Health Sciences (NIEHS) received
over 800 letters requesting that the MEIC program
results be evaluated by the Interagency
Coordinating Committee on the Validation of
Alternative Methods (ICCVAM). Also in 1999,
the U.S. Environmental Protection Agency (EPA)
Office of Pesticides, Prevention, and Toxic
Substances asked ICCVAM to review the
validation status of the MEIC proposals.

ICCVAM discussed these requests at its August
1999 meeting and asked the National Toxicology
Program (NTP) Interagency Center for the
Evaluation of Alternative Toxicological Methods
(NICEATM) to prepare a technical summary of
the extensive publications resulting from the
MEIC studies. ICCVAM reviewed the MEIC
results at its October 1999 meeting and
recommended that an expert workshop should be
convened to: a) evaluate the current validation
status of the proposed MEIC test battery and other
available in vitro tests that might be useful for
predicting acute toxicity; and b) identify research,
development, and validation efforts that might
further enhance the use of in vitro methods to
assess acute systemic toxicity.

Names of appropriate scientists to serve on an
ICCVAM Workshop Organizing Committee were
requested from participating ICCVAM Agencies.
The Committee was charged with working with
NICEATM to develop the Workshop objectives
and program and to identify appropriate expert
scientists to participate. The Committee held its
first of several meetings in February 2000. Dr.
Philip Sayre of the EPA and Dr. John Frazier of
the U.S. Air Force co-chaired the Organizing
Committee and guided the development of the
scope and breadth of the Workshop.

In June of 2000, the International Workshop on In
Vitro Methods for Assessing Acute Systemic
Toxicity was announced in a Federal Register
notice. Relevant data and nominations of
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scientists that should be invited to participate in
the Workshop were also requested in the notice.
The Organizing Committee invited 33 expert
scientists from academia, industry, and Federal
agencies to participate in the Workshop.
NICEATM assembled relevant background
materials for distribution to the invited expert
scientists, other workshop participants, and the
public. The Organizing Committee also identified
knowledgeable agency scientists to participate in
the workshop, and developed a series of questions
for four breakout groups to address during the
three and a half-day meeting. In September 2000,
a second Federal Register notice announced the
availability of the Workshop agenda and
background materials, and requested public
comments.

Invited scientific experts and ICCVAM agency
scientists were assigned to one of the following
four Breakout Groups:

* InVitro Screening Methods for Assessing
Acute Toxicity;

* In Vitro Methods for
Determinations;

* In Vitro Methods for Predicting Organ
Specific Toxicity; and

e Chemical Data Sets for Validation of In
Vitro Acute Toxicity Test Methods.

Toxicokinetic

The Workshop was convened in Arlington, VA on
October 17-20, 2000. The NTP, the NIEHS and
the EPA sponsored the Workshop, and
NICEATM provided logistical, technical, and
administrative support. The Workshop was open
to the public and was attended by 110 participants
from nine countries. In the opening plenary
session, speakers provided an overview of in vitro
acute toxicity methods and described the
regulatory use of acute toxicity data. Breakout
Groups were then charged with their assigned
objectives and asked to develop responses to
questions provided by the Organizing Committee.

The Groups reported on their progress each
morning of the second and third days and gave a
final report on the last day of the meeting.
Opportunity for public comment was provided in
all plenary and breakout sessions. Following the
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Workshop, each of the Breakout Groups prepared
reports that represented the consensus of the
invited scientists assigned to that Group.

The NICEATM subsequently assembled the
Breakout Group reports and other relevant
information into this Workshop Report. A
separate Guidance Document on Using In Vitro
Data to Estimate In Vivo Starting Doses for Acute
Toxicity, based on contributions from Drs. Rodger
Curren, Julia Fentem, and Manfred Liebsch, was
also prepared after the workshop. The Organizing
Committee and ICCVAM reviewed the report and

guidance document, and developed test
recommendations to forward with these
publications to Federal agencies for their

consideration in accordance with Public Law 106-
545. The ICCVAM recommendations are
included in this report as Appendix I. Both
publications are available on the Internet at the
ICCVAM/NICEATM website
(http://iccvam.niehs.nih.gov), and copies may be
requested from NICEATM through email at:
NICEATM@niehs.nih.gov.

On behalf of the ICCVAM, we gratefully
acknowledge the unselfish contributions of all of
the Workshop participants. We extend a special
thanks to the Breakout Group co-chairs who
worked diligently to ensure the timely completion
and accuracy of their Group reports. The efforts
of the Organizing Committee members and
especially the co-chairs, Drs. John Frazier and
Philip Sayre, were instrumental in assuring a
productive and useful Workshop. The efforts of
the NICEATM staff in coordinating local
arrangements, providing timely distribution of
information, and preparing the final report are
acknowledged and appreciated. We especially
acknowledge Dr. Ray Tice for preparation of the
comprehensive  background materials, Brad
Blackard for coordinating communications and
logistics throughout the entire project, and
Michael Paris and Judy Strickland for their efforts
in compiling the final workshop report.

William S. Stokes, D.V.M.
Co-Chair, ICCVAM, NIEHS

Richard N. Hill, M.D., Ph.D.
Co-Chair, ICCVAM, U. S. EPA
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Executive Summary

Toxicity testing is conducted to determine the
potential human health hazards of chemicals and
products. Acute systemic toxicity testing is used
to properly classify and appropriately label
materials with regard to their lethality potential in
accordance  with established regulatory
requirements (49 CFR 173; 16 CFR 1500; 29 CFR
1910; 40 CFR 156). Non-lethal parameters may
also be evaluated in acute systemic toxicity
studies to identify potential target organ toxicity,
toxicokinetic parameters, and dose-response
relationships. While animals are currently used to
evaluate acute toxicity, recent studies suggest that
in vitro methods may also be helpful in predicting
acute toxicity.

To evaluate the validation status and current
potential uses of in vitro methods as predictors of
acute in vivo toxicity, the Interagency
Coordinating Committee on the Validation of
Alternative Methods (ICCVAM) and the National
Toxicology Program (NTP) Interagency Center
for the Evaluation of Alternative Toxicological
Methods  (NICEATM) held a four-day
workshop—the International Workshop on In
Vitro Methods for Assessing Acute Systemic
Toxicity, October 17-20, 2000, in Arlington, VA,
U.S.A. The Workshop provided a public venue
for invited experts and ICCVAM agency
participants to review the validation status of
available in vitro methods for assessing acute
systemic toxicity and to develop
recommendations for validation efforts necessary
to further characterize the usefulness and
limitations of these methods. Workshop
participants also developed recommendations for
future mechanism-based research and
development efforts to improve in vitro
assessments of acute systemic lethal and non-
lethal toxicity.

Specific objectives of the Workshop were to:

* Review the status of in vitro methods for
assessing acute systemic toxicity:
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— Review the validation status of
available in vitro screening methods
for their usefulness in estimating in
vivo acute systemic toxicity;

Review in vitro methods for
predicting toxicokinetic parameters
important to acute toxicity (i.e.,
absorption, distribution, metabolism,
and elimination);

— Review in vitro methods for
predicting specific target organ
toxicity;

¢ Recommend candidate methods for

further evaluation in prevalidation and
validation studies;

* Recommend validation study designs that
can be used to adequately characterize the
usefulness and limitations of proposed in
vitro methods;

* Identify reference chemicals that can be
used to develop and validate in vitro
methods for assessing in vivo acute
toxicity.

Four Breakout Groups were assigned specific
objectives and asked to develop responses to
questions grouped into general areas of (a)
identifying needs, (b) current status, and (c) future
directions. Breakout Group 1 (BG1) addressed
the use of in vitro screening methods to estimate
acute in vivo toxicity (i.e., median lethal dose
[LD50 values]). Breakout Group 2 (BG2)
discussed the role of in vitro methods for
estimating toxicokinetic parameters needed to
assess acute in vivo toxicity. Breakout Group 3
(BG3) examined in vitro methods for assessing
target organ toxicity and mechanisms, and
Breakout Group 4 (BG4) addressed chemical data
sets for validation of acute in vitro toxicity tests.

In Vitro Screening Methods for Assessing
Acute Toxicity

BG1 was asked to evaluate the validation status of
available in vitro methods for estimating in vivo
acute toxicity. The Group identified methods and
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appropriate validation studies that might be
completed within the next one to two years. The
potential uses of quantitative structure-activity
relationships (QSAR) as part of an in vitro
strategy were also considered.

In identifying needs, BG1 noted that the ultimate
goal is to be able to predict acute toxicity in
humans. To that end, the long-term goal is to
develop a battery of in vitro tests employing
human cells and to integrate the resulting
information with that derived from other sources
on key physico-chemical parameters (e.g.,
kinetics, metabolism, and dynamics) to predict
human acute toxicity. The Group also
recommended investigating ways to reduce and
replace animal use in acute oral toxicity tests as
detailed and described in the Organisation for
Economic  Co-operation and Development
(OECD) test guidelines 401, 420, 423, and 425.
The Group recognized that the use of QSAR (e.g.,
Barratt et al., 1998) can provide key information
in a number of areas, including the selection of
test chemicals for validation studies, the
interpretation of outliers, and the grouping of
chemicals by structure and biological mechanisms
of toxicity.

To characterize the current status of the use of in
vitro cytotoxicity assays to predict acute in vivo
lethality, BG1 reviewed a number of approaches
but focused on the Multicentre Evaluation of In
Vitro Cytotoxicity (MEIC) and the German Center
for the Documentation and Validation of
Alternative Methods (ZEBET) approaches. The
MEIC program investigated the relevance of in
vitro test results for predicting acute toxicity in
humans by coordinating the generation of in vitro
cytotoxicity data for 50 chemicals by 96
laboratories using different in vitro methods. The
MEIC management team correlated the in vitro
findings with data compiled from human
poisoning  reports. The ZEBET approach
involved using data from the Registry of
Cytotoxicity (RC), which contains a regression
analysis of in vitro cytotoxicity 1C50 values and
rodent LD50 values for 347 chemicals, to
determine starting doses for LD50 tests. BG1
concluded that none of the available in vitro
methods or proposed testing strategies had been
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evaluated adequately to replace the use of animals
for acute systemic toxicity testing.

In the future, to reduce the use of animals in acute
lethality assays, BG1 recommended using in vitro
cytotoxicity data to predict starting doses for in
vivo lethality studies as proposed by ZEBET
(Spielmann et al., 1999). Data were presented
indicating that this approach would reduce and
refine animal use for acute toxicity testing. BG1
recommended that test laboratories evaluate and
compare the performance of several in vitro
cytotoxicity tests with the existing RC data. An
appropriate in vitro cytotoxicity assay for this
purpose would be a protocol employing the
BALB/c 3T3 mouse fibroblast cell line, a 24-hour
exposure time, and neutral red uptake as the
measurement endpoint (of cytotoxicity). Other
cell lines and cell viability assays could serve the
same purpose equally well.

The Group also recommended that to further the
goal of replacing the use of animals in acute
lethality assays a prevalidation study should be
initiated as soon as possible to evaluate various
cell types, exposure periods, and endpoint
measurements as predictors of acute toxicity. The
assay, or battery of assays, determined to be the
best predictor of in vivo lethality could be
optimized further to identify, standardize, and
validate simple predictive systems for gut
absorption, blood-brain barrier (BBB) passage,
kinetics, and metabolism. Such information has
been identified as necessary to improve the ability
of in vitro cytotoxicity data to predict in vivo
LD50 values (Curren et al., 1998; Seibert et al.,
1996; Ekwall et al., 1999). Additionally, other
concepts such as TestSmart (CAAT, 1999, 2001),
an approach to determine whether "one can
measure cellular changes that will predict acute
system  failure” (A. Goldberg, personal
communication) could be incorporated into in
vitro strategies for predicting acute toxicity in
vivo.

In the longer-term, preferably as a parallel
activity, BG1 recommended focusing on the
development and validation of human in vitro test
systems for predicting human acute toxicity,
integrating the approaches suggested by Breakout
Groups 2 and 3. BG1 recommended that future



Executive Summary

studies identify and evaluate mechanism-based
endpoints.  The Group also recognized the
potential impact of genomics and proteomics in
many areas of toxicology, but noted that acute
toxicity testing is not currently an area of high
priority for the application of these new
technologies.

BG1 made the following recommendations for the
prevalidation, validation, and future development
of in vitro assays for acute lethal toxicity:

To further reduce the use of animals in
acute lethality assays, a guidance
document on the application of in vitro
cytotoxicity data for predicting in vivo
starting doses, including details of current
test protocols and their application should
be prepared.

To support a testing strategy that might
eventually replace the use of animals in
acute lethality assays, a working group of
scientific experts should be established to
identify and/or define specific in vitro
cytotoxicity test protocols for inclusion in
a prevalidation study of their use for
predicting LD50 values. The working
group should design and plan the study in
detail and take into account the
suggestions made by BG1 (Section 2.7)
regarding cell type, exposure period, and
endpoint measurement.

It is anticipated that the use of simple
systems that predict gut absorption, BBB
passage, key kinetic parameters, and
metabolism will improve the ability of in
vitro cytotoxicity assays to predict rodent
LD50 values, or any in vivo toxic effects.
Continued development and optimization
of such systems for this application is
encouraged and should receive regulatory
support.

In principle, QSAR approaches, including
expert systems and neural networks, could
be developed and validated for predicting
acute systemic toxicity. Initially, an up-
to-date review of current QSAR systems
for predicting rodent oral LD50 values
should be undertaken. In addition,
QSARs for predicting gut absorption,
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metabolism, and BBB passage should be
developed and evaluated and initiatives to
increase  data sharing should be
established.

The development of simple predictive
models for human acute toxicity should
be a major focus.

The evaluation and ultimate acceptance of
in vitro assays for human acute toxicity
will need a larger reference database than
is presently available for validation
purposes. The MEIC human database
should be peer-reviewed, modified if
needed, and expanded as soon as possible
so that data will be available for future
validation studies.

In Vitro Methods for Assessing Acute Toxicity:
Biokinetic Determinations

The second Breakout Group, BG2, was charged
with 1) evaluating the capabilities of in vitro
methods for providing toxicokinetic information
(i.e., absorption, distribution, metabolism, and
elimination) that can be used to estimate target
organ dosimetry for acute toxicity testing, and 2)
providing recommendations for future research to
accomplish this goal. BG2 also explored the role
of QSAR in toxicokinetic determinations.

In identifying needs, BG2 focused on a short-term
goal of improving the prediction of acute lethal
effects in rodents and a long-term goal of using in
vitro techniques to evaluate chemical kinetics and
ultimately to predict sublethal acute toxic effects
in humans. Needs include the ability to use in
vitro determinations of metabolic rate and passage
of a chemical across membrane barriers to
improve kinetic modeling. Such information may
be useful for estimating LD50 values from basal
cytotoxicity data. BG2 identified the following
techniques that need further development to
advance in vitro determinations of biokinetic
parameters:

In vitro determination of partition
coefficients, metabolism, protein binding,
and stability;
Characterization
enzymology;

of biotransformation
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Structural knowledge and its translation
into “chemical functionalities,” estimation
of partition coefficients, metabolism, etc.

(i.e.,, “in silico” methods such as
QSAR/quantitative structure-property
relationships [QSPR]);

e Biokinetic modeling, including the
integration  of  toxicodynamic  and
biokinetic  modeling in  predicting

systemic toxicity.

Evaluation of the current status of the use of in
vitro methods to obtain biokinetic information
involved a survey of in vitro systems for
estimating metabolism and passage of membrane
barriers. Biotransformation information can
currently be obtained using human or animal liver

preparations; however, conditions for the
preparation and incubation need to be
standardized.  Several in vitro systems for

measuring intestinal absorption are also available,
but some cell lines lack transporters that are
present in vivo.  Glomerular filtration and
reabsorption in the proximal tubule determine the
renal excretion of most compounds and can be
predicted from a compound's physico-chemical
properties and plasma protein binding. Many of
the available renal cell lines or primary cultures
lack specific transporters implicated in the
accumulation of several nephrotoxic compounds.

Future directions for research outlined by BG2
include using a conceptual structure to integrate
kinetic information into the estimation of acute
oral toxicity. Awvailable in vitro data on the
absorption, tissue partitioning, metabolism, and
excretion of a test material could be used to
parameterize a chemical-specific biokinetic model
(Clewell, 1993). The model could then be used to
relate the concentration at which in vitro toxicity
occurs to the equivalent dose that would be
expected to produce in vivo toxicity. Such models
could also provide information on the temporal
profile for tissue exposure in vivo, which can then
be used to design the most appropriate in vitro
experimental protocol (Blaauboer et al., 1999).

BG2 suggested two main testing strategies
appropriate  for research and development
activities. One strategy was a simple method of
using chemical-specific partitioning information
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and the other was a one-compartment model to
estimate the oral dose equivalent to the in vitro
cytotoxicity value. Research and development
activities would involve collecting partitioning
information for a number of chemicals, making
such oral dose estimations, and then comparing
the estimations to empirical values to develop a
prediction model.

The other testing strategy BG2 recommended for
research and development was a tiered approach
for using in vitro cytotoxicity assays to evaluate
the role of metabolism in the production of acute
toxicity due to chemical exposure. The first step
would be to estimate hepatocyte metabolism at a
relatively low concentration (e.g., 10 uM).

If the rate of metabolism (Vmax/Km) is low, then
basal cytotoxicity information could be relied
upon to predict in vivo toxicity. If the metabolism
rate is high, then the responsible enzyme system
could be identified with in vitro studies. If the
primary enzyme system is oxidative or reductive,
then metabolic activation may be producing
toxicity and a hepatocyte cytotoxicity assay
should be performed.

If the IC50 value for hepatocytes is much lower
than that for basal cytotoxicity, then the
concentration-response for metabolism should be
characterized to predict the in vivo doses that
might be associated with toxicity. If the primary
metabolism is  detoxification  (conjugation,
sulfation, etc.), then the basal cytotoxicity results
could be used with some confidence to predict the
LD50 value.

BG2 also recommended identifying the
compounds that represent the outliers in the MEIC
correlations of in vitro basal cytotoxicity assays
with LD50 values. By determining the physico-
chemical properties of these compounds and their
target tissues, it may be possible to identify
factors that could improve the correlation between
predicted oral LD50 values in rodents and
empirical values. Such an exercise would help
define a “predictive range” for various chemical
properties over which in vitro basal cytotoxicity
assays might be expected to provide reasonable
LD50 estimates, as well as exclusion rules for
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identifying compounds for which in vitro assays
are not reliable.

Other research recommendations made by BG2
include developing validated, stable human
hepatocyte systems and in vitro systems for key
transporters (renal, biliary, etc.). Such data would
provide a mechanistic description of barrier
functions that could be incorporated into template
physiologically-based biokinetic (PBBK) models
for various classes of chemicals. Specific QSPR
applications need to be developed to provide other
information such as metabolic constants, binding,
etc., required by PBBK models.

The interaction between kinetics and dynamics
also needs to be explored. For example, the effect
of toxicity on the metabolism and excretion of a
chemical or, conversely, the effect of metabolism
or reabsorption on the toxicity of a chemical must
be taken into account. The time dimension in the
conduct of these assays should be analyzed
rigorously to account for duration and frequency
of exposure. Other recommendations for research
include:

e Understand the relationship between
molecular structure, physical-chemical
properties, and Kkinetic behavior of

chemicals in biological systems;
Develop algorithms to determine the
optimum kinetic model for a particular

chemical;

e Conduct research on modeling of
fundamental kinetic mechanisms;

e Develop mathematical modeling
techniques to describe complex Kinetic
systems;

e Develop mathematical modeling
techniques for tissue modeling

(anatomically correct models);
Develop an optimal battery of in vitro

assays to evaluate chemical-specific
Kinetic parameters;

e Establish a database of chemical-
independent parameters (mouse, rat,
human);

e Develop a library of generic models that
are acceptable for regulatory risk
assessments;
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Understand and model the mechanisms
regulating the expression of proteins

involved in Kinetic processes
(metabolizing enzymes, transport
enzymes, metallothionein, membrane

channels, etc.);

Understand and model effects of changes
in physiological processes on kinetics of
chemicals;

Develop mathematical modeling
techniques to describe complex dynamic
systems and genetic networks at the
cellular and at the systemic level;

Develop mathematical modeling
techniques to  describe individual
variability (genetic background);

Develop in vitro biological models that
are equivalent to in vivo tissues (i.e.,
models that maintain specified
differentiated functions that are important
for the toxicological phenomena under
study);

Establish lines of differentiated human
cells (e.g., derived from stem cells);
Understand and model mechanisms of
multi-cellular interactions in development
of toxic responses (co-cultures);
Understand and model relationships
between  cellular  responses  and
biomarkers of systemic responses;
Compare genomic differences or species-
specific expression differences between

species and within species (e.g.,
polymorphisms in  biotransformation
enzymes);

Perform high dose to low dose

extrapolation.

In Vitro Methods for Organ-Specific Toxicity

Breakout Group 3 reviewed in vitro methods that
can be used to predict specific organ toxicity or
toxicity associated with alteration of specific
cellular or organ functions and developed
recommendations for priority research efforts
necessary to support the development of methods
that can accurately assess target organ toxicity.
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In identifying needs, reviewing current status, and
suggesting future directions, BG3 focused on the
major organ systems most likely to be affected by
acute systemic toxicity: liver, central nervous
system, kidney, heart, hematopoietic system, and

lung.

Currently it is possible to assess the
potential for hepatic metabolism in high
throughput screening assay systems when
identification of the specific metabolites
is not needed. Future work should
include development of a system that will
be able to recognize the effect of products
of hepatic metabolism on other organ
systems in a dose responsive manner. A
worldwide database is needed to compare
human in vitro and in vivo data for hepatic
toxicity.

Some endpoints, assays, and cell models
for the more general endpoints for in vitro
neurotoxicity have been studied and used
extensively and are ready for formal
validation. However, most assays and
cell models determining effects on special
functions still need significant basic
research before they can be used as
screening systems.

Several in vitro models to assess BBB
function are currently being evaluated in a
prevalidation study sponsored by the
European Centre for the Validation of
Alternative Methods (ECVAM). Models
being studied include immortalized
endothelial cell lines of both human and
animal origin, primary bovine endothelial
cells co-cultured with glial cells, and
barrier-forming continuous cell lines of
non-endothelial  origin. Preliminary
results from the prevalidation study show
that the rate of penetration of compounds
that pass the BBB by simple diffusion can
be estimated by the determination of log
P, or by the use of any cell system that
forms a barrier. To assess the impairment
of the transporter functions of the BBB,
an in vitro system with a high degree of
differentiation is required, including the
significant expression of all transporter
proteins  representing  species-specific
properties. At present, this can only be

XXVi

achieved in primary cultures of brain
endothelial cells co-cultured with brain
glial cells.

To assess kidney function, in vitro
systems will need to utilize metabolically
competent Kidney tubular cells and be
able to evaluate the barrier function of the
kidney. A system to assess this parameter
is currently being studied in Europe with
support from ECVAM. In addition, in
vitro systems will need to assess specific
transport functions. More research is
needed in this area to develop
mechanistically based test systems.

The Group's review of in vitro models for
cardiovascular toxicity concluded that
none have been validated. The likely
candidate in vitro systems for an acute
cardiotoxicity  testing scheme could
include: (a) short term single-cell
suspensions of adult rat myocytes to
measure products of oxidation; (b)
primary cultures of neonatal myocytes to
measure changes in beating rates and
plasma membrane potentials; (c) co-
culture of smooth muscle cells or
endothelial cells with macrophages to
examine rate of wound healing (DNA
synthesis); and (d) an immortalized cell
line (e.g., the human fetal cardiac
myocyte line) to measure classical
cytotoxic endpoints. It also may be
important to include the perfused heart
preparation for a comparison with other in
vitro models since this system is more
representative of the in vivo situation than
cell culture systems.

Regarding the status of in vitro methods
for  assessing  toxicity on  the
hematopoietic  system, ECVAM is
supporting a validation study of the use of
colony-forming assays to test for the
development of neutropenia. Methods to
assess effects on thombocytopoiesis and
erythropoiesis are also available and can
be considered for validation. ECVAM is
also supporting a new project to develop
and prevalidate in vitro assays for the
prediction of thrombocytopenia. A
preliminary  study by ECVAM’s
laboratories confirmed the usefulness of
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the in vitro test for screening drug toxicity
to megakaryocyte progenitors. The study
also showed that cord blood cells (CBC)
can be used as a human source, are more
suitable for this purpose, and provide a
means of avoiding ethical problems
connected with the collection of human
bone marrow cells (BMC).

In vitro evaluation of acute respiratory
toxicity should consider several cell types
since the tracheal-bronchial epithelial
lining consists of stratified epithelium and
diverse populations of other cell types,
including ciliated, secretory (e.g.,
mucous, Clara, serous), and non-secretory
cells. BG3 reviewed a number of models
that could be used to indicate chemical-
induced cell damage or death. The cells
of the airways are relatively accessible to
brushing, biopsy, and lavage, and
therefore lend themselves for harvesting
and use as primary cells (Larivee et al.,
1990; Werle et al., 1994). The most
useful markers are those that relate to the
basic mechanisms by which airway
epithelia respond to toxic exposure.
However, most assays and cell models for
determining effects on special functions
still need significant basic research before
they can be used as screening systems.

BG3 indicated that specific organ toxicity data
would not be needed routinely to assess acute
systemic toxicity and recommended a tiered
approach to assess the acute systemic toxicity
potential of xenobiotics. The first step involves
physico-chemical characterization and initial
biokinetic modeling for the chemical of interest.
Such information should be used to compare the
test material with chemicals that have a similar
structure or properties and for which toxicity data
exist that may be useful for predicting organ
distribution. The second step is to conduct a basal
cytotoxicity assay. The third step is to determine
the potential for metabolism-mediated toxicity.
The next two steps can be done in either order.
Step 4 involves assessing the effect of the test
substance on energy metabolism by using a
neuronal cell line that expresses good aerobic
energy metabolism. Results from this system will
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help determine if the nervous or cardiovascular
systems are likely targets. If there is evidence of
metabolism (from Step 3), Step 4 must be done
with both the parent compound and the
metabolite(s). The fifth step is to assess the
ability of the compound to disrupt epithelial cell
barrier function using a transepithelial resistance
assay across a membrane. The results from such a
system will help determine if organs (e.g., brain,
and kidney) that depend on barriers for defense
against toxic insult are likely to be targets. If the
compound causes disruption of barrier function at
a concentration lower than the basal cytotoxicity,
the endpoint used in determining the effect on the
organism might need to be lowered to take this
into consideration.  If there is evidence of
metabolism in Step 3, Step 5 must be done with
both the parent compound and the metabolite(s).

Chemical Data Sets for Validation of In Vitro
Toxicity Tests

Breakout Group 4 defined the chemical data sets
required for validation studies, identified existing
resources, and recommended approaches for using
existing data sets and/or compiling or developing
new data sets.

Rather than develop specific lists of chemicals,
BG4 developed criteria for establishing a database
of chemicals to use to validate individual tests or
prediction models. In identifying needs, BG4
noted that chemicals chosen for use in a validation
study should be distributed uniformly across a
broad range of toxicity. Two sets of chemicals are
needed: 1) training sets that can be used for
method development and 2) validation sets that
can be used to confirm the predictive capacity of
the tests. In selecting chemicals for use in
validation studies, needs of the user communities
must be met. The performance parameters of the
in vivo tests must be clearly defined prior to
chemical selection if the results of these tests are
to serve as a baseline for judging success.

To evaluate the current status of chemical data
sets for prevalidation and validation activities, a
number of databases were discussed. The NTP
database would be a useful component of any
primary database of chemicals for validation. The
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high production volume (HPV) database,
containing predominantly industrial chemicals,
might not meet the needs of all user communities.
The U.S. Environmental Protection Agency
pesticides database and the U.S. Food and Drug
Administration drugs and food additive databases
contain associated LD50 data of good quality, but
accessibility of the data may be impeded by
confidentiality claims by the sponsors.

For future activities, BG4 recommended
convening an expert committee to assemble a
reference set of test chemicals from existing
databases according to the following criteria:

e Chemicals selected must be consistent
with the test protocol and its prediction
model, be physically and chemically
compatible with the test system, and
include the relevant chemical classes.

— The definition of chemical class is
context-specific.

— The developers of the test must
specify the parameters that define the
class.

— The chemicals must be chosen
independently.

e The toxicity must cover the range of
response with uniform distribution.

e The number of chemicals used in the
subset will depend on the nature of the
test and the questions being asked, and
should be determined with statistical
advice.

BG4 also recommended undertaking a study of
existing databases to determine the variation in
rodent LD50 results introduced by different
laboratories and by different protocols used by
various regulatory agencies.

To build upon the MEIC foundation, BG4
recommended that an expert panel review the
MEIC approach for measuring acute toxicity
parameters in humans. The Group agreed that a
standard approach for measuring acute toxicity
parameters is necessary and that existing sources
of information should be searched carefully to
ensure that all human data are obtained.
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1.0 INTRODUCTION

This report summarizes the proceedings and
outcome of the International Workshop on In
Vitro Methods for Assessing Acute Systemic
Toxicity, October 17-20, 2000, in Arlington, VA,
U.S. This Workshop, the first convened by
ICCVAM and NICEATM, evaluated the status of
available in vitro methods for assessing acute
toxicity. These included screening methods such
as those that may be used to predict the starting
dose for in vivo animal studies, and in vitro
methods  for  generating information on
toxicokinetics, target organ toxicity, and
mechanisms of toxicity. The Workshop also
developed recommendations for validation efforts
necessary to further characterize the usefulness
and limitations of these methods and for research
and development efforts that might further
improve in vitro assessments of acute systemic
toxicity. Notice of the Workshop and requests for
nomination of scientific experts and submission of
information on relevant past, current, or future
studies were announced in two Federal Register
notices (See Appendix H).

This introduction briefly summarizes the purpose
and history of acute toxicity testing and the
purpose and conduct of the Workshop. The final
reports from the Breakout Groups are presented in
Sections 2 through 5. Section 6 provides a
glossary, while Section 7 contains the Registry of
Cytotoxicity (RC) Data, a database of LD50
values and in vitro cytotoxicity 1C50 values, and a
regression analysis between the two values.
Section 8 contains all references cited in the
Breakout Group reports and appendices. The
Appendices provide supplementary materials,
including the Workshop agenda, a summary of the
plenary sessions, guidance for the Breakout
Groups, the background document provided to
Workshop participants, the NICEATM summary
of the Multicenter Evaluation of In Vitro
Cytotoxicity (MEIC), regulatory requirements for
acute toxicity information, a bibliography, the list
of Workshop participants, Federal Register
notices regarding the Workshop, and ICCVAM
test method recommendations forwarded to
Federal agencies.

1.1 History and Purpose of Acute Toxicity
Testing

Acute oral systemic toxicity testing is conducted
to determine the hazard potential of a single oral
exposure to various chemicals and products. Four
regulatory agencies in the United States, the
Department of Transportation (DOT), the
Consumer Product Safety Commission (CPSC),
the  Occupational Safety  and Health
Administration  (OSHA), and the U.S.
Environmental Protection Agency (EPA) require
industry to label chemicals and products with
hazard information based on LD50 estimates.
DOT requires oral lethality data to determine the
transportation  requirements  for  hazardous
substances (49 CFR 173). CPSC requires such
information for labeling hazardous substances so
as to protect consumers when such products are
used in the home, the school, and recreational
facilities (16 CFR 1500). OSHA requires the use
of acute lethality data to implement labeling
requirements for the hazard communication
program to protect employees (29 CFR 1910).
Certain EPA regulatory programs also require the
submission or generation of acute toxicity data for
hazard classification purposes (40 CFR 156).
During acute toxicity testing, non-lethal endpoints
may also be evaluated to identify potential target
organ toxicity, toxicokinetic parameters, and/or
dose-response relationships.

As shown in Table 1, the international community
also uses acute oral toxicity data as the basis for
hazard classification and the labeling of chemicals
for their manufacture, transport, and use (OECD,
1998a). Other potential uses for acute toxicity
testing data include:

* Establishing dosing levels for repeated-
dose toxicity studies;

e Generating information on the specific
organs affected;

* Providing information related to the mode
of toxic action;

e Aiding in the diagnosis and treatment of
toxic reactions;

*  Providing information for comparison of
toxicity and dose response among
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e substances in a specific chemical or
product class;

e Aiding in the standardization of biological
products;

e Aiding in judging the consequences of
single, high accidental exposures in the

workplace, home, or from accidental
release;
e Serving as a standard for evaluating

alternatives to animal tests.

Table 1.1  OECD Harmonized Integrated Hazard Classification System for Human Health and Environmental
Effects of Chemical Substances—Oral Toxicity (OECD, 1998a)
Acute Toxicity Toxicity Toxicity Toxicity Toxicity Toxicity
Route Class 1 Class 2 Class 3 Class 4 Class 5
Oral
LD50 Values (mg/kg) 5 50 300 2000 5000
[approximate]

Historically, lethality has been the primary
toxicological endpoint in acute toxicity tests.
Trevan (1927) was the first to attempt to
standardize a method for assessing the toxicity of
potent biological toxicants, the progenitor of the
"lethal dose, 50% (LD50) test". The classical
LD50 test procedure that evolved from this
innovation in the 1970s and early 1980s used from
100 to 200 animals per test substance (Galson,
2000). Although other information, such as the
slope of the dose-response curve, confidence
interval for the LD50, and toxic signs, could also
be obtained from this test, the procedure was
severely criticized for both scientific and animal
welfare reasons (Zbinden and Flury-Roversi,
1981). These criticisms eventually resulted in the
proposal and adoption of a new guideline (OECD
TG 401; OECD, 1987) that reduced the required
number of animals to 20. This has become the
most widely used method for defining the acute
toxicity of a chemical and a mandatory-testing
requirement for new chemicals. More recently,
the acute toxicity test procedure has been
modified in various ways to refine and further
reduce the number of animals used to a maximum
of 16 (OECD, 1992; 1996; 1998h). The Globally
Harmonized Scheme for Hazard Classification
prompted a re-assessment of all of the OECD in
vivo test guidelines for acute toxicity (i.e., fixed

dose, up and down procedure, acute toxic class
method) to ensure that regulatory needs are met
while minimizing animal usage and maximizing
data quality.

Recent studies suggest that in vitro methods may
be helpful in predicting acute toxicity and
reducing the number of animals necessary to
assess acute toxicity. Studies by Spielmann et al.
(1999) suggest that in vitro cytotoxicity data may
be useful in identifying an appropriate starting
dose for in vivo studies, and thus may potentially
reduce the number of animals necessary for such
determinations. Other studies (e.g., Ekwall et al.,
2000) have indicated an association between
chemical concentrations leading to in vitro basal
cytotoxicity and  human  lethal  blood
concentrations. A program to estimate
toxicokinetic parameters and target organ toxicity
utilizing in vitro methods has been proposed that
may provide enhanced predictions of toxicity, and
potentially reduce or replace animal use for some
tests (Ekwall et al., 1999). However, many of the
necessary in vitro methods for this program have
not yet been developed. Other methods have not
been evaluated in validation studies to determine
their reliability and relevance for generating
information to meet regulatory requirements for
acute toxicity testing. Development and
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validation of in vitro methods that can establish
accurate dose-response relationships will be
necessary before such methods can be considered
for the reduction or replacement of animal use for
acute toxicity determinations.

1.2 Purpose and
Workshop

Objectives of the

The International Workshop on In Vitro Methods
for Assessing Acute Systemic Toxicity examined
the status of available in vitro methods for
predicting acute toxicity, including screening
methods for acute toxicity, and other methods that
might be suitable to predict the starting dose for in
vivo animal studies, and methods for generating
information on toxicokinetics, target metabolism
organ toxicity, and mechanisms of toxicity. The
Workshop  developed recommendations  for
validation efforts necessary to further characterize
the usefulness and limitations of these methods.
Recommendations were also developed for future
mechanism-based research and development
efforts that might further improve in vitro
assessments of acute systemic lethal and non-
lethal toxicity.

Specific objectives of the Workshop were to:

* Review the status of in vitro methods for
predicting acute systemic toxicity:

— Review the validation status of
available in vitro screening methods
for their usefulness in estimating in
vivo acute systemic toxicity;

— Review in vitro methods for
predicting toxicokinetic parameters

relevant to acute toxicity (i.e.,
absorption, distribution, metabolism,
elimination);

— Review in vitro methods for
predicting specific target organ
toxicity;

¢ Recommend candidate methods for

further evaluation in prevalidation and
validation studies;

* Recommend validation study designs to
adequately characterize the usefulness and
limitations of proposed in vitro methods;

e Identify  reference  chemicals  for
development and validation of in vitro
methods for assessing in vivo acute
toxicity;

* Identify priority research efforts necessary
to support the development of in vitro
methods to assess acute systemic toxicity
adequately. Such efforts might include
incorporation and evaluation of new
technologies such as gene microarrays,
and development of methods necessary to
generate dose response information.

1.3 Conduct of the Workshop

The International Workshop on In Vitro Methods
for Assessing Acute Systemic Toxicity, which
was open to the public, was conducted over three
and a half days. The final agenda for the meeting
is provided in Appendix A. As the agenda
shows, the Workshop began with a plenary
session to frame the purpose and objectives of the
Workshop and formulate the problem of using in
vitro tests to predict in vivo acute toxicity. A
summary of the opening plenary session is
provided in Appendix B. The opening plenary
session was followed by Breakout Group
discussions for two and a half days. Each of the
four Breakout Groups was comprised of 12 to 18
individuals who were invited scientific experts or
ICCVAM agency participants. Breakout Groups
addressed their assigned objectives for the
Workshop by developing responses to questions
provided in the background materials for the
Workshop (See Appendix C). Breakout Groups
reported on their progress each morning of the
second and third days, and gave a final report on
the last day of the meeting. Written reports of
each Breakout Group’s findings, conclusions and
recommendations are provided in Sections 2
through 5. Public observers were invited to
provide comments in both plenary and breakout
sessions of the Workshop. A summary of public
comments during plenary sessions is provided in
Appendix B. After the Workshop, ICCVAM
reviewed the Breakout Group reports and
developed test method recommendations for
Federal agencies  (see  Appendix 1.
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2.0 IN VITRO SCREENING METHODS
FOR ASSESSING ACUTE TOXICITY

2.1 Introduction

Since the early work of Pomerat and Leake
(1954), Eagle and Foley (1956), and Smith and
colleagues (1963), research over the last 50
years has been conducted to evaluate the
potential use of in vitro cell systems for
predicting acute toxic effects in vivo.
Significant correlations between cytotoxicity in
vitro and animal lethality have been
demonstrated on numerous occasions (for
reviews see Phillips et al., 1990; Garle et al.,
1994), as have correlations  between
cytotoxicity in vitro and systemic and topical
effects from acute exposures to chemicals.
Several newer initiatives directed toward
reducing and replacing the use of laboratory
animals for acute toxicity testing have emerged
(Curren et al, 1998; Ohno et al, 1998;
Spielmann et al., 1999; Ekwall et al., 2000);
these initiatives were reviewed as part of the
charge given to Breakout Group 1 (In Vitro
Screening Methods) at this Workshop.

2.1.1 Charge to the Breakout Group

Breakout Group 1 (BG1) was asked to evaluate
the wvalidation status of available in vitro
methods for estimating in vivo acute toxicity
and was requested to identify methods and
appropriate validation studies that might be
completed within the next one to two years. It
was also envisaged that the Breakout Group
would evaluate potential uses of QSAR as part
of an in vitro strategy.

2.1.2 Objectives

The specific objectives of the Waorkshop
pertinent to the charge given to BG1 were given
as follows:

(D) Review the validation status of available
in vitro screening methods for their
usefulness in estimating in vivo acute
toxicity.

(2) Recommend candidate methods for
future evaluation in prevalidation and
validation studies.

3) Recommend validation study designs
that can be wused to adequately
characterize  the usefulness  and

limitations of proposed in vitro
methods.
(4) Identify  priority research  efforts

necessary to support the development
of mechanism-based in vitro methods to
assess acute systemic toxicity.

In its opening deliberation on these objectives,
BG1 members decided to limit the review to
methods for reducing or replacing animal use for
determining  acute lethality  with  the
understanding that Breakout Group 3 would
focus on methods for assessing acute systemic
toxicity.

2.2 Background

Cytotoxicity has been defined as the adverse
effects resulting from interference with
structures and/or processes essential for cell
survival, proliferation, and/or function (Ekwall,
1983). These effects may involve the integrity
of membranes and the cytoskeleton, cellular
metabolism, the synthesis and degradation or
release of cellular constituents or products, ion
regulation, and cell division. Ekwall (1983)
described the concept of "basal cell functions”
that virtually all cells possess (mitochondria,
plasma membrane integrity, etc.) and suggested
that, for most chemicals, toxicity is a
consequence of non-specific alterations in those
cellular functions which may then lead to
effects on organ-specific functions and/or death
of the organism.

Ekwall drew two important inferences from his
early studies: that (a) cell cultures (notably cell
lines) can be used to detect basal cytotoxicity;
and (b) many chemicals exert cytotoxic effects
on these cultures at concentrations which would
be lethal in humans. Ekwall recognized that
there will be exceptions and ultimately
refinements needed in the development of a test
battery for predicting human lethality, as, for
example, incorporating test strategies for
identifying chemicals that produce cell selective
(organ specific) toxicity at lower
concentrations than “basal” (or general)
cytotoxicity.
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Others likewise concluded that, since the actions
of chemicals that produce injury and death are
ultimately exerted at the cellular level,
cytotoxicity assays may be useful for the
prediction of acute lethal potency (Grisham and

Smith, 1984). Based on that premise, a
considerable amount of research has been
undertaken into the development and

evaluation of in vitro tests for use as screens and
as potential replacements for in vivo LD50
tests. Good agreement between cytotoxicity in
vitro and animal lethality have been reported by
numerous groups (see reviews by Phillips et al.,
1990; Garle et al., 1994; Guzzie, 1994).
However, none of the proposed in vitro models
have been evaluated in any formal studies for
reliability and relevance, and their usefulness
and limitations for generating information to
meet regulatory requirements for acute toxicity
testing have not been assessed.

More recently, Spielmann and colleagues have
conducted studies to indicate that, as a first step
toward replacement of LD50 tests, in vitro
cytotoxicity data could be used now to identify
the appropriate starting dose for in vivo studies,
thereby reducing the number of animals
necessary for such determinations (Spielmann et
al.,, 1999). Other studies have indicated an
association between chemical concentrations
inducing cytotoxic effects in vitro and human
lethal blood concentrations (Ekwall et al.,
2000). Several groups have proposed the use of
in vitro cytotoxicity tests in tiered testing
schemes. These tests include proposed
strategies for using in vitro test data as a basis
for classifying and labeling new chemicals,
thereby reducing (and possibly replacing) the
need for acute toxicity tests in animals (Seibert
et al., 1996) and for in vitro cytotoxicity data
and other information in a tiered approach to
replace oral LD50 tests (Curren et al., 1998).
Curren and colleagues recognized that the
application of their proposal was limited
because of insufficient information on the many
cellular mechanisms involved in chemical-
induced lethality and because the most reliable
in vitro models for gastrointestinal uptake,
blood-brain  barrier (BBB) passage, and
biotransformation for more precise quantitative
in vivo toxic dose/exposures were not yet
identified.

To summarize, many investigations of the
relationship between in vitro cytotoxicity and
acute toxicity in vivo have been reported. Since
it was not possible to critically review and
discuss all of the published literature in the
course of the Workshop, a selection of recent
key activities and reports that included the most
advanced and extensive efforts to develop
alternative methods for lethality was made for
consideration by Breakout Group 1 (Appendix
D). The most intensive discussions focused on
the ZEBET and MEIC approaches, which are
outlined below in detail for the reader’s
reference (Sections 2.2.1-2.2.6 and 2.2.7,
respectively).

2.2.1 Prediction of In Vivo Starting Doses
(ZEBET Approach)

Investigators (Halle et al., 1997; Halle 1998;
Spielmann et al., 1999) have proposed a
strategy to reduce the number of animals
required for acute oral toxicity testing. The
strategy is referred to in this document as the
ZEBET approach where ZEBET is the acronym
for Zentralstelle zur Erfassung und Bewertung
von Ersatz- und Ergaenzungsmethoden zum
Tierversuch  (the National Center for
Documentation and Evaluation of Alternative
Methods to Animal Experiments). The
strategy involves using in vitro cytotoxicity
data to determine the starting dose for in vivo
testing. They report the findings of an initial
study conducted to assess the feasibility of
applying the standard regression between mean
IC50 values (i.e., [IC50x, the mean
concentration estimated to affect the endpoint
in question by 50%) and acute oral LD50 data
included in the Register of Cytotoxicity (RC) to
estimate the LD50 value which can then be used
to determine the in vivo starting dose.

The RC is a database of acute oral LD50 data
from rats and mice (taken from the NIOSH
Registry of Toxic Effects of Chemical
Substances [RTECS]) and IC50x values of
chemicals and drugs from in vitro cytotoxicity
assays (Halle and Goeres, 1988; Halle and
Spielmann, 1992). It currently contains data on
347 chemicals (Halle, 1998; Spielmann et al.,
1999). The main purpose of establishing the
RC was to evaluate, with a large amount of non-
selected data from various chemicals with
different systemic oral toxicities, whether basal
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cytotoxicity (averaged over various cells, cell
lines, and/or toxicity endpoints) is a sufficient
predictor for acute systemic toxicity.

Apart from the fact that basal cytotoxicity was
an acceptable predictor (i.e., LD50 values
localized in the dose range around the regression
line by the empirical factor Fg < log 5) of the
LD50 for 74% of the RC chemicals (Halle and
Spielmann, 1992), the predicted LD50 value
can be used as a starting dose in acute oral
toxicity testing to reduce the number of
animals. This concept was first discussed at an
ECVAM workshop (Seibert et al., 1996) as it
related to refinements of in vivo acute toxicity
tests by the use of new sequential dosing
methods such as the Acute Toxic Class method
([ATC; OECD TG 423] OECD, 1996) and the
Up-and-Down Procedure ([UDP; OECD TG
425] OECD, 1998b). In these tests, the number
of animals needed depends upon the correct
choice of the starting dose, since the number of
consecutive dosing steps would be reduced as the
starting dose more closely approximates the
true toxicity class (ATC), or the true LD50
(UDP) (i.e., the more precisely the starting dose
is predicted, the fewer animals that need to be
used).

2.2.2 Characterization of the RC

The first registry, RC-l1 (Halle and Goeres,
1988), contained 117 chemicals and served as a
training data set to establish a linear regression
model for predicting oral LD50 values. A
second data set of 230 chemicals, RC-II,
verified the regression obtained with RC-I
(Halle, 1998). Currently, a third RC of 150
chemicals that will increase the number of
chemicals to almost 500 is in preparation. It is
important to note that, in order to keep the
registry unbiased, published data that were
complete and met the acceptance criteria
described below were included in the RC without
further restriction. Thus, the RC contains data
of nonselected chemicals. However, it has to be
noted that selecting only published data may be
a slight bias in itself because it identifies
chemicals of scientific interest, public concern,
etc., so that pharmaceuticals, pesticides,
consumer products (e.g.,, cosmetics, food
additives, etc.), and biocides are over-
represented compared to industrial chemicals;

the majority of the latter are of low toxicity (l.
Gerner, BgVV, personal communication, as cited
in Spielmann et al., [1999]).

The acceptance criteria for the in vitro
cytotoxicity data were defined as follows:

e At least two different IC50 values were
available, either from different cell
types, or from different cell lines, or
from different cytotoxicity endpoints.

* Only cytotoxicity data obtained with
mammalian cells were accepted.

e Cytotoxicity data obtained with
hepatocytes were not acceptable.
e The chemical exposure time in the

cytotoxicity tests was at least 16-hr.

Only the following cytotoxicity endpoints were
accepted:

e Cell proliferation:  cell number, cell
protein, DNA content, DNA synthesis,
colony formation;

e Cell viability, metabolic indicators:
MIT-24, MTT, MTS, XTTC;
e Cell viability, membrane indicators:

Neutral Red Uptake (NRU), Trypan blue
exclusion, cell attachment, cell
detachment;

e Differentiation indicators.

The acceptance criteria for the in vivo data
were defined as follows:

* Only LD50 values published in RTECS
were used.

e If different issues of RTECS reported
different LD50 values, then the first
LD50 value was used for the RC. This
value is also the highest value reported,
since NIOSH replaces an LD50 value
whenever a smaller value is available in
the literature. A continuous change of
in vivo data in the RC would not have
been acceptable because the RC database
had to be ‘closed” to form a training
data set (RC-1) and later a verification
data set (RC-11). Therefore, since the
beginning of data collection for RC-II,
all LD50 values were only taken from
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the 1983 RTECS issue, and later issues
were not used.

The IC50 values from RC-l and RC-II, for a
total of 347 chemicals, were obtained from 157
original publications in the literature. In the
regression analysis for 347 chemicals, 1,912
single 1C50 values were averaged (geometric
means) per chemical to one IC50x value and
then paired with 347 in vivo acute oral LD50
values. Whenever obtainable from RTECS, oral
in vivo LD50 data from the rat were used (282
values). As a second priority, LD50 data from
the mouse were used (65 values). Before data of
rats and mice were merged in the RC, regression
analyses performed separately with rat and
mouse data justified this procedure (Halle,
1998). Although, by pairing 347 in vitro IC50x
data with 347 in vivo LD50 data, an equal
weight is given to each chemical, it has been
criticized by reviewers that the IC50x is the
geometric mean of a few up to many single data
[minimum: n = 2, maximum: n 32] per
chemical. However, if the RC regression is
recalculated with the means of only the smallest
and the largest 1C50 values per chemical, there
are no differences in the regression function
(Halle, personal communication).

To obtain a prediction model, a linear
regression was derived from pairs of the log-
transformed 1C50x values and oral LD50 values
(in mmol/kg), where ‘a’ is the intercept and ‘b’
is the regression coefficient, to produce the
regression model [log (LD50) = b x log (IC50x)
+ a] shown graphically in Figure 2.1:

log (LD50) = 0.435 x log (1C50x) + 0.625
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To allow comparison of the predictive value of
the RC (or parts of the RC) with other similar
approaches (prediction of the LD50 from basal
cytotoxicity), an empirical linear-shaped
prediction interval of a factor (Fg) of £log 5
was defined (Figure 2.1). The linear-shaped
boundaries should not be confused with the
curved boundaries of a probability-based
confidence interval. Halle defined this interval
empirically as an acceptability measure based on
information of the required and expected
precision of rodent oral LD50 data (Halle and
Spielmann,1992).

To evaluate the validity of the regression
model, the key parameters of the regression for
RC-I, RC-Il, and RC-I+Il (Table 2.1) were
compared with the regression parameters
obtained with single mammalian cell lines.
Table 2.1 shows that all regression lines have
essentially identical intercepts and regression
coefficients (slopes) regardless of whether single
parts of the RC or the whole RC were analyzed,
or whether data from single studies with only
one cell line were used. In addition, the
percentage of data within the defined prediction
interval (x log 5) is almost constant (73%-
77%). In summary, the regression function
derived from the RC, and from the RC subsets,
seems to be a reliable description of the general
relationship between basal cytotoxicity and
rodent oral systemic LD50 values. This
relationship can consequently be used as a
mathematical model for prediction of rodent
oral LD50 values from basal cytotoxicity.
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Figure 2.1. Registry of Cytotoxicity regression between cytotoxicity (IC50x) and rodent acute oral LD50

values of 347 chemicals

The heavy line represents the fit of the data to a linear regression model (r=0.67); the two

additional lines represent the bou
model (Halle and Spielmann, 19

ndaries of + log 5, an acceptance interval for this prediction
92). This factor, Fg= * log 5, was established based on

information of the required and expected precision of LD50 values from rodent studies. The
equation of the regression line (prediction model) reads: log (LD50) = 0.435 x log (IC50x) +

0.625.

Table 2.1. Linear regression parameters of two RC issues and two single studies using one cell line and
one cytotoxicity endpoint
RC or Cell Number of Correlation Intercept Regression % Chemicals
line** Chemicals Coefficient Coefficient in Prediction Reference®
(n) () (a) (b) Interval®
RC-I * 117 0.667 0.637 0.477 74 1
RC-Il * 230 0.666 0.634 0.414 73 2
RC-1+I1 * 347 0.672 0.625 0.435 73 2,3,4
BCL-D1** 22 0.720 0.536 0.633 77 5
3T3-L1 ** 91 0.720 0.631 0.427 74 6

“Prediction interval for regression line is + Fs £ log 5.
"References: 1 = Halle and Goeres, 1988; 2 = Halle, 1998; 3 = Halle et al., 1997; 4 = Spielmann et al., 1999; 5 =

Knox et al.,

1986; 6 = Clothier et al., 1988.
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2.2.3 Influence of the Starting Dose in the

Acute Toxic Class (ATC) Method.

Introductory note: The current accepted version
of the ATC is the version adopted by the OECD
in 1996 (OECD TG 423; OECD, 1996).
Several updated drafts have been created since
the OECD endorsed a new Globally Harmonized
System (GHS) for the classification of chemicals
in November 1998 (OECD, 1998a). The most
recent draft of TG 423 was issued after the
ICCVAM Workshop was held (OECD, October,
2000; http://www.oecd.org/ehs/test/health.htm).
Consequently, the following analysis focuses on
the 1996 OECD version of TG 423, but also
attempts to address recent developments.

Following a national and an international
experimental validation study of the ATC
Method (Schlede et al., 1992, 1994; Diener et
al., 1995), the ATC was accepted by the OECD
(OECD TG 423; OECD, 1996) as an alternative
to the classical LD50 test for acute oral
toxicity. Inthe TG 423 procedure, a substance
is tested in a stepwise dosing procedure with
each step using three animals of a single sex at
the same time. The proportion of survivors
dosed at one step determines the next step,
which is: (a) no further testing, or (b) dose three
additional animals with the same dose, or (c)
dose three additional animals at the next higher
or the next lower dose. Originally, the method
was developed and experimentally validated
with two sexes and three different fixed starting
doses (25, 200, and 2000 mg/kg body weight
[b.w.]) reflecting the European Union (EU)
hazard classification system. A thorough
biometrical analysis (Diener et al., 1995)
showed that the ATC is applicable to all hazard
classifications currently in use.

Figure 2.2 shows, for example, that to classify a
chemical as *“toxic” or *“very toxic”, 1-2
consecutive steps could be saved if 25 mg/kg
b.w. was used as the starting dose instead of the
medium dose. With increasing distance between
the true toxicity class and the starting dose, the
number of dosing steps increases. This effect is
shown in more detail in Table 2.2, which shows
the expected number of animals used and the
number that died in relation to starting dose and
true LD50 for a dose-mortality slope of b = 2.
Biometrical calculations with other slopes (from
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b= 1 to b = 6) revealed the dependency in Table
2.2 is only slightly affected by the dose-
mortality slope (for details see Diener et al.,
1995).

In summary, one to three dosing steps can be
avoided if the optimum starting dose can be
predicted from a preceding cytotoxicity test.
Taking into account that approximately 75%
of the LD50 values predicted from basal
cytotoxicity tests are expected to fall within
the prediction interval of = log 5 (see Table
2.1), and, moreover, that the space between the
three starting doses (25, 200, 2000 mg/kg b.w.)
is a factor of about 10, it was anticipated that,
for most chemicals, the starting dose predicted
from cytotoxicity would have been the dose
requiring the fewest consecutive steps to reach a
classification.

In November 1998, the GHS for the
classification of chemicals, which uses four
toxicity classes instead of the three used by the
current EU system, was endorsed by the OECD
(OECD, 1998a). A fifth toxicity class (> 2000
— 5000 mg/kg b.w.) was additionally introduced
for special regulatory purposes. As a
consequence, the current updated Draft OECD
TG 423 (OECD, October, 2000;
http://www.oecd.org/ehs/test/health.htm)  now

uses four different starting doses (5, 50, 300,
and 2000 mg/kg b.w.), but the upper boundary
of the fifth class of 5000 mg/kg b.w. is not used
as a starting dose. Figure 2.3 shows the
proposed revision of the ATC.

For the version of the revised ATC to be
consistent with the OECD GHS classification
system, biometrical calculations of the expected
number of animals used and dead in relation to
starting dose, true LD50, and dose-mortality
slope, have been published (Diener and Schlede,
1999). While any increase in the number of
possible starting doses theoretically increases
the potential to save dosing steps when using
the optimal starting dose, only a small decrease
in animal numbers is expected compared to the
current ATC method because (a) the number of
starting doses has been increased at the toxic
end of the scale, where the prediction of the
LD50 by IC50 is less accurate than at the non-
toxic end of the scale, and (b) the entire scale is
still about the same length.
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INTERPRETATION OF RESULTS BASED ON OPTION 1 TESTING
FOR COMMONLY USED CLASSIFICATION SYSTEMS

Starting dose: 200 mg/kg body weight

25 mg/kg 200 mg/kg 2000 mg/kg

3 animals

3 animals 3 animals

sex 1 sex 1 sex 1

2-3 0-1
— |
25 mg/kg 200 mg/kg 2000 mg/kg
3 animals 3 animals 3 animals
sex 2 sex 2 sex 2
2-3 0-1 - I 0 - 2-3 0-1
i 1 — I [ I
NO FURTHER TESTING
-— 3 ——]
3 (at 200 with sex 1)  other 2
C |
L] T T T T T
LD50 25 I 50 200 I 500 1000 2000 |
mg/kg b.w. 30 300 2500
[ . [ [ | | [
v v | v v | R 1
| 25 mg/kg” ¥ |
| 25 mg/kg” L ¢ 200 mg/kg ” ¢ 2000 mg/kg ” ¥ |
v v ¥ v v v i
| 30 mg/kgl | 300 mg/kg” ¥ |
v v v v v i
| 50 mg/kg ” 500 mg/kg " ¥ |
v ) ¥ v 1
| 500 mg/kg” 1000 mglkgl | 2500 mglkg” ¥ |

Legend:
0,1,2,3: Number of moribund or dead animals of each sex.

Figure 2.2 Principle of the Acute Toxic Class (ATC) method: medium starting dose
Source: OECD TG 423, Annex 3b (OECD, 1996). Example shows the possible dosing steps when
200 mg/kg b.w. is used as the starting dose. Depending on the toxicity of the test substance, 2 to 4
steps may be necessary to reach a classification according to hazard classification systems currently in
use.
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Table 2.2. Influence of the ATC starting dose on total number of animals (used and dead) in relation to
the true LD50 for slope = 2°

Starting dose in mg/kg body weight

25 200 2000

True LD50 Used Dead Used Dead Used Dead
1 3.0 3.0 6.0 6.0 9.0 9.0
2 3.0 3.0 6.0 6.0 9.0 9.0
5 3.1 2.8 6.1 5.8 9.1 8.8
10 34 2.7 6.4 5.6 9.4 8.6
20 4.6 2.8 7.2 5.3 10.2 8.3
50 7.5 3.3 8.6 4.2 11.6 7.2
100 9.3 3.2 9.3 3.3 12.2 6.2
200 11.2 3.2 9.7 3.1 12.0 53
500 14.0 3.3 9.3 3.3 10.0 3.9
1000 14.9 2.6 9.1 2.6 9.2 2,7
2000 15.4 1.8 9.4 1.8 9.3 1.8
5000 16.5 1.0 10.5 1.0 9.0 1.0
10000 17.3 0.4 11.3 0.4 7.7 0.4
20000 17.8 0.1 11.8 0.1 6.6 0.1
50000 18.0 0.0 12.0 0.0 6.1 0.0
100000 18.0 0.0 12.0 0.0 6.0 0.0

*Presented by W. Diener at the OECD ad hoc expert meeting on evaluation of the
ATC in Berlin, Germany, 1994,

OECD/OCDE

ANNEX 2d: TEST PROCEDURE WITH A STARTING DOSE OF 2000 MG/KG BODY WEIGHT

Start

v

5mg/kg 50mg/kg 300mg/kg 2000mg/kg
3 animals 3 animals 3 animals 3 animals

5mg/kg 5Umg/kg 300Umg/kg 2000mg/Kg
3 animals 3 animals 3 animals 3 animals
A 4
[e9)
GHS Class 1 Class 2 Class 3 Class 4 Class 5
> 05 > 5-50 > 50 - 300 > 300 - 2000 > 2000 - 5000
) vy v v v vy
* h 3 t300*| | th | s 2 th 1 0
3(at 50) other (a ) other at 2000) |(at 2000 other

: I !

LDSOC“"""l 5 | 25 | 30 | 50 | 200 | 300 | 500 | 1000 | 2000 2500 |5000 | & |

mag/kg b.w.

- ®: unclassified
- Testing at 5000 mg/kg b.w.: see Annex 3
- * at first step

-0,1,2,3: Number of moribund or dead animals at each step
- GHS: Globally Harmonized Classification System (mg/kg b.w.)

- per step three animals of asingle sex ( normally females ) are used |

Figure 2.3. Proposed revision of the ATC to meet requirements of the OECD GHS
Source: OECD, Draft TG 423 (OECD, 2000). The number of new starting doses and spaces between
have been changed so that the results from this test will allow a substance to be ranked and classified
according to the GHS for the classification of chemicals which cause acute toxicity (OECD, 1998a).
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2.2.4 Influence of the Starting Dose in the Up-

and-Down-Procedure (UDP)

Introductory note: The current accepted version
of the UDP is the version adopted by the OECD
in 1998 (OECD TG 425; OECD, 1998b).
Updated drafts of TG 425 have been created to
allow for assessment of the confidence interval
for the LD50 point estimate, and to include the
application of new stopping rules and a larger
dose progression factor, both of which tailor the
UDP to the most efficient use of animals and
improve the point estimate obtained. The most
recent draft of TG 425 was issued after the
ICCVAM Workshop was held (OECD, October
2000; http://www.oecd.org/ehs/test/health.htm).
The analysis of the possible number of animals
saved in a tiered approach is therefore based on
the currently adopted 1998 OECD version of
TG 425, but the significance for both versions
can be assumed.

The concept of the up-and-down testing
approach was first described by Dixon and Mood
(Dixon and Mood, 1948; Dixon, 1965; 1991a,
1991b) and was later proposed to be used for the
determination of acute toxicity of chemicals
(Bruce, 1985). Apart from many biometrical
publications refining the method (not -cited
here), a key review paper (Lipnick et al.,
1995a) compared the results obtained with the
UDP, the conventional LD50 test ([TG 401]
OECD, 1981) and the Fixed Dose Procedure
([FDP; TG 420] OECD, 1992).

In principle, all versions of the UDP are
stepwise procedures that use (as opposed to the
ATC) single animals with the first animal
receiving a dose at the best estimate of the
LD50 (adopted TG 425, OECD 1998b), or one
dosing step below the best estimate of the LD50
(most recent draft TG 425). Depending on the
outcome for the first animal, the dose for the
next is increased or decreased, either by a factor
of 1.3 (adopted TG 425), or by a factor of 3.2
(recent draft TG 425). This sequence continues
until there is a reversal of the initial outcome
(i.e., the point where an increasing dose results
in death rather than survival, or decreasing dose
results in survival rather than death). After
reaching the first reversal of the initial
outcome, four additional animals are dosed
following the up-down principle according to
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the adopted TG 425 (OECD, 1998b). In the
most recent draft, however, a combination of
stopping criteria is used to keep the number of
animals to a minimum, while adjusting the
dosing pattern to reduce the effect of a poor
starting value or low slope. When one of the
following criteria is satisfied, dosing is stopped
and estimates of the LD50 and confidence
interval are calculated according to the
maximum likelihood method.

Three stopping criteria are defined in the draft
UDP test guideline as follows:

(D) Three consecutive animals survive at the
upper bound;

(2) Five reversals occur in any Ssix
consecutive animals tested (not just the
first six);

3) At least four animals have followed the
first reversal and the specified
likelihood-ratios exceed the critical

value. (Calculations are made at each
dose following the fourth animal after
the first reversal.)

Under certain circumstances, which are defined
in the draft Guideline, statistical computation
will not be possible or will likely give erroneous
results. For most applications, testing will be
completed with only four to six animals after an
or the initial reversal in animal outcome

[stopping rule (c)]

Since the UDP test guideline ([TG 425] OECD,
1998b) clearly states that the test performance
of the method is optimal if the investigator’s
best estimate is used as a starting dose,
Spielmann et al. (1999) have investigated the
quality of LD50 estimates derived from the RC
(Halle, 1998) for several chemicals used to
validate the UDP (Lipnick et al., 1995a). Of
the 35 chemicals used in the UDP validation
study (Lipnick et al., 1995a), nine chemicals
were also part of the RC (acetonitrile, p-
aminophenol, caffeine, coumarin, dimethyl-
formamide, mercury (Il) chloride, nicotine,
phenylthiourea and resorcinol). For four
chemicals, the LD50 values predicted by the RC
were almost exactly the same as those
determined with the UDP in vivo, (i.e., the
LD50 values determined in the UDP were on
the regression line of the RC) (see Figure 1 in
Spielmann et al., 1999). For three chemicals,
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the predicted LD50 values were within the
prediction interval of + log 5, and for two
chemicals (p-aminophenol and caffeine), the
predicted LD50 values differed from the in vivo
LD50 wvalues by one order of magnitude
(Spielmann et al., 1999). Thus, even in this
small set of data, the “basic rule’ derived from
the RC that about 75% of the LD50 values
predicted from cytotoxicity (see Section 2.2.2,
Table 2.1) are acceptable, was confirmed. This
indicates that cytotoxicity assays could be
successfully used to determine starting doses,
and can reduce the number of animals for in
vivo studies, particularly the UDP.

To date, no computer simulations have been
performed to estimate the possible reduction in
animal numbers if the combined in vitro/in vivo

approach is applied to the UDP. Thus, the
Workshop  discussions  were based on
computations taken from the ICCVAM

background document for the peer review of a
recent revision of the UDP (ICCVAM, 2000)

mean number tested
12-

11-
10-

which are shown in a slightly improved way in
Figure 2.4a and Figure 2.4b. Figure 2.4a applies
to the stopping rule defined in the adopted TG
425 (OECD, 1998b), and Figure 2.4b shows the
effect when the likelihood-ratio (LR) stopping-
rule (current draft OECD TG 425) applies.

Since the LR rule is only one out of three
stopping rules that should be applied in an
adaptive way, additional computation will be
needed to assess the influence of the starting
dose on animal usage. The upper curves of both
figures depict the numbers of animals used if the
starting dose is two logs from the true LD50
(1/100 LD50) while the lower curves show the
number of animals used if the true LD50 is used
as a starting dose. The percentage of animals
saved when the starting dose equals the true
LD50 value is about 30% in Figure 2.4a, and
independent of the dose mortality slope;
whereas in the case of the LR stopping rule
(Figure 2.4b), 25 to 40% fewer animals may be
used, depending on the slope.

Starting Dose = 15 mg/kg

ey £ O

978,9-——-6—6—’9"" ~
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probit slope

Figure 2.4a.Number of animals needed in relation to the starting dose for UDP adopted TG 425 (OECD

1998b) for LD50 = 1,500 mg/kg b.w.

The figure shows the number of animals needed if the LD50 is used as starting dose (lower curve), or
if 1/100 of the LD50 is used as starting dose (upper curve). For details on the stopping rule applied

see text.
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mean number tested
16-

Starting Dose = 15 mg/kg

Starting Dose = 1500 mg/kg

1.0

5.0 6.0
probit slope

Figure 2.4b. Number of animals needed in relation to the starting dose for UDP draft TG 425 (OECD, 2000)

for LD50 = 1,500 mg/kg b.w.

Figure shows the number of animals needed if the LD50 is used as starting dose (lower curve), or, if
1/100 of the LD50 is used as starting dose (upper curve) if the LR stopping rule singularly applies.

For details see text.

2.2.5 Prediction of a Limit Test Value from
Basal Cytotoxicity Data

According to a personal communication (Ingrid
Gerner, BgVV) published by Spielmann et al.
(1999), the notification process of new
chemicals in the EU since 1982 revealed an
unbalanced frequency distribution of the
toxicity of industrial chemicals. No chemicals
were classified “very toxic” (LD50 < 25
mg/kg). Only 3% of the chemicals were
classified “toxic” (LD50 > 25-200 mg/kg),
while 21% were classified “harmful” (LD50
>200-2000 mg/kg), and the vast majority
(76%) remained unclassified (LD50 > 2000
mg/kg). In other words, in the world of new
industrial chemicals a clear majority are
candidates for performing a ‘limit test’ where
only the defined highest dose (2000 mg/kg most
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often, and occasionally 5000 mg/kg) is applied
and no or marginal mortality occurs. Limit
tests are defined in all OECD guidelines for
acute oral toxicity testing (TG 401, TG 420,
TG 423, and TG 425).

It must be emphasized that, if the limit dose
defined in these guidelines is applied to all
chemicals without knowledge of their toxicity,
it would be correct for 76% of the chemicals,
while 24% of the chemicals would cause
avoidable deaths. It is therefore recommended
to perform a limit test only if the prediction
from a preceding basal cytotoxicity test suggests
an LD50 value larger than the defined limit test
dose. Special notice should be given to the fact
that the precision of the prediction of low
systemic toxicity from cytotoxicity data is
much better than the precision of high systemic
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toxicity. This is empirically supported by data
from the RC (Halle, 1998) shown in Figure 2.1.
The main factors affecting a strict log-linear
relationship between basal cytotoxicity and
systemic toxicity, bioavailability, and in some
cases, biotransformation, play a minor role if a
chemical is of low basal cytotoxicity.

2.2.6 Evaluation of a Cytotoxicity Test
Intended to be Used for Prediction of a
Starting Dose

This section describes how basal cytotoxicity
data can be used to predict a starting dose for an
in vivo lethality assay. Theoretically, any in
vitro test that is capable of determining basal
cytotoxicity could be used for determining the
best estimate of a starting dose for acute testing
in the UDP and ATC method. In addition, if
the LD50 value predicted from cytotoxicity is
high (3 2000 mg/kg b.w.), any of the currently
used in vivo test protocols, including the FDP
(OECD, 1992), would allow for performing an
in vivo limit test without a proceeding sighting
study.

In order to apply predictions of LD50 values
obtained with experimental cytotoxicity data in
the proposed tiered testing strategy as starting
doses for the ATC or UDP methods, Spielmann
et al. (1999) suggested a procedure shown in
Figure 2.5. The authors suggested selecting 10-
20 reference chemicals from the RC (Halle,
1998) and testing them in a standardized
cytotoxicity test (Figure 2.5, Step 1). A
promising candidate would be the BALB/c 3T3
NRU test that has proved robust in several
validation studies. To allow comparison of the
regression obtained with the in-house test
(Figure 2.5, Step 2), reference chemicals should
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be selected to cover the entire range of
cytotoxicity and to be as close as possible to the
RC regression line.

Next, the in-house regression equation should be
calculated by linear regression (least square
method) using the new in-house 1C50 values for
the reference chemicals and the corresponding
LD50 values from the RC. The resulting
regression is then compared with the RC
regression (Figure 2.5, Step 3). If the regression
function  obtained with  the  in-house
cytotoxicity test is parallel to the RC regression
and within the defined prediction interval, then
the test is regarded suitable to be used without
modification in applying the RC regression for
future predictions of starting doses (Figure 2.5,
Step 4). If the in-house regression shows a
significantly higher or lower slope, then it may
be possible to adjust the in-house test to a
higher or lower sensitivity. However, it is likely
that a more efficient approach would be to use a
cell line and protocol, which have produced
results that closely reproduce the RC data
(recommended in the Guidance Document,
ICCVAM, 2001).

The procedure of evaluating the usability of an
in-house cytotoxicity test is explained in full
detail in a special Guidance Document from this
Workshop (ICCVAM, 2001), in which a set of
11 well-selected reference chemicals from the
RC is recommended, and new experimental data
obtained by testing the chemicals are presented.
The data confirm that an in-house NRU
cytotoxicity test, performed either with normal
human keratinocytes (NHK) or with BALBI/c
3T3 mouse cells, produces a regression line
which matched the RC regression line (R*> 0.9).
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Step 1: Cytotoxicity test

Test 10 - 20 reference chemicals (low - high cytotoxicity) taken
from the RC, e.g. in the 3T3-Neutral Red Uptake test

\

Step 2: Linear regression analysis

Use your IC, values and RC LD, values to calculate regression
log (LDsg) = a x log (ICg0) +b

\

Step 3: Comparison of regressions

Compare resulting regression with RC regression
log (LDgy) = 0.435x log (IC;p) + 0.625
Is regression parallel and within F g range ?

YES

Step 4:

tune test sensitivity
better:

use recommended

cells and protocol

NO:

Use test for prediction of starting dose

for UDP or ATC

Figure 2.5. Procedure for evaluating a cytotoxicity test for tiered in vitro/in vivo testing for acute oral toxicity
testing (slightly modified version of the scheme presented by Spielmann and colleagues).
Note: based on the expectation that many valid cytotoxicity tests would match with the RC
regression, Spielmann et al. (1999) defined only the “yes” option between steps 3 and 4. A “no”

option has been added here for clarity.

2.2.7 Multicenter Evaluation of In Vitro

Cytotoxicity (MEIC Approach)

The MEIC program was established by the
Scandinavian Society for Cell Toxicology in
1989. The intention of the program was to
investigate the relevance of in vitro test results
for predicting the acute toxic action of
chemicals in humans directly rather than in
rodents. Batteries of existing in vitro tests that
have the potential to serve as replacements for
acute toxicity tests were identified. The
program was designed as an open study with all
interested laboratories worldwide invited to
participate and test 50 preselected reference
chemicals in their particular in vitro toxicity
assays (Bondesson et al., 1989).  Minimal
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methodological directives were provided in
order to maximize protocol diversity among the
laboratories. Eventually, some 96 laboratories
participated in this voluntary undertaking.

The 50 reference chemicals were selected to
represent different classes of chemicals, with
the availability of good data on acute toxicity
(lethal blood [or serum] concentrations [LC] in
humans; oral LD50 values in rats and mice)
being a key determinant. Since the LC data
available from clinical toxicology handbooks
are average values with a wide variation, they
were found to be sub-optimal for comparative
purposes.  Therefore, during 1995-97, the
MEIC management team collected case reports
from human poisonings with the reference
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chemicals to provide LC data with known times
between ingestion and sampling/death. The aim
was to compile enough case reports to be able to
construct  time-related LC  curves for
comparison with the 1C50 values for different
incubation times in vitro. The results were
presented and analyzed in a series of 50 MEIC
Monographs (referred to as the MEMO
subproject by the organizers).

When the MEIC project finished in 1996, all 50
reference chemicals had been tested in 61
different in vitro assays. Twenty of these assays
used human-derived cells, 18 of which were cell
lines and two were primary cell cultures. In 21
of the assays, the cells were of animal origin (12
cell lines and 9 primary cell cultures). Eighteen
of the assays were ecotoxicological tests, and
two were cell-free test systems. The majority
of the assays were based on measurement of
effects on cell viability or cell growth (or a
combination of the two).

The test results submitted to MEIC were
analyzed statistically using analysis of variance
(ANOVA), principal component analysis
(PCA), and partial least square analysis (PLS)
techniques. The analyses conducted were based
on invitro cytotoxicity data presented as 1C50
values. The predictability of in vivo acute
toxicity from the in vitro 1C50 data was assessed
against human lethal blood concentrations
compiled from three different data sets:
clinically measured acute lethal serum
concentrations, acute lethal blood
concentrations measured post-mortem, and
peak lethal concentrations derived from
approximate LC50 curves over time after
exposure (Ekwall et al., 1998a).

Statistical analysis of results from the 61 assays
using the PLS model predicted the three sets of
lethal blood concentrations well (R2 = 0.77,
0.76 and 0.83, Q? = 0.74, 0.72, and 0.81,
respectively, where R® is the determination
coefficient and Q? is the predicted variance
according to cross-validation in the PLS model
used) (Ekwall et al., 2000). A two-component
PLS model of the prediction of lethal doses in
humans from published oral rodent LD50 values
for the 50 MEIC compounds was less effective
(R = 0.65, Q% = 0.64) (Ekwall et al., 1998a;
Ekwall et al., 2000).
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The analysis showed that in vitro assays that
were among the most predictive generally used
human cell lines (6 of the 18 assays using them
gave the highest determination coefficients, vs.
1 of 12 rat cell line assays that performed
comparably). Two of 9 non-human primary
cell assays analyzed also performed well. Assays
that did not perform well were primarily
ecotoxicological assays using bacteria or plant
cells and, in general, assays with very short
exposure times (up to a few hours). Two human
primary cell assays, both of which utilized PMN
leukocytes and involved 3-hour exposure times,
also performed relatively poorly. These results
led the authors to note that human-derived cells
appeared to be the most predictive for human
acute toxicity.

The exposure time for the in vitro assays was
most often 24 hours, but ranged from 5 minutes
to 6 weeks. For 22 of the 50 reference
chemicals, the toxicity in vitro increased with
increasing exposure time. However, high
predictivity was generally observed in vertebrate
cell assays with 24 to 168 hours exposure. The
actual endpoint measurements (cell viability
assays) used with the in vitro tests were not
crucial. Typically, different  endpoint
measurements gave approximately the same
result, suggesting that basal (general)
cytotoxicity can be assessed using many
mammalian cell lines and almost any
growth/viability endpoint.

To select an optimal battery for predicting
acute toxicity in  humans, the MEIC
management team further evaluated various
combinations of assays using PLS models and 38
chemicals deemed to have the most reliable and
relevant lethal peak concentration data (see
Ekwall et al., 2000, for the detailed procedure).
From their analysis, the most predictive and
cost-effective test battery consisted of four
endpoints/two  exposure  times  (protein
content/24 hours; ATP content/24 hours;
inhibition of elongation of cells/24 hours; pH
change/7 days) in three human cell line tests.
The test battery (designated 1,5,9/16) was found
to be highly predictive of the peak human lethal
blood concentrations of all 50 chemicals (R? =
0.79, Q* = 0.76) when incorporated into an
algorithm developed by the team. The R? value
was further improved to 0.83 when information
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on BBB penetration was added to the battery
results.

It was noted that passage across the BBB can be
predicted from the chemical formula and/or
physico-chemical properties, or from in vitro
tests in appropriate model systems; however
those methods were not used in the MEIC
analysis. The MEIC team proposed that the
cell battery they identified could be used
immediately for many non-regulatory purposes
in a multistep testing strategy and urged its
formal validation (and/or that of other
promising cell assays also identified in the
MEIC program) as soon as possible (Ekwall et
al., 2000). Test protocols for evaluating the
proposed assays in a validation exercise remain
to be developed and optimized.

In summarizing, the MEIC team concluded that
their study yielded a limited battery of in vitro
assays using human cell lines that showed very
good performance and were cost effective for
predicting acute lethality in humans (Ekwall et
al., 2000). However, to further improve the
predictive capability of this proposed battery,
and to take into account non-basal cytotoxicity
factors as a full replacement for acute animal
tests, further, targeted development of in vitro
methods for other particular endpoints is
needed. An evaluation-guided development of
new in vitro tests (EDIT) has been proposed to
address these requirements (Ekwall et al., 1999),
which includes, as most urgently needed, in vitro
assays for:

* Assessing passage through the BBB;
* Predicting gut absorption;

e Distribution volume;

e Biotransformation.

The results of the MEIC program have
appeared in a series of publications in the open
literature (Clemedson et al., 1996a; Clemedson
et al., 1996b; Clemedson et al., 1998a;
Clemedson et al., 1998b; Ekwall et al., 1998a;
Ekwall et al., 1998b; Ekwall et al., 1999;
Clemedson et al., 2000; Ekwall et al., 2000).
Additional information about MEIC, MEMO
and EDIT, as well as the MEMO database, can
be found at the following Internet address:

http://www.cctoxconsulting.a.se/nica.htm
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2.3 Identifying Needs

In the area of human health effects, the overall
aim is to reliably and accurately predict the
potential for human acute toxicity. The
Breakout Group noted that there is extensive
documentation showing that human outcomes
from chemical exposure are not predicted well
by studies in rodent species (see, e.g., Ekwall et
al. [2000] and the recent survey by Olson et al.
[2000] on target organ toxicity).
Consequently, it was agreed that the long-term
goal (the ideal approach) should be the use a
battery of in vitro tests employing human
(rather than rodent or other animal) cells and
tissues to provide data which when combined
with information derived from other sources
(e.g., on key physico-chemical parameters,
kinetics, and dynamics) could more accurately
predict human acute toxic effects including
lethality. However, in the near term, the
Breakout Group considered it appropriate and
more pragmatic to concentrate on ways to
reduce and replace animal use in acute oral
toxicity tests as detailed in OECD TG401,
TG420, TG423, and TG425.

The Breakout Group was fully aware that rather
more information than just an (approximate)
LD50 value can be obtained and used from a
properly conducted rodent acute toxicity test
(such as clinical signs, dose-response
relationships, possible target organs, etc.);
however, it received reassurance from the U.S.
regulatory agencies represented at the
Workshop that if there was a validated in vitro
cytotoxicity test which could accurately predict
the approximate rodent LD50 value in vivo,
then its implementation would result in a
significant reduction in animal use. Thus, the
primary focus of Breakout Group 1 was to
identify and evaluate candidate in vitro
cytotoxicity tests that could possibly serve as
reduction and replacement alternatives for
current rodent acute oral toxicity tests for
determining LD50 values.

2.3.1 Near-term (< 2 years) Goals and
Potentially Attainable Objectives

The Breakout Group participants started from
the premise that it is biologically plausible that
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cell death (cytotoxicity) in vitro could be used
to predict acute lethality. The many studies
that show relatively good correlations between
in vitro 1C50 values and in vivo LD50 data
support this view (e.g., Phillips et al., 1990;
Garle et al., 1994). Thus, the near-term focus
should be on conducting studies aimed at

reducing and replacing animal use for
determining LD50 values of chemical
substances.

The Breakout Group agreed that standardized in
vitro test protocols were available but probably
not optimized, and that prediction models were
needed for predicting acute oral LD50 values.
Consequently, a prevalidation study, which
would include several promising candidate in
vitro cytotoxicity tests, would have to be
undertaken in order to determine which tests
should go forward to the validation stage.
Partly because of this, the development of a
practical replacement test will take time. As a
parallel activity, the ZEBET method for
generating cytotoxicity data to help establish
the starting dose for in vivo testing of new
chemical substances (Spielmann et al., 1999)
should be seriously considered as an interim
measure to potentially reduce the numbers of
animals used in the in vivo tests.

2.3.2 InVitro Endpoints for Assessing In Vivo
Acute Toxicity

There is considerable literature covering a large
variety of  endpoints and endpoint
measurements that have been evaluated for in
vitro cytotoxicity testing (e.g., Phillips et al.,
1990; Balls and Fentem, 1992; Garle et al.,
1994; Itagaki et al., 1998a; 1998b; Ohno et al.,
1998a; 1998b; 1998c; Tanaka et al., 1998;
Clemedson and Ekwall, 1999; Ekwall, 1999).
Some of these citations were provided to the
Breakout Group members for reference, but
time did not allow a systematic assessment of
the literature on this topic. It was noted
nevertheless that, in practice, basal function
endpoints (such as NRU or MTT reduction
and/or inhibition of cell proliferation), even
though they may measure different cellular
functions, have been commonly used with a
reasonable degree of success; where cell lines are
concerned, the endpoints typically assess a
combination of both cell death and cell
growth/proliferation. Since the events are based
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on cellular events that have circumstantial if
not direct relevance to cellular responses to

chemicals in vivo, model cell systems
incorporating these “nonspecific” endpoints
may satisfy requirements for fidelity and

discrimination for alternative methods that
have been set forth earlier (Blaauboer et al.,
1998). The need for cell-specific or functional
endpoints in acute toxicity assays was
considered to be on a case-by-case basis and
more relevant to studying target organ-specific
toxicities (Breakout Group 3’s charge).

2.3.3 Other Issues for Selecting Protocols

The key components of the protocols for in
vitro cytotoxicity tests were considered to be
the appropriate choice of: (a) cell type (human
or animal, cell line or primary cultures) and its
characteristics (stability, origin,
characterization, availability); (b) exposure
period(s) — (i.e., duration cells are exposed to
the test chemical); and (c) endpoint
measurement(s) — (i.e., cell viability assays such
as NRU, lactate dehydrogenase [LDH] leakage,
ATP content) (Borenfreund and Puerner, 1986;
Riddell et al., 1986; Phillips et al., 1990; Balls
and Fentem, 1992; Garle et al., 1994; Ekwall,
1999; Ohno et al., 1998a; Ekwall, 1999; Ekwall
et al., 2000). In addition, the inclusion of a
prediction model, evidence of repeatability, and
facility of transfer between laboratories are
important considerations (Balls et al., 1995;

Bruner et al., 1996; Archer et al., 1997;
ICCVAM, 1997). Ease of automation/high
throughput where applicable should offer

attractive additional cost benefits but is not a
requirement for validation purposes.

2.3.4 QSAR Models for Predicting Acute
Toxicity

The Breakout Group was requested to assess the
role of QSAR, or related models such as
structure-activity  relationships  (SAR) in
predicting acute toxicity. While SAR methods
involve gqualitative assessment of chemical
features that confer biological properties, QSAR
approaches develop a quantitative relationship
between  physico-chemical or  structural
properties and biological activity (Albert, 1985;
Barratt et al., 1995). QSAR models are usually
developed for sets of chemically similar
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compounds on the assumption that they will
have the same mechanism of action. Any
compounds that do not act by the same
mechanism are likely to fit the correlation
poorly, and thus their effects would not be
predicted accurately. Although defining
chemical classes or  commonality  of
mechanisms of action are not trivial due to the
multidimensional nature of both characteristics,
a review of QSAR studies for predicting LD50
values concluded that QSAR methods have
shown some success in relating LD50 values to
certain  physico-chemical properties of a
compound, especially lipophilicity (Phillips et
al., 1990).

In contrast, QSAR approaches appear to be less
successful in correlating electronic properties of
molecules (related to reactivity), or structural
variables, with LD50 values, and their use with
certain important chemical classes, (e.g.,
pesticides), is problematic. However, the
Breakout Group felt that it lacked sufficient
expertise in the field to evaluate the potential
of QSAR as a replacement test for lethality and
suggested that the topic be reviewed more
thoroughly by a more appropriate scientific
body. The review should include coverage of
commercially available models (e.g., TOPKAT,
CASE).

The Breakout Group did recognize that these
methods might play key roles as adjuncts to
improve LD50 predictions and to reduce animal
usage. As noted by others (e.g., Barratt et al.,
1998; Lipnick et al., 1995b), QSAR can aid in a
number of areas, including the selection of test
chemicals for  validation  studies, the
interpretation of outliers, and the grouping of

chemicals by structure and biological
mechanisms.  In addition, looking to future
requirements to improve the predictive

capability of in vitro cytotoxicity data for in
vivo LD50 values, the Breakout Group agrees
with Breakout Group 2 in recommending a more
thorough evaluation of QSARs for predicting
gut absorption and passage across the BBB.
These applications were discussed at length by
Breakout Group 2.

The Breakout Group noted that, in principle,
expert systems, neural networks, and classical
structure-activity ~ approaches  might  be
developed and validated for predicting specific
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systemic effects (Barratt, 2000; Dearden et al.,
1997; Phillips et al., 1990). Requirements for
the successful development and use of QSAR
methods have been identified and include the
following:

¢ A well-defined mechanism of action for
the compound(s) used to derive the
QSAR model;

* Use of congeneric, pure compounds and
not mixtures;

e A common site of action for
biological effect;

e For comparative purposes, expressing
concentrations or doses in molar (not
weight) units;

* Validation of each model by
investigating its predictive capability
using a different set of compounds from
its learning (i.e., training) set;

e Use of the same ranges of parameter
space as the original test chemicals; and

* The QSAR should not be applied outside
of its domain of validity (Phillips et al.,
1990; Barratt et al., 1995; Worth et al.,
1998).

the

The limitations or general applicability of each
model for different chemical classes will need to
be established.  The application of QSAR
procedures for identifying potential systemic
effects was considered by Breakout Group 2.

2.4 Current Status

Many investigations of the relationship between
in vitro cytotoxicity and acute toxicity in vivo
have been reported. It was not possible to
critically review and discuss all of the literature
during the course of the Workshop, so the
Workshop organizers made a selection of recent
key activities and reports for consideration by
Breakout Group 1. The Breakout Group made
note of the fact that many of these recent
initiatives build upon the conclusions of studies
conducted, in particular, during the 1980s (e.g.,
Balls et al.,, 1992; Balls and Clothier, 1992;
Balls and Fentem, 1992; Borenfreund and
Puerner, 1986; Clothier et al., 1987; Dierickx,
1989; Ekwall, 1983; Ekwall et al., 2000;
Fentem et al., 1993; Fry et al., 1988; Fry et al.,
1990; Garle et al., 1987; Garle et al., 1994;
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Gilden et al., 1994; Guzzie, 1994; Halle and
Spielmann, 1992; Hopkinson et al.,, 1993;
Hulme et al., 1987; Ohno et al., 1998a; Phillips
et al., 1990; Riddell et al., 1986; Seibert et al.,
1996; Spielmann et al., 1999; Wakuri et al.,
1993; Zanetti et al., 1992).

The studies and approaches considered were:

e Studies conducted by FRAME and
partners (e.g., Balls et al., 1992; Fry et
al., 1990; Hulme et al., 1987; Riddell et
al., 1986);

e The MEIC scheme (e.g., Clemedson and
Ekwall, 1999; Ekwall et al., 2000);

* Japanese Society of Alternatives to
Animal Experiments (JSAAE) activities
(e.g., Ohno et al., 1998a);

e The ZEBET approach for predicting in
vivo starting doses (Halle et al., 2000;
Halle and Goeres, 1988; Spielmann et
al., 1999);

e Testing strategy outlined in ECVAM
Workshop Report 16 (Seibert et al.,
1996);

* Testing framework proposed under the
auspices of SGOMSEC (Curren et al.,
1998);

e TestSmart acute systemic toxicity
initiative to determine whether cellular
changes can predict acute system failure
in vivo (A. Goldberg, personal
communication).

The MEIC and ZEBET approaches were
presented to the Breakout Group as specific
proposals for adoption as alternative
methodologies by regulatory authorities, and
therefore received the most attention.

2.4.1 In Vitro Methods for Estimating Acute
In Vivo Toxicity

There are more than 80 variations of in vitro
basal cytotoxicity tests, employing a variety of
cell lines (e.g., HeLa, HL-60, BALB/c 3T3,
Chang cells) and endpoint measurements (e.g.,
MTT reduction, NRU, ATP content, LDH
leakage). From the results of the MEIC and
ZEBET programs it appears that basal
cytotoxicity can be determined using almost
any cell line and almost any toxicity endpoint
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measurement that correlates well with cell death
and/or growth inhibition. Standard protocols
are available for some of these methods (e.g.,
via the INVITTOX database run by ECVAM,
from the JSAAE validation study, and by slight
modification of test protocols used for other
purposes such as phototoxicity or eye irritation
testing), but these have not necessarily been
optimized for predicting rodent oral LD50
values.

Typically, prediction models have not been
explicitly defined, although they are usually
based on the 1C50 value derived in the in vitro
cytotoxicity assay. Some of these initiatives
made note of that and tried to define useful
testing strategies that incorporated in vitro
assays. An example was the ECVAM
Workshop report, which to some extent was
based on work from the University of Kiel,
recognizing the importance of including
biokinetic parameters alongside in vitro
cytotoxicity data to improve the predictions
(Seibert et al., 1996).

2.4.2 Strengths and Limitations of Available
In Vitro Cytotoxicity Assays

Sufficient information was presented to the
Breakout Group for evaluating the merits of the
MEIC and ZEBET proposals and the JSAAE
study in that the information could be adapted
and utilized for evaluating assays designed to
predict acute lethality.

The MEIC proposal was that a battery of three
human cell-based tests (HepG2, protein content,
24 hr exposure; HL-60, ATP content, 24-hr
exposure; Chang liver cell morphology, 24 and
168-hr exposure) could be used to predict
human lethal blood concentrations and be a
surrogate for the LD50 test (Ekwall et al.,
2000). Although the MEIC program was not
set up as a validation study and assessing
reproducibility was not an objective, the
Breakout Group agreed with the following MEIC
conclusions:

(D) There is a strong correlation between
concentrations of chemicals causing
cytotoxicity invitro and human lethal
serum concentrations.

(2) Metabolism may not play a role in vivo

as frequently as thought.
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3) Specificity of action requiring many
types of differentiated cells is not as
significant a problem as may initially
have been envisaged.

(4) Some simple corrections of the data,

such as for BBB passage, improve the
correlations observed.

The key strengths of the MEIC approach are
the comparison of acute cytotoxicity data with
human exposure data and the database on
human lethal concentrations, Kinetic profiles,
etc., which has been generated and is available as
MEMO monographs for others to evaluate and
use. The Breakout Group agreed that attempts
be made to extend this human database, and that
it should be subjected to independent peer
review. The outcome of the MEIC program in
general was considered to provide strong
support for the concept of basal cytotoxicity
first proposed by Ekwall in 1983.

Several issues were raised concerning the MEIC
proposal and the use of such an approach as an
alternative to animal tests. Various limitations

of the approach were cited, including the
following:
(D) Because the program was not intended

to be a validation study, it was not
conducted under controlled conditions.
Replicate assays were generally not
performed, hence there is limited
information on intra-laboratory assay
repeatability and inter-laboratory
reproducibility. Nevertheless, there is a
large body of evidence from other
validation  studies that in  vitro
cytotoxicity  assays  are highly
reproducible and relatively easy to
transfer between laboratories.

The chemicals tested in the different
laboratories were  probably  from
different batches and sources (allowed by
MEIC for practical purposes, and
because the human case exposures likely
involved different materials and sources
also).

Statistical ~ analyses were  often
performed on groups of tests rather
than on individual assays.

In many of the assays, not all 50
chemicals were tested. This impacts on

(2)

3)

(4)

()
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the conclusions being made on the basis
of correlation coefficients;

(6) There is a tendency for the data to be
over-interpreted and some of the
conclusions have been over-stated in the
publications.

(7 Prediction models were not defined for

any of the in vitro assays. This would be
a pre-requisite for a validation study.

There were also specific confounding factors in
relation to the 1, 9, 5/16 battery proposed by
Ekwall and colleagues (Ekwall et al., 2000).
The assay battery was selected using data from
38 of the 50 MEIC chemicals, and the
predictivity for all 50 chemicals reassessed by
PLS analysis. The values obtained were:
R?=0.84, 38 chemicals; R?=0.77, 50 chemicals;
R?=0.88, 38 chemicals + BBB correction;
R?=0.83, 50 chemicals + BBB correction.
However, it was noted that: (a) results for test 1
were reported for only 45 chemicals, and 3 of
the missing 5 results were for chemicals included
in the first set of 38, thus n=35 and n=45; in
addition, three other in vitro tests employing
HepG2 cells and a 24-hr exposure time were
evaluated in the MEIC program, and the data
vary considerably, particularly for some of the
reference chemicals; (b) results for test 9 were
reported for only 46 chemicals, and all 4 of the
missing results are for chemicals included in the
first set of 38, thus n=34 and n=46; and (c) tests
5/16 used Chang liver cells, which are known to
possess several HeLa markers. In addition, only
single data points for each combination of in
vitro test and chemical have been reported,
meaning that there is no way to evaluate the
variability in the assay results which would
necessarily impact upon the robustness of the
conclusions drawn by the MEIC management
team.

A major strength of the ZEBET RC approach is
the extensive database underpinning the
strategy proposed (Spielmann et al., 1999).
The database includes 1C50 values derived from
numerous in vitro cytotoxicity tests on more
than 300 chemicals. The actual data are used in
a very defined way in trying to predict starting
doses for in vivo testing, and the simplicity of
the concept, flexibility in choice of potentially
useful cell systems, and ease of validating and
applying the cell systems in practice are
attractive features of the approach.
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One disadvantage of the ZEBET approach at
the present time is the lack of information on
the variability in both the in vitro and in vivo
data. In addition, the use of LD50 values from
RTECS is perhaps a problem because of this.
The Breakout Group suggested that several
follow-up actions be undertaken immediately
after the Workshop to update and improve the
understanding of the applicability of this
approach: (a) the examples shown for using in
vitro cytotoxicity data to identify the starting
dose for the ATC or UDP in vivo study should
be updated to bring them in line with the new
draft guidelines, which have now been modified
to incorporate the OECD harmonized hazard
classification system (OECD, 1998a); and (b)
additional simulation modeling should be
undertaken to demonstrate the actual reduction
in animal use which is expected to be achieved
by implementing the approach, and real-life
worked examples should be provided to serve as
guidance for those adopting and evaluating the
approach in the future (See Section 2.6).

2.4.3 Validation Status of Available In Vitro
Screening Methods

The Breakout Group considered the validation
status of the in vitro cytotoxicity assays
evaluated in the MEIC program, and those used
to generate the data included in the RC, relative
to the ICCVAM Validation Criteria (ICCVAM,
1997) and the ICCVAM Evaluation Guidelines
(ICCVAM, 1999; Section 11, Appendix E). It
was concluded that no single in vitro
cytotoxicity test, or test battery, has yet been
formally validated for the specific purpose of

replacing the rodent LD50 test. Upon
completion of the MEIC study, Ekwall
suggested that the battery of three tests

proposed should now undergo formal validation
(Ekwall et al., 2000). Typically, data on the
intra- and inter-laboratory reproducibility of the
in vitro assays, generated in a structured manner,
are lacking, and further work is still needed to
fully evaluate the predictive ability of in vitro
cytotoxicity tests for acute toxicity in vivo.

Since several in vitro cytotoxicity assays have
been included in formal validation studies on eye
irritation and phototoxicity (e.g., various test
protocols using BALB/c 3T3 mouse fibroblasts
or keratinocytes and NRU as the endpoint
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measurement [Balls et al., 1995b; Brantom et
al., 1997; Spielmann et al., 1996; Spielmann et
al., 1998]), objective data on the intra-
laboratory and inter-laboratory reproducibility
of these tests are available for test materials
which were coded and tested in at least three
laboratories. The Breakout Group proposed
that a Working Group be established to evaluate
this information and to undertake a paper
exercise to determine the capability of these
particular in vitro cytotoxicity tests for
predicting rodent LD50 values rather than
Draize rabbit eye irritation scores. It was
envisaged that LD50 data would be available for
most of the chemicals tested in the EC/HO and
BgVV eye irritation validation studies.

A validation study on five in vitro cytotoxicity
tests  (endpoint  measurements: colony
formation, crystal violet staining, LDH release,
MTT, and NRU) has been conducted under the
auspices of the JSAAE (Ohno et al., 1998a).
Six chemicals (Tween 20, Tween 80, sucrose
fatty acid  ester, propylene glycol,
cetylpyridinium chloride, and sodium lauryl
sulfate) were tested. The LDH release endpoint
measurement was not reproducible, and the
crystal violet staining assay was deemed to be
the most reliable of the in vitro cytotoxicity
tests evaluated (Ohno et al, 1998a). The
colony formation assay in HeLa S3 (SC) and
BALB/c 3T3 A31-1-1 cell lines was reported to
be the most sensitive, but also showed the
largest variation (Tanaka et al., 1998).

Disadvantages of the colony formation assay
are that it is time-consuming (7 to 13 days
culture time, depending on the cell line) and
cannot be conducted in 96-well plates and,
hence, cannot be readily automated. Although
the focus of the study was on comparisons with
Draize eye irritation scores and not acute
lethality in vivo, the study does provide another
source of objective information on the general
reproducibility and transferability of in vitro
cytotoxicity tests (Ohno et al., 1998a). In that
sense, the Working Group should also examine
the data from this study for how well they
predict rodent LD50 values for the test
chemicals.

Based on consideration of the studies referred to
in previous sections, it was concluded that none
of the available in vitro methods or proposed
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testing strategies had been adequately evaluated
for implementation to reduce and/or replace
animal use for acute systemic toxicity testing.
However, it was suggested that the ZEBET
approach, using in vitro cytotoxicity data to
predict in vivo starting doses, should be
implemented relatively quickly once a guidance
document had been prepared (see Section 2.6).
The rapid adoption of the ZEBET approach
into general practice would enable data to be
generated in a relatively short time to fully
establish its usefulness and accuracy with a large
number of test chemicals.

2.4.4  Selection of the Most Appropriate Cell
Type

The selection of the most appropriate cell type
depends on the objective.  Thus, for the
prediction of rodent LD50 values in a
replacement test, one would conceptually favor
a rodent cell line; for the human situation,
human cell lines would be more appropriate.
Although the MEIC results tend to support this
view, the Breakout Group did not feel the data
were strong enough (for the reasons given
above) to come to a definitive conclusion on
this point.  Further evidence of this was
provided by an analysis of the ZEBET RC data
relative to 1C50 data generated using a human
cell line evaluated in the MEIC program
(Clemedson et al., 1998a; Clemedson et al.,
1998b). The correlation between the [1C50x
(RC) and IC50m (MEIC human cell line) values
for the 50 MEIC chemicals was extremely high
(R?=0.90; see Addendum to this report).
Consequently, where the objective is to reduce
animal numbers required for lethality tests, the
apparent difference is too small to rule out the
use of a human cell line if that cell line offers
other particular advantages or performs
acceptably for that purpose.

The current in vitro basal cytotoxicity tests do
not take into account metabolism-mediated
toxicity. It is widely accepted that simple
predictive systems (in vitro or in silico) will
need to be developed for early identification of
those substances likely to be metabolized to
more toxic or less toxic species than the parent
chemical (e.g., Fentem et al., 1993; Seibert et
al., 1996; Curren et al., 1998; Ekwall et al.,
1999). It should be noted that in Ekwall’s early
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studies, approximately 20% of the chemicals
assayed in HelLa cell cultures did not fit the basal

cytotoxicity concept (Ekwall, 1983). It is
expected from the existing literature that
“piotransformation  screens”  will provide
valuable data to supplement in vitro

cytotoxicity results for improving predictions
of LD50 values for a significant fraction of
those chemicals.

2.5 Future Directions

The Breakout Group concentrated its efforts
mainly on short-term approaches to reduce and
replace animal use in acute oral toxicity tests,
leaving the discussion of longer-term research
needs and priorities to Breakout Groups 2
(biokinetics) and 3 (specific organ toxicity and
mechanisms). However, it was agreed that the
long-term goal (i.e., the ideal approach) should
be to develop and use a battery of in vitro tests
employing human cells and tissues, and integrate
this information with that derived from other
sources (e.g., on key physico-chemical
parameters, Kinetics, and dynamics) to predict
human acute toxicity, including systemic target
organ effects.

2.5.1 Most Promising In Vitro Methods for
Further Evaluation to Reduce and/or

Refine Animal Use for Acute Toxicity

The Breakout Group considered that, in the
absence of other information which enables the
dose to be set with confidence (e.g., acute
toxicity data on structurally related chemicals,
physico-chemical or other information), in
vitro cytotoxicity data generated using the
proposed ZEBET approach should be useful for
predicting starting doses for in vivo studies. The
proponents presented supporting data indicating
that this approach would result in a further
reduction and refinement in animal use for acute
toxicity testing. By judicious use of time and
resources, initial cytotoxicity assays need not
slow the overall developmental or evaluation
processes and in fact may actually expedite it
where several chemicals can be tested in vitro at
the same time.

To use the approach, test laboratories should
evaluate and compare the performance of
several in vitro cytotoxicity tests with the
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existing RC data (Figure 2.1). For example, a
protocol employing the BALB/c 3T3 mouse
fibroblast cell line, a 24-hour exposure time, and
NRU as the endpoint measurement is
appropriate, but other cell lines and cell
viability assays could serve the same purpose
equally well. The main considerations are:

e The selection of cell type for assessing
general cytotoxicity (e.g., rodent
fibroblast cell line, human epithelial cell
line; monolayer or suspension [e.g.,
HL60 human acute leukemia cell line]
cultures);

e Exposure period (a minimum of 24
hours, but consideration of longer
exposures [e.g., 72 hours] as well, if
appropriate);

* Endpoint (cell viability/growth);

e Endpoint measurement (e.g.,
MTT, ATP, protein).

NRU,

Since the choice of endpoint measurement does
not appear to be critical to the correlative
power of the tests (Garle et al., 1994; Ohno et
al., 1998a; Spielmann et al., 1999; Ekwall et al.,
2000), the simplest, cheapest, most
reproducible, with least interference by test
chemicals, and, especially where large numbers
of chemicals or materials are to be tested, most
easily automated endpoint measurements would
be the most practical option.

An in vitro cytotoxicity test could be
implemented in a tiered testing strategy (in the
context of predicting starting doses for a
subsequent in vivo test) in the short-term,
without needing to await the outcome of formal
validation activities (Section 2.5.2; see below).
The main prerequisite would be the production
of a guidance document, including details of test
protocols considered to be appropriate, and
worked examples illustrating the practical
application of the strategy.

2.5.2 Most Promising In Vitro Methods for
Further Evaluation to Replace In Vivo
Acute Toxicity Test Methods

The Breakout Group did not evaluate individual
test protocols or proposals as candidates for
replacement of in vivo acute toxicity tests and
therefore could not address this question
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directly. As noted earlier, in vitro tests do not
currently provide all the information that can
be obtained from an in vivo study. However,
the accumulated results of many cytotoxicity
studies and the ZEBET/MEIC initiatives do
suggest that, in general, we may be able to
obtain reasonable estimates of LD50 values if
this parameter is the primary one required for
regulatory decisions. Certainly by applying one
or more reasonably predictive assays of the
LD50 to test the considerable number of
chemicals on which such risk assessment data
are needed, (e.g., high production volume [HPV]
chemicals), it should be possible to make a truly
significant reduction in animal usage.

The Breakout Group agreed that a prevalidation
study should be initiated at the earliest possible
date to identify the most promising in vitro
cytotoxicity tests for further validation. The
study should include a comparison of different
cell types (as a minimum, one rodent and one
human cell line), exposure periods, and endpoint
measurements.  Regarding exposure times to
evaluate, it was evident from the data available
that a minimum exposure of 24 hours should be
recommended (Garle et al., 1994; Hopkinson et
al., 1993; Riddell et al., 1986), plus an
additional "expression" period during which the
previously treated cells are cultured in the
absence of test material. There may be a need
to evaluate several exposure times, as the most
appropriate will depend on the cell type chosen,
the Kinetics of the test chemical, and the
sensitivity of the endpoint measured (e.g., Ohno
etal., 1998a).

The Breakout Group urged that a Working
Group be established to follow up on its
conclusions and recommendations at this
Workshop (Section 2.6), and specifically, to
define the details of the test protocols to be
included in any prevalidation study. The
selection of basal cytotoxicity tests to be
included should be justified with reference to the
scientific literature. It was also suggested that
the statistical analyses of the MEIC program
results be reviewed, so that the basis for the
selection of the test battery is fully transparent.

The Breakout Group anticipates that the
general performance of the assay or
combination/battery of cytotoxicity assays
determined from the validation study to be the



In Vitro Screening Methods for Assessing Acute Toxicity

best predictor of in vivo lethality can be
enhanced further by supplementation with other
information or data. In this respect, immediate
research and development needs of particular
importance relate to identifying, standardizing,
and validating simple predictive systems for gut

absorption, BBB passage, kinetics, and
metabolism. These are all important
parameters which have been identified as

improving the predictive ability of in vitro
cytotoxicity data for in vivo LD50 values
(Curren et al., 1998; Seibert et al., 1996; Ekwall
et al., 1999). A new initiative on acute
systemic toxicity, being undertaken as part of
the TestSmart activities, has been established to
address the question "can one measure cellular
changes that will predict acute system failure?"
The successful development of this system
would complement basal cytotoxicity assays for
predicting acute toxicity in vivo (Goldberg,
personal communication).

In the longer-term, preferably undertaken as a
parallel activity, the focus should be on the
development and validation of human test
systems for predicting human acute toxicity,
integrating the approaches suggested by
Breakout Groups 2 and 3. In this respect, there
are numerous mechanism-based endpoints that
need to be identified and evaluated in future
studies.

The Breakout Group recognizes the potential
impact genomics and proteomics technologies
may have in many areas of toxicology, but feels
these technologies could only lead to the
identification of new endpoints and screening
methods in the long-term, and that acute
toxicity testing is not currently an area of high
priority for the application of these new
technologies. Investigations of changes in gene
expression (e.g., using microarrays) are better
targeted to more specific toxicological effects
rather than general responses such as acute
lethality.

2.5.3 Ways to Evaluate the Usefulness of In
Vitro Assays in an Overall Acute
Toxicity Testing Strategy

The evaluation of the usefulness of in vitro
cytotoxicity assays in the overall testing
strategy can be achieved in two ways, as
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indicated above. Firstly, a prospective
evaluation "in practice" (in this case by
implementing the use of an in vitro cytotoxicity
test in the strategy proposed by ZEBET
[Spielmann et al., 1999]) can be made once the
necessary guidance document, including worked
examples, has been produced. Once a sufficient
body of data has been collected, the in vitro
cytotoxicity  tests  can be  evaluated
retrospectively to determine the validity and
practical usefulness of the strategy and to assess
whether the predicted starting dose for an in
vivo study is accurate for a sufficiently large
enough percentage of test chemicals to continue
its use.

Secondly, a formal validation activity (of which
prevalidation would be an initial step; Curren et
al., 1995; ICCVAM, 1997) could be conducted
in which the test protocols and prediction
models are evaluated independently in a multi-
laboratory study involving testing of coded
chemicals for the reproducibility of their
responses, within and among laboratories, and
the ability to predict rodent LD50 values (Balls
etal., 1995a; ICCVAM, 1997).

2.6 Summary

2.6.1 Conclusions

The Breakout Group agreed that its primary
objective was to identify and evaluate candidate
in vitro cytotoxicity tests that could possibly
serve as reduction and replacement alternatives
for rodent acute oral toxicity tests for
determining LD50 values. Despite the
considerable research efforts by a large number
of laboratories from different sectors, no
standardized in vitro cytotoxicity assays, with
optimized protocols and prediction models for
the determination of LD50 values, have yet
been validated. It appears from the number of
studies showing positive correlations between
cytotoxicity results in vitro and acute toxic
effects in vivo that the application of such in
vitro methods does have the potential to reduce
and refine, and, if properly developed,
ultimately replace the use of laboratory animals
in acute lethality tests.

A strategy was devised by the Breakout Group
that was considered to offer realistic short-term
and long-term solutions to address the need for
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prevalidation and validation of in vitro
cytotoxicity tests (Figure 2.6). In the short-
term, the Breakout Group concluded that the
ZEBET approach (Section 2.2.1) had the
potential to produce modest reductions in
animal use in the ATC and UDP (OECD TG
423 and TG 425) in vivo tests (and in the FDP
[OECD TG 420] to obviate the need for any
initial sighting study). Thus, it is suggested that
an in vitro cytotoxicity test be used in a tiered
testing scheme as proposed by Spielmann et al,
(1999).

The Breakout Group concluded that a guidance
document with test protocol details, supporting
information, and worked examples should be
produced and disseminated as quickly as possible.
The testing strategy should be implemented as
soon as this guidance was available, without the
need for a validation study. This conclusion is
based on the Breakout Group’s awareness of the
large database on in vitro cytotoxicity and its
demonstrated correlative power with rat acute
oral LD50 values, particularly the MEIC and RC
approaches.  The validity of the in vitro
cytotoxicity data in establishing appropriate
starting doses for in vivo studies (and hence its
direct predictive capability for the LD50)
should be assessed retrospectively by evaluating
the data generated on a sufficiently large
number of substances according to pre-defined
criteria for judging the acceptability of the
approach. The implementation of such a
testing strategy was considered to be relatively
inexpensive and simple, and would not
compromise the actual outcome of the in vivo
test.

In vitro assays to replace animal tests for acute
lethality will require more time to implement.
The information and time available to the
Breakout Group was inadequate to recommend
specific cytotoxicity assays for prevalidation
and  validation, although  the major
considerations and suggestions for possible
assays (e.g., a BALB/c 3T3 mouse fibroblast
NRU assay) have been documented (Section
2.5.1). An additional Working Group will need
to be convened for this purpose at the earliest
possible date to maintain momentum and to
make progress in the near term.
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The scheme conceptualizing the Breakout
Group's conclusions as to how cytotoxicity tests
can reduce/refine and ultimately replace animal
use for acute toxicity (LD50) testing (Figure
2.6) indicates what needs to be done and the
projected timings for reaching that point. Each
pathway involves a stepwise approach to
addressing the issue. Step 1 in any testing
scheme would be the collection and integration
of information on the physical/chemical
properties of a compound, including literature
reviews and analysis of structure-activity
relationships  whenever possible. Most
companies currently do this as a preliminary
step in their evaluation of new candidate
compounds for commercial development. In
addition, the likelihood that acute toxicity could
be metabolism-mediated needs to be considered
at this early stage, and here it would be useful to
integrate data derived from simple in vitro or in
silico screens for biotransformation
(bioactivation or detoxification). Step 2 would
involve conducting an in vitro basal
cytotoxicity test to provide data, either for
correct selection of the in vivo starting dose
(enabling an immediate reduction and
refinement of animal use in the interim) or in
lieu of animal testing for estimating rodent
LD50 values (once the battery of in vitro tests
required to do this had been validated for this
purpose).

In the left-hand pathway in Figure 2.6, in vivo
studies are still performed and provide
supplementary information on dose response,
clinical signs, and target organ effects from
acute exposure for those agencies or
organizations that need this additional
information. However, it is anticipated that
conducting a preliminary cytotoxicity test for
starting dose selection would result in a modest,
but cumulatively appreciable, reduction in
animal numbers at minimal cost and with
negligible impact on chemical or product
development time. It is further projected that
the ZEBET approach can be proved effective in
a straightforward exercise, and Guidance for
applying the approach prepared within a short
period of time (i.e., 2 to 3 months).

In the right-hand pathway of Figure 2.6, the
steps required for validating one or more in vitro
cytotoxicity assays to replace animal testing for
acute lethality are shown (Balls et al., 1995;
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ICCVAM, 1997). This goal will take longer to
achieve in light of the current state of the art.
It will first be necessary to design and conduct a
prevalidation study on those in vitro assays that
are considered promising (Curren et al., 1995).
Then the in vitro test protocol(s) and prediction
models would be subjected to full validation
studies to provide the necessary supporting data
for assay evaluation, and eventual regulatory
acceptance.

It was considered that, if the commitment to
conducting a formal validation study was strong
enough, the scientific resources could be
harnessed for this effort with facility and the in
vitro tests studied proved good enough, a
replacement test battery might be achieved in as
short a time as 2-3 years. However, past
experience indicates that the formal acceptance
of this battery might require substantial
additional time. All  prevalidation and
validation studies should be conducted in

compliance with the ICCVAM and ECVAM
guidelines (Balls et al., 1995; ICCVAM, 1997),
following the designs of similar validation
studies conducted on in vitro tests for eye
irritation (e.g., Brantom et al., 1997), skin
corrosion (Fentem et al., 1998) phototoxicity
(Spielmann et al., 1998), and a prevalidation
study for skin irritation (Fentem et al., 2001).

In summary, it was concluded that initially a
prevalidation study should be undertaken for
several  promising candidate in  vitro
cytotoxicity tests. Meanwhile, as a parallel
activity, the generation of in vitro cytotoxicity
data to help establish the starting dose for in
vivo testing of new chemical substances
(Spielmann et al., 1999) should be strongly
encouraged as a means to potentially reduce the
numbers of animals used in LD50 tests (Figure
2.6).
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Figure 2.6. Strategy for the reduction, refinement and replacement of animals in acute LD50 testing



In Vitro Screening Methods for Assessing Acute Toxicity

2.7 Recommendations

Breakout Group 1 made the following
recommendations  for the  prevalidation,
validation, and future development of in vitro
assays for acute lethal toxicity.

2.7.1 Short-term Activities

e A guidance document on the application
of in vitro cytotoxicity data for
predicting in vivo starting doses, to
include details of current test protocols
considered appropriate and their
application, and worked examples,
should be prepared.

* A Working Group of scientific experts
should be established to identify and/or
define specific test protocols for
inclusion in a prevalidation study. The
Working Group should design and plan
the study in detail. This Group should
take into account the suggestions on cell
type, exposure period, and endpoint
measurement made by BG1 in this
report.

2.7.2 Intermediate-term Activities

* It is anticipated that simple systems
that predict gut absorption, BBB
passage, key Kkinetic parameters, and
metabolism will be needed to improve
the capability of in vitro cytotoxicity
assays to predict rodent LD50 values, or
any in vivo toxic effects. Continued
development and optimization of such
systems for this application is
encouraged  and should receive
regulatory support.

* QSAR approaches, including expert
systems and neural networks, could be
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2.7.3

developed and validated as _adjunct
systems for predicting acute systemic
toxicity. The development of
commercial QSAR packages should be
encouraged. As an initial step in the
development of these approaches, an
up-to-date review of current QSAR
systems for predicting rodent oral LD50
values should be undertaken. In
addition, QSARs for predicting gut
absorption, metabolism, and BBB
passage should be developed and
evaluated.

Longer-term Activities

The ultimate objective is the prediction
of acute toxicity in humans. For this
purpose, the development of simple
predictive models for human acute
toxicity should be a major focus.

The evaluation and ultimate acceptance
of in vitro assays for human acute
toxicity will need a larger reference
database than is presently available for
validation purposes. The MEIC human
database should be peer-reviewed,
modified if needed, and expanded as
soon as possible in order to have the
data available for future validation
studies.

Other  mechanism-based in  vitro
methods or endpoints, in particular
resulting from the application of
genomics/proteomics, may provide data
that enhances the information that can
be derived from cytotoxicity tests. Such
research efforts should continue to be
encouraged and financially supported.
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ADDENDUM

Combined analyses of the ZEBET Register
of Cytotoxicity (RC) and MEIC data

The predictions of acute lethality in vivo from
the RC and MEIC cytotoxicity data have been
analyzed. The correlation for the 50 MEIC
chemicals (IC50 in vitro vs rodent oral LD50 in
vivo), including the RC cytotoxicity data for
various mammalian cell lines (dark triangles,
dark linear regression line) and the MEIC
program cytotoxicity data for various human
cell lines (circles, gray linear regression line;
taken from Clemedson et al., 1998a; Clemedson
et al., 1998Db), are shown in Figure A.1. Similar
standard regression lines, with comparable data
fits, were obtained for the RC values (mean
IC50x data) and the MEIC values (IC50m) for
the 50 chemicals (Table A.1).

A similar comparison of the correlations for the
50 MEIC chemicals (RC mammalian in vitro
values and MEIC human in vitro values from
Clemedson et al. [1998a; 1998b]) was also
undertaken for in vitro IC50 vs human peak
lethal blood concentrations in vivo (Ekwall et
al., 1998a). Again, similar standard regression
lines, with comparable fits, were obtained (Table
Al):

RC: log (peak concentration) =
0.822 x log (1C50x) - 0.437; r=0.81; R2=0.66

MEIC: log (peak concentration) =
0.913 x log (1C50m) - 0.702; r=0.86; R2=0.74
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Figure A.1. Regression between Cytotoxicity (IC50) and rodent acute oral LD50 for the 50 MEIC chemicals

RC:

log (LD50) = 0.689 x log (IC50x) + 0.276; r=0.84; R?=0.71

MEIC: log (LD50) = 0.690 x log (IC50m) + 0.080; r=0.81; R*=0.66
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Table A.1. Summary of linear regression analyses (RC vs MEIC)

Chemicals X y slope | constant r R?
347 non-selected (RC) 1C50x LD50 0.435 0.625 0.67 0.45
50 MEIC (RC) 1C50x LD50 0.689 0.276 0.84 0.71
50 MEIC (human cell lines) 1C50m LD50 0.690 0.080 0.81 0.66
50 MEIC (RC) 1C50x human lethal 0.822 - 0.437 0.81 0.66
50 MEIC (human cell lines) IC50m human lethal 0.913 -0.702 0.86 0.74
50 MEIC LD50 human lethal 0.879 - 0.669 0.71 0.50

To set these results in context, the predictivity regression. In addition, cluster analysis could

of the rat LD50 for human peak lethal
concentration was assessed for the MEIC
chemicals (Figure A.2; Table A.l). The

correlation was not as good as that found with
the 1C50 values.

The 50 MEIC chemicals are a subset of the RC;
the overall predictivity of the entire RC (347
chemicals) for rodent LD50 values is lower than
that of the 50 MEIC chemicals (Figure A.3;
Table A.1). The relationship between in vitro
IC50 values and in vivo LD50 values should be
investigated further by employing multiple
regression techniques rather than simple linear

also be undertaken.

To investigate how basal cytotoxicity data
obtained from various human cell lines (IC50m)
in the MEIC program (part Il and 1V)
compares with basal cytotoxicity data from
various mammalian cell lines (1C50x), the
correlation between 1C50x and IC50m is shown
in Figure A.4. The correlation is judged very
high by R?> = 0.90, and suggests that basal
cytotoxicity data obtained with either human
cells or other mammalian cells may be similar
and equivalent for the prediction of in vivo
lethality measures.
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Figure A.2. Regression between rodent acute oral LD50 values and human peak lethal concentrations

for the 50 MEIC chemicals.

Regression equation: log (peak conc.) = 0.879 x log (LD50) — 0.669; r=0.71; R*=0.50.
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Figure A.3. Regression between Cytotoxicity (IC50) and rodent acute oral LD50 values for the RC database
showing the 50 MEIC chemicals as a subset of the 347 chemicals in the RC
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Figure A.4. Correlation between IC50x (averaged from various mammalian cell lines) of the RC
and 1C50m (from various human cell lines) is shown for the 50 MEIC chemicals
The linear correlation coefficient is high (r = 0.95) and judged by an R* = 0.90.
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3.0 IN VITRO METHODS FOR
ASSESSING ACUTE TOXICITY:
BIOKINETIC DETERMINATIONS

3.1 Introduction

The biokinetics determinations Breakout Group
(Breakout Group 2) was given the task of
discussing and evaluating the capabilities of in
vitro methods for  providing  biokinetic
information (i.e., on absorption, distribution,
metabolism, and excretion) that can be used to
estimate target-organ dosimetry for acute toxicity
testing. The Breakout Group was asked to
identify future research needs in the area of
biokinetics that will enable in vitro methods to
more accurately predict acute toxicity in vivo.
The role of quantitative structure-activity
relationships (QSAR) and quantitative structure-
property relationships (QSPR) in biokinetic
determinations was also to be considered.

The Breakout Group was asked to answer a
number of questions in three areas:

Q The identification of the need for specific
knowledge in the field of biokinetics;

2 The current status of knowledge and
technology in the field;

3 Future directions for research.

The group discussions followed general lectures
given in the Workshop’s opening plenary session.
A presentation to the Breakout Group entitled “An
integrated approach for predicting systemic
toxicity” was particularly relevant to the Breakout
Group’s responsibilities, demonstrating the central
role of biokinetic modeling in the prediction of
systemic toxicity using in vitro data (Blaauboer et
al., 2000).

3.1.1 General Discussion

The goals for the Workshop were presented and
the following specific questions were posed:

(D) What in vitro systems are available and
how can these systems be applied and/or
improved?
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2 What research requirements can be
formulated?
3 Which priorities can be set for research?

The discussions of the Breakout Group centered
on the role of the kinetics of a chemical in vivo in
its acute systemic toxicity.  The following
summary was developed as a point of departure
for the Breakout Group’s deliberations:

Results obtained from in vitro studies in
general are often not directly applicable to
the in vivo situation. One of the most
obvious differences between the situation in
vitroand in vivo is the absence of processes
regarding absorption, distribution,
metabolism and excretion (i.e., biokinetics)
that govern the exposure of the target tissue
in the intact organism. The concentrations
to which in vitro systems are exposed may
not correspond to the actual situation at the
target tissue after in vivo exposure. In
addition, the occurrence of metabolic
activation and/or saturation of specific
metabolic pathways or absorption and
elimination mechanisms may also become
relevant for the toxicity of a compound in
vivo. This may lead to misinterpretation of
in vitro data if such information is not taken
into account. Therefore, predictive studies
on biological activity of compounds require
the integration of data on the mechanisms
of action with data on biokinetic behavior.
Over the last decade, the feasibility of using
mathematical models for interpretation of in
vivo biokinetics has grown substantially.
This development has been facilitated by
the increasing availability of computer-
based techniques for numerical solution of
differential equation sets that characterize
biokinetic processes (Blaauboer et al.,
2000).

The Breakout Group also reached consensus on
some terminology: the word “toxicokinetics”
should be replaced by “kinetics” or “biokinetics”.
Problem areas in predicting kinetics of chemicals
were noted in: (a) biotransformation (value of in
vitro systems for determining biotransformation,
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interpretation of in vitro data, scaling up to the in
vivo situation); and (b) the passage across special
barrier systems (e.g., in the gastrointestinal [GI]
tract, the blood-brain barrier [BBB], and the
kidney).

Short presentations on the following were
provided as a focal point for Breakout Group
discussions:

* Biokinetic modeling of acute exposure;

*  QSAR/QSPR;

* BBB;

* Kidney barrier systems;

¢ |ntestinal barrier;

e Metabolic activation, including different
systems available for the liver (and
extrahepatic tissue);

e Skin as a barrier;

* Microarray alternatives;

e Information from NIEHS Microarray
Center;

e Expert systems for making predictions of
a compound’s partitioning and toxicity.

After the presentation on the wuse of
Physiologically-Based Biokinetic (PBBK)
models, the Breakout Group concluded that
kinetics play a crucial role in estimating a
compound’s acute systemic toxicity. The use of
these physiologically determined models has
proven to be very useful in many aspects. Over
the last ten years, the feasibility of this modeling
approach has been greatly enhanced due to the
availability of computer techniques that allow for
the simultaneous numerical solution of differential
equations. While species-specific anatomical and
physiological data are generally available from the
literature (e.g., Arms and Travis, 1988; Brown et
al.,, 1997), compound-specific parameters for
PBBK models (e.g., tissue-blood partition
coefficients and the Michaelis-Menten constants
Vmax and Km) are often still obtained by fitting
these parameters to experimental data obtained in
vivo. Proper use of PBBK models in itself can
contribute to reduction and refinement of animal
studies by optimization of study design through
identification of critical parameters and time
frames in Kkinetic behavior. In addition,
incorporation of in vitro-derived parameters will
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lead to a further reduction of large-scale animal
studies for quantitative assessment of the
biological activity of xenobiotics.

The Breakout Group concluded that a distinction
can be made between the goals to be achieved:

e Short-term:  improvement  of  the
interpretation of in vitro toxicity data for
estimating rodent LD50 values;

e Long-term: wusing in vitro data for
estimating/predicting sublethal acute toxic
effects caused by chemicals in humans
(e.g., represented by a TD10 value, i.e.,
the dose at which mild toxicity could be
expected in no more than 10% of the
exposed humans).

It will be obvious that the latter goal is of greater
interest for the risk evaluation of chemicals,
where the protection of humans with regard to
toxic effects is the highest priority.

These different goals need different scientific
activities; different groups of chemicals will need
different approaches for modeling the kinetics. In
some cases, a great deal of information is
available (e.g., on low molecular weight; volatile
lipophilic compounds). For these compounds,
reasonable estimates can be obtained for their
partitioning in the organism based on their
physico-chemical properties. Many Kinetic
parameters (e.g., Vd and k¢) are also determined
by the size of the dose (i.e., the amount of
compound available for systemic circulation)
because of capacity-limited processes in
metabolism and transport.

3.1.2  Subjects of Discussion

The intestinal barriers, the role of the gut flora,
first pass metabolism, and (counter) transport
systems were discussed. A number of cell lines
are available to estimate absorption through the
gut barrier. BBB and skin absorption models
were also addressed. In vitro methods for these
systems exist, but none reflects the full metabolic
and transport capacity seen in vivo.

The current status of systems to estimate the
kidney epithelia as a barrier was discussed. These
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systems include the use of renal cell lines, such as
LLC-PK; cells and MDCK cells. The former cells
form low resistance epithelial monolayers when
grown on permeable supports; the latter form
extremely high resistance. However, these cell
lines do not express all the relevant transporters
found in vivo. The lack of the organic anion
transporter is particularly problematic and cell
lines transfected with these transporters may be
more appropriate. Currently, an ECVAM
prevalidation study is under way of trans-
epithelial resistance and inulin permeability as
endpoints in in vitro nephrotoxicity testing.

The ability to estimate biotransformation reactions
of chemicals is of particular interest since acute
toxicity may be mediated through the
bioactivation or deactivation of chemicals. In
vitro systems designed to address this possibility
include:

e Liver homogenates;

* Microsomal preparations;

¢ |solated cells;

*  Primary monolayer cultures;

e More complicated cell cultures (co-
cultures, 3D cultures);

e Transgenic cell lines.

QSAR systems have also been proposed for
modeling the metabolic biotransformation of
chemicals. The use of QSAR/QSPR and the
development of software systems to predict
“chemical functionalities” of compounds which
may be used to estimate Kkinetic behavior

(including protein binding) and the

toxicodynamics were also discussed.

3.2 Identifying Needs

3.21 In Vitro Methods for Evaluating
Chemical Kinetics

As mentioned above, the Breakout Group

recognized a short-term and a longer-term goal for
using in vitro or other non-animal techniques for
predicting acute systemic toxicity. First, one
focuses on the longer-term goal: how to use these
techniques for the evaluation of a chemical’s
kinetics and the ultimate prediction of sublethal
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acute toxic effects in humans. Section 3.4.4
concentrates on the short-term (interim) goal: how
to improve the prediction of acute lethal effects in
rodents. In vitro methods, in combination with
knowledge of a chemical’s structural properties,
can be used to predict/determine the chemical’s
absorption,  distribution,  metabolism,  and
elimination in an intact organism. However, it
will be a major challenge for the field of in vitro
toxicology to identify the particular target
tissue(s) or cells and the time course of clinical
toxicity in the absence of in vivo observations.

In the short-term, physico-chemical properties can
be used to predict/determine partition. QSAR (or
QPPR) can be helpful for this determination
(DeJongh et al., 1997). In vitro determinations of
rates of metabolism and of passage of a chemical
across membrane barriers (e.g., GI P blood;
blood b brain) will improve the kinetic modeling.
Taken together, these may be able to be used to
calculate an LD50 value (as administered to an
intact organism) from the LC50 value in a basal
cytotoxicity test.  Presentation of any such
predicted LD50 value also requires concurrent
presentation of the quantitative uncertainties
attendant to that value. In the long-term,
knowledge of a chemical’s kinetics will need to
include a comparison of the kinetic and the
toxicodynamic  time-profiles. Moreover,
knowledge of kinetics assists in determining the
mode of toxic action and vice versa (Ekwall et al.,
2000; Liebsch et al., 2000). [see MEIC evaluation
of acute systemic toxicity, Appendix E].

3.2.2 Biokinetics in the Overall Toxicological
Evaluation

Biokinetics is essential for relating administered
dose of toxicant to concentration at the target
tissue(s).  Tissue-specific concentration of the
toxicant is one of the mechanisms that can result
in  organ-selective toxicity. In addition,
biokinetics can establish whether metabolism
plays a role in modulating the toxicity. Such
modulation can either attenuate or enhance the
toxicity.
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3.2.3 Biokinetic Techniques as In Vitro Assays
The following are techniques that need further
development:

@ In vitro determination of partition
coefficients, metabolism, protein binding,
and stability;
Characterization
enzymology;
Structural knowledge and its translation
into “chemical functionalities”; estimation
of partition coefficients, metabolism, etc.
(“in silico”, including QSAR/QSPR);
Biokinetic modeling, including the
integration  of  toxicodynamic  and
biokinetic  modeling in  predicting
systemic toxicity.

of biotransformation

)
@)

(4)

3.3 Current Status

3.3.1 Prediction of Biotransformation
Biotransformation can be carried out using human
or animal hepatic subcellular fractions, human or
animal primary hepatocytes, or human or animal
hepatic precision-cut slices. The use of primary
human hepatocytes in suspensions or culture
requires specific expertise and may not be
appropriate for use in all laboratories. Human or
animal hepatic subcellular fractions can be
cryopreserved and used at a later time to provide
qualitative Kkinetic data, but these fractions may
not reflect the integrated routes (activation and
detoxification) of metabolism of a compound.

The selective use of cofactors can aid the
determination of routes of metabolism. There is a
need for standardization of the conditions for the
preparation and incubation of rat hepatocytes. Rat
hepatocyte incubations may overestimate the
metabolic clearance of a compound. It is essential
to quantify the rate of disappearance of the parent
compound and desirable to quantify the rate of
metabolite formation.

3.3.2 Systems for Estimating Gastrointestinal
Absorption

Apparent membrane permeability and aqueous
solubility are reasonably predictive of the fraction

50

of a dose that will be absorbed through the Gl
tract. Several in vitro systems for measuring
intestinal absorption include measuring apparent
permeability constants in either intestinal tissue
segments or cell monolayers that have been grown
on a porous support. Cell lines used for this
purpose include the human colon carcinoma cell
line Caco-2, the canine kidney cell line MDCK,
and the porcine kidney cell line LLC-PK;. All
systems are widely used in the pharmaceutical
industry in the oral drug discovery process. Each
system has advantages and disadvantages which
may or may not be relevant depending on the
chemical under study.

Cell lines do not require the use of animals.
However, they often lack or have non-
physiological levels of wuptake and efflux
transporters that are present in vivo. These
transporters can dramatically affect the extent of
bioavailability at low doses. The nature and
extent of species differences in transporter
activity/affinity is presently unknown.  The
Breakout Group consensus was that in the absence
of data to the contrary, it would be appropriate to
assume that an administered dose would be
completely absorbed. This is a public health
conservative approach. For those compounds
where such an assumption is not appropriate, the
above-mentioned in vitro systems can be used to

provide experimental data on the fraction
absorbed.
3.3.3 Prediction of Renal

Clearance/Accumulation

Glomerular filtration and reabsorption in the
proximal tubule determine the renal excretion of
most compounds.  These parameters can be
predicted from the physico-chemical properties of
the compound and its plasma protein (albumin)
binding. These parameters are less predictable
where active secretion or reabsorption and
saturation Kinetics are involved. Many of the
currently available renal cell lines or renal cell
primary cultures lack specific transporters (in
particular, the organic anion transporter) which
are implicated in the accumulation of several
nephrotoxic compounds. The substrate specificity
of other proximal tubular transporters is poorly
defined.
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3.4 Future Directions

3.4.1 Proposed Approach for Consideration of
Kinetics in the Estimation of Acute Oral
Toxicity

The diagram presented in Figure 3.1 illustrates a
conceptual structure for the use of Kinetic
information in the estimation of acute oral
toxicity. Under this scheme, available in vitro
data on the absorption, tissue partitioning,
metabolism, and excretion of a test material would
be used to parameterize a chemical-specific
biokinetic model (Clewell, 1993). In many cases,
currently available QSPR/QSAR techniques could
be used to estimate chemical properties and

QSAR

Potential
Target Tissues

Target Tissue

- Responses
InVitro p—=—=—=——-—
Dynamics [¢ = = = — — — =

In Vivo
Exposure Profile
Nature of
Toxicity

In Vivo
Human

Toxicity
Estimate

kinetics when the specific data for that chemical is
lacking. For example, simple empirical
correlations have been developed for estimating
the tissue partitioning of a chemical from its water

solubility, vapor pressure, and octanol/water
partitioning (Paterson and Mackay, 1989;
DeJongh et al., 1997). Emerging QSAR

techniques (e.g., knowledge-based systems) may
eventually prove useful in predicting potential
target tissues for toxicity so that the appropriate
assays of in vitro dynamics (response) could be
selected. These target tissue assays would, in
turn, provide information on the nature and
location of the toxicity produced by the chemical
(DeJongh et al., 1999).

In Vitro
Kinetics

Partitioning
Metabolism

Biokinetic
Model

In Vivo
Dose-Response

Figure 3.1. A recommended scheme for incorporation of QSAR (QSPR) data, in vitro data on Kinetics and
dynamics, and kinetic modeling in the estimation of human (or animal) toxicity

3.4.2 Classification of Compounds Based on
Their Physico-Chemical Properties

The complexity of the biokinetic model would
depend on the physico-chemical and biochemical
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characteristics of the chemical. In the specific
case of acute toxicity, a simple one-compartment
description of the administered chemical may
suffice for many chemicals. The volume of
distribution for such a model could be estimated
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from the volume-weighted average of the
estimated partitioning into various tissues, and
estimates of fractional absorption and rate of
clearance could be based on data for structurally
similar compounds.

Each of these assumptions or predictions,
however, introduces its own associated
uncertainty into the result of the lethality risk
estimate. Even with such a simple model, it may
be possible to estimate the systemic
concentrations that could be expected to result
from an in vivo exposure to a given dose
(DeJongh et al., 1999). Thus, the model could be
used to relate the concentrations at which toxicity
is observed in an in vitro toxicity assay to the
equivalent dose that would be expected to be
associated with toxicity for in vivo exposure.
These models can also provide information on the
temporal profile for tissue exposure in vivo, which
can then be used in the design of the most
appropriate in vitro experimental protocol
(Blaauboer et al., 1999).

There are chemical classes for which a one-
compartment description would not be expected to
be adequate. However, the physiological
mammalian structure (tissue volumes, blood
flows, ventilation rate, glomerular filtration rate,
etc.) is well characterized, and there is no
difficulty in describing tissues separately. As
mentioned above, techniques exist for estimating
tissue-specific partitioning. Other data required
would depend on the class of chemical. For
volatile chemicals, ventilatory clearance can be
estimated from the blood-air partition. For water-
soluble chemicals, urinary clearance can be
estimated from the glomerular filtration rate or the
renal blood flow (for secreted compounds). For
some classes of chemicals, it would also be
necessary to determine the fractional binding of
the chemical to plasma proteins or the partitioning
of the chemical into red blood cells.
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The greatest challenge in parameterizing the
biokinetic model remains the estimation of
metabolic clearance. The possibility is increasing
to use in vitro-determined metabolic parameters
(Vmax and Km) in order to accurately predict
total body metabolic clearance (Houston and
Carlile, 1997). Currently, it would be necessary
to perform in vitro assays of the dose-response
(capacity and affinity) for metabolic clearance
(Kedderis, 1997; Kedderis and Held 1996;
Kedderis et al., 1993). These assays are generally
more expensive than the dynamic (toxicity)
assays, since they necessarily involve the
development of an analytical method for
quantifying the concentration of the parent
compound and its metabolite(s) in each tissue of
interest over time. Quantification of the
concentration of compound in the dynamic assays
should also be preferred, but it is not absolutely
necessary in that case. Eventually, as data
accumulate for a large number of structurally-
diverse materials, it might be possible to predict
metabolism and disposition using knowledge-
based systems.

An important underpinning of this process is that
the kind of information necessary for a particular
test material depends on its structure and physico-
chemical properties. It seems reasonable to
expect that chemicals could be categorized into
classes based on their properties, and that this
categorization would simplify the process of
determining the data needed for a particular
compound. This concept is illustrated in Figure
3.2. As noted above, the key physico-chemical
properties of a test material involves its volatility
(reflected in its blood-air partition, Hb/g), its
water solubility (Sw), and its lipophilicity
(reflected in its octanol-water partition, Ko/w).
Compounds with similar properties can be
grouped, and data from similar compounds can be
used to fill gaps in the knowledge of a particular
compound.
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Physico-Chemical Classification
Lipophilicity
A - -
Dioxins
prEs  KO/W
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Volatile
Solvents
Insolubles  lons > .
S Acide Solubility
1/HB/G W Baces
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Alcohols

Figure 3.2. Classification of compounds based on their physico-chemical properties

There are two advantages of this in vitro/modeling
approach over the traditional in vivo LD50 test.
First, the in vitro/modeling approach can provide
more extensive information than a traditional oral
LD50 value provides. As information
accumulates across chemicals, QSAR techniques
could play a correspondingly greater role in the
prediction of both Kkinetic and dynamic
information. It is likely that QSAR techniques
would be more successful for these fundamental
processes and simple in vitro assays than they
have been for the prediction of the in vivo assay.
Secondly, all of these assays should be performed
using human cell systems. The Breakout Group
consensus was that in vitro testing should, when
possible, be performed with human cells rather
than rodent cells. This obviates the need, inherent
in the rodent LD50 test, to extrapolate from
rodents to humans. The uncertainties with the
current approach of extrapolating in vitro derived
data employing human cell cultures to the
situation in the intact situation in humans will
generally be smaller than those uncertainties for
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extrapolating data from animal cell experiments to
humans.

Classification of chemicals according to their
physico-chemical properties has been done
extensively in the past. This approach has proven
to be useful to predict effects, particularly within
closely related classes of chemicals. However,
this approach has limitations; it should not be used
outside the boundaries of the prediction model
used (i.e., the effects that can be predicted should
be within the scope of the model assumptions).

If the focus is on the use of in vitro-derived data,
then the importance of using specific cell systems
becomes more important if one is looking at more
specific forms of toxicity. Then the biological
properties of the cells used become more
important.  Ultimately, there are two questions
that coexist all the time: What does the chemical
do to the cell?; and what does the cell do to the
chemical? From this conceptual point of
departure, the rate-determining step and more
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often the rate-limiting steps need to be identified
for mathematical modeling.

This problem and part of its solution can be
illustrated based on central nervous system (CNS)
vs. liver effects of solvents (limit it to small
molecular weight chlorinated aliphatics). It is
known from the Meyer-Overton rule (Meyer,
1937) that these anesthetic chemicals are very
predictive of one another's CNS effects in vivo.
However, these predictions do not hold for
chronic liver effects and vice versa. This is
understandable since the two effects have nothing
in common, kinetics being the rate-determining
step for anesthesia (wake-up driven by elimination
of the chemical) vs. dynamics being the rate-
determining step for liver cancer (slow
reversibility of preneoplastic foci after complete
elimination of the solvent). However, an acute
endpoint such as reduced flicker fusion reflex is a
much more sensitive endpoint of impairment than
is chronic liver cancer. Therefore, people will be
protected from cancer if regulation is based on the
acute effect without the need for elaborate PBBK
models based on metabolism in the liver.

The acute toxicity of all these solvents consists of
CNS depression leading to respiratory failure
without regard to the route of administration.
These considerations will become more important
when one moves away from the prediction of
acute lethal toxicity towards predicting more
subtile sublethal (acute) effects. However, these
points are essential for modeling (sub)-chronic
toxicity.
3.4.3 Kinetic Support of Interim Rat LD50
Estimate

In developing the approach just described, the
focus of the Breakout Group was on the prediction
of human TD10 values (i.e., the dose at which
mild toxicity could be expected in no more than
10% of exposed humans). However, the Breakout
Group acknowledged that there will be a need in
the short-term for the estimation of rodent LD50
values under the HPV chemical program. The
following discussion describes the application of
the approach described above for this latter need.
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3.4.3.1 Research and Development Needs

In the first step, estimates of key Kinetic
parameters can be obtained either from data
available on the chemical or from the use of
QSPR techniques (which are based on physico-
chemical properties of the compound). QSPR
techniques can be used as a first approximation of
key Kinetic parameters such as absorption,
partition, etc. If one can use kinetic data that are
actually measured, then these data will prevail.

*  QOctanol/water partition coefficient;

e Water solubility;

e Saturation vapor pressure or blood-air
partition;

e PKa;

e Molecular weight/volume (for estimating
gastrointestinal absorption);

e Hydrogen bond donors/acceptors (for
estimating gastrointestinal absorption).

This prior knowledge on kinetic parameters or the
estimation on the basis of QSPR data can then be
used to evaluate the in vitro LC50 values for a
chemical. The assumption is that this LC50 value
is equal to the concentration in the intact organism
at which cells die in vivo. Depending on the
chemical’s physico-chemical properties, the
kinetic model to be used for this estimation may
be simple or more complex. For many (e.g.,
water-soluble  compounds) a simple one-
compartment model can be used to estimate the
oral dose that would result in an average systemic
exposure equivalent to the in vitro LC50 value
over the time period of interest. The key factors
needed for the model would be estimates of the
oral bioavailability, tissue partitioning (to obtain
the volume of distribution), and total clearance.
Depending on the properties of the compound, the
clearance could be dominated by metabolism,
urinary excretion, or pulmonary ventilation. In
most cases, metabolic clearance will have to be
determined empirically.

A key problem for this near-term application is
that many HPV chemicals may not have adequate
analytical methods yet developed. Therefore,
metabolism assays may be too expensive and
time-consuming for high-throughput LD50
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estimation.  However, a simple, conservative
estimate for the oral dose resulting in systemic
exposure equivalent to an in vitro LC50 value
could be obtained by assuming 100%
bioavailability, ignoring metabolic clearance, and
simply estimating tissue partitioning to obtain the
volume of distribution (Vd). For example, a
commonly used default for the volume of
distribution for water-soluble chemicals as a
function of body weight (b.w.) is:
Vd =0.65* b.w.
In this simple approximation, the relationship
between the in vivo and in vitro assays could be
described by the formula:
LD50 =LC50 * vd / b.w..

Other adjustments could be made to this approach
for chemicals where ventilatory or urinary
clearance would be important, as described in the
previous section. In addition, if data on
bioavailability are available, such information
could be factored in to obtain a more accurate
LD50 estimate. An additional benefit of this
approach is that similar calculations could be used
to convert the in vitro LC50 value to an in vivo
LC50 value for acute inhalation. These
assumptions,  however, introduce inherent
uncertainties into the resulting calculation of the
oral LD50 value and depending upon the material
of concern, may result in substantial inaccuracies.

It is not certain that the approach described here is
actually viable; in particular, it needs to be
determined whether sufficient information is
available on the compounds of interest to support
the necessary calculations. A first step would be
to characterize the HPV chemicals in terms of
their physico-chemical properties and determining
the range and most frequent combinations of
physico-chemical properties. This would provide
a basis for the selection of “proof of concept”
chemicals (not necessarily HPV chemicals) that
could be used to evaluate the kinetic parameter
estimation paradigm described here.

Another useful exercise would be to identify the
compounds that represent the outliers in the RC
correlations of in vitro basal cytotoxicity assays
with LD50 values. By determining the physico-
chemical properties of these compounds, and
knowing their target tissues, it might be possible
to identify factors that could improve the
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correlation  (e.g., consideration of BBB
penetration) between predicted oral LD50 values
in rodents and empirical values. In this way it
might be possible to define a “predictive range”
for various chemical properties over which the in
vitro assay might be expected to provide
reasonable LD50 estimates. Also, exclusion rules
for identifying compounds for which the results of
the in vitro assay should not be relied upon might
be defined.

3.4.3.2 Tiered Approach for Evaluating Acute
Toxicity

A particular problem area in terms of the
predictive value of the currently available in vitro
toxicity assays is where toxicity is secondary to
metabolic activation. In particular, it is possible
that rapid oxidative or reductive metabolism could
result in acute liver toxicity from oral exposure.
Examples of such toxicity is the production of
phosgene by the oxidative metabolism of
chloroform and the acute liver necrosis seen after
carbon tetrachloride exposure.  Such toxicity
would not be observed in in vitro assays using
basal cells with little or no metabolic competence.

One possible approach for dealing with this
problem is illustrated in Figure 3.3. The first step
would be to estimate hepatocyte metabolism at a
relatively low concentration (e.g., 10 micromolar).
If the rate of metabolism (Vmax/Km) observed is
low, then the basal cell LC50 value could be
relied upon. If, however, the rate is high, then it
would be necessary to identify the responsible
enzyme system. This identification could be
performed, for example, by using a microsomal
(S9) fraction with selective addition of cofactors
or inhibitors. If these studies indicate that the
primary enzyme system is oxidative or reductive,
then the possibility of toxicity associated with
metabolic activation exists. In this case it would
be necessary to perform a hepatocyte cytotoxicity
assay. If the LC50 value for the hepatocytes was
much lower than for the basal cells, it would be
necessary to characterize the concentration-
response for metabolism in order to predict the in
vivo doses that might be associated with toxicity.
On the other hand, if the primary metabolism
represents detoxication (conjugation, sulfation,
etc.), then the (acute) toxicity of the metabolites
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will generally be much lower and, therefore, the
basal cell assay results for the parent compound
could be used with some confidence to calculate
the LD50 value.

An alternative approach, suggested by Breakout
Group 3, would be to begin with a basal cell
cytotoxicity assay (to screen out highly toxic
compounds) and then perform a toxicity assay
with a hepatocyte primary culture. If similar
LC50 values were obtained in both assays, the

concern for toxicity secondary to metabolic
activation could be effectively ruled out. In such
cases, a much less extensive characterization of
metabolism would be needed to support an
estimate of clearance. On the other hand, if the
toxicity in the hepatocyte assay was strikingly
greater than that for the basal cells, the more
complete  characterization  of  metabolism
discussed above would be justified.

Estimate Metabolic
Clearance at 10 uM

“low
In Vitro
LCs0
Less than Greater than
Critical Value, Critical VValue
) Estimate
Classify as In Vivo LD5so

Highly Toxic from L C50

Chemical
mge  1712QE
Determine
Primary
Metabolism
Oxidation
Detox Reduction
Need
Additional
Data

Figure 3.3: Tiered approach for evaluating acute toxicity

35 Recommendations

Table 3.1 (Section 3.5.2) lists a number of specific
research areas in the area of biokinetics that the
Breakout Group felt would improve the ability to
use in vitro information in the prediction of acute
toxicity. The following discussion highlights
some of these research areas and illuminates some
concerns emphasized by the Breakout Group.
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3.5.1 Long-Term Research Needs

3.5.1.1 Metabolites and Acute Toxicity

In some cases, a circulating metabolite can be
responsible for acute toxicity in a tissue remote
from its generation. Kidney toxicity from some
chlorinated alkenes has been shown to result from
the production of a GST conjugate (in the liver)
which is converted to the cysteine conjugate in the
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kidney, and then activated to a toxic mercaptan by
beta-lyase. Another example: the CNS effects of
chloral hydrate result from the metabolite
trichlorethanol, which is produced in the liver. In
cases such as these, metabolite-specific Kkinetic
data are necessary to estimate target tissue
exposure, and in vitro toxicity assays would have
to be conducted with the metabolite(s) responsible
for the observed toxicities. The latter, requires
structural identification and synthesis of the
metabolite(s) of concern in sufficient quantities to
conduct these studies.

Other important research areas include the
development of validated, stable human
hepatocyte systems, as well as in vitro systems for
key transporters (renal, biliary, etc.). A long-
range goal should be the development of template
PBBK models for the various classes of
chemicals. Target tissues evaluated by in vitro
assays would be included explicitly in the
physiological structure of these models. The
models would provide a mechanistic description
of barrier functions (gut, bile, kidney, blood-brain
barrier, skin), so that the data obtained from
transporter assays could be readily incorporated.

3.5.1.2 OSPR Applications

At the same time, specific QSPR applications
need to be developed to provide the kind of
information  required by PBBK  models
(metabolism constants, binding, etc.).
Unfortunately, the principal limitation in the
development of useful QSPR applications appears
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to be the dearth of suitable data available for
training knowledge-based systems.

3.5.1.3 Kinetics and Dynamics

The interaction between kinetics and dynamics
needs to be explored. For example, the effect of
toxicity on the metabolism and excretion of a
chemical or, conversely, the effect of metabolism
or reabsorption on the toxicity of a chemical must
be taken into account. Rigorous analyses of the
time dimension in the conduct of these assays to
account for duration and frequency of exposure is
also an area that needs to be addressed. Because
of cell viability issues, it may not be possible to
reproduce the time frame of in vivo tissue
exposure using in vitro systems. Also, the time
frame for the appearance of toxicity may be quite
different from the time frame for exposure to the
chemical (Soni et al., 1999).

It is important to recognize that the proposed
schemes (Figures. 3.1 and 3.2), and the discussion
above, concern only the approximation and
prediction of acute oral toxicity. It was neither the
intent nor the purpose of the Breakout Group that
these conclusions could be extended in any way to
other types of toxicity that are relevant to public
health risk assessment (e.g., developmental
toxicity, sensitization, carcinogenesis, etc.). In the
final analysis, in vivo exposure captures the
effects of many potentially complex interactions
that may be difficult to reproduce with in vitro
systems.
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3.5.2 Research Needs for the Application of In Vitro Methods to the Prediction of Acute Chemical
Toxicity
Table 3.1  Biokinetic Research Needs
Kinetics Kinetics-Dynamics Dynamics Extrapolation
Interface (Feedback)
Understand the Understand and model the  Develop in vitro biological Inter- and intra-species

relationship between
molecular structure,
physical-chemical
properties, and kinetic
behavior of chemicals in
biological systems.

Develop mathematical
modeling techniques to
describe complex kinetic
systems.

Develop mathematical
modeling techniques for
tissue modeling
(anatomically correct
models).

Develop algorithms to
determine the optimum
kinetic model for a
particular chemical.

Conduct research on
modeling of fundamental
kinetic mechanisms.

Develop an optimal
battery of in vitro assays to
evaluate chemical-specific
kinetic parameters.

Develop QSAR models to
predict kinetic parameters.

Develop a library of
generic models that are
acceptable for regulatory
risk assessments.

Establish a database of
chemical-independent
parameters (mouse, rat,
human).

mechanisms regulating the
expression of proteins
involved in kinetic
processes — (metabolizing
enzymes, transport
enzymes, metallothionein,
membrane channels, etc.).

Understand and model
effects of changes in
physiological processes on
kinetics of chemicals.

models that are equivalent
to in vivo tissues (i.e.,
models that maintain
specified differentiated
functions that are
important for the
toxicological phenomena
under study).

Develop mathematical
modeling techniques to
describe individual
variability (genetic
background).

Develop mathematical
modeling techniques to
describe complex dynamic
systems and genetic
networks at the cellular
and at the systemic level.

Establish lines of
differentiated human cells
(e.g., derived from stem
cells).

Understand and model
mechanisms of multi-
cellular interactions in
development of toxic
responses (co-cultures).

Understand and model
relationships between
cellular responses and
biomarkers of systemic
responses.

extrapolation; comparison
of genomic differences, or
species-specific expression
differences between
species and within one
species (e.g.
polymorphisms in
biotransformation
enzymes).

High dose - low dose
extrapolation
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4.0 INVITRO METHODS FOR ORGAN-
SPECIFIC TOXICITY
4.1 Introduction

Breakout Group 3 reviewed in vitro methods
that can be used to predict specific organ
toxicity and toxicity associated with alteration
of specific cellular or organ functions. The
Breakout Group then developed
recommendations for priority research efforts
necessary to support the development of
methods that can accurately assess acute target
organ toxicity.

Knowledge of the effects of acute exposure to
unknown materials is needed early in the
development of new products and chemicals.
Researchers who are using new chemicals in the
laboratory need to know what types of safety
precautions they need to take when handling
these materials. Manufacturers must have some
idea of the safe levels of exposure before they
can develop the processes and build the facilities
to safely manufacture the materials. The toxic
doses also define precautions that must be taken
when shipping materials, and govern the
appropriate response of emergency personnel in
case of accidental spills. Planned or inadvertent
single-dose exposure of specific human or other
populations may also occur, such as from
accidental ingestion of common household
materials, application of single use pesticides,
and some pharmaceuticals.

The Breakout Group was asked to review in
vitro methods for predicting specific target
organ toxicity. Specifically the Breakout Group
was asked to do the following: (a) identify the
most important areas where in vitro methods
are needed; (b) review and comment on the
current status of in vitro methods to predict
target organ toxicity; and (c) prioritize the need
for future research in this area. In addition, the
Breakout Group considered where it would be
necessary to include prediction of specific target
organ toxicity in developing an in vitro program
to replace the current acute oral toxicity assays
used in hazard classification systems.

The scope of the remit was very broad and the
Breakout Group proceeded by identifying the
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organ systems where failure could lead to
lethality after acute exposure. The Breakout
Group reviewed each system individually, and
then proposed a scheme for including the
important  endpoints  identified into a
replacement test battery for acute toxicity.

4.1.1 Regulation of Industrial Chemicals and
Pesticides

A representative (Dr. Karen Hamernik) of the
U.S. EPA related the needs of an agency that
regulates industrial/commodity chemicals and
pesticides. In addition to their use in assigning
an international hazard classification, the results
of acute toxicity tests are used to set doses for
in vivo cytogenetics assays, acute neurotoxicity
tests, and, occasionally, for other types of
rodent tests. Dose setting may utilize LD50
information and dose response data over a range
of doses for a given test material. In addition,
information on the effect of single exposures is
gathered during acute neurotoxicity tests,
developmental toxicity tests, and metabolism
studies. In these tests, multiple endpoints may
be measured and the results can be used for
hazard and risk assessments for single-exposure
scenarios.

The U.S. EPA is concerned with organ-specific
effects -- including their severity, onset, and
duration -- that become apparent from various
test material exposure scenarios including acute,
sub-chronic, or chronic exposure. Some study
protocols provide reversibility-of-effects
information.  Information on organ-specific
effects may have an impact, at least in part, on
risk assessment methods depending on the
effect of concern, whether a mechanism for
toxicity can be proposed or identified, and on
the available dose-response information. For
instance, organ-specific effects may impact
decisions on whether to regulate based on cancer
or non-cancer endpoints, to use linear or non-
linear models, and whether to use dose-response
data or benchmark dose approaches.

How organ-specific effects impact risk
assessment depends to some extent on where
the effects occur on the dose-response curve,
what types of effects are seen and their
severity, and the nature of the exposure.
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Examples include the presence of clear toxic
effects such as necrosis and changes in enzyme
activities or elevations in hormone levels that
may be considered precursors to possible longer-
term toxic, or even carcinogenic, effects. The
impact of these effects may depend upon
whether they are seen only in adult animals,
young or adolescent animals, or during in utero
exposure. Toxicity data are used for human risk
assessment and to provide clues for potential
concerns for effects in wildlife.

In the United States, organ-specific effects seen
in toxicity studies may trigger Food Quality
Protection Act-related issues such as the
possibility of grouping chemicals with common
modes of action or mechanisms for cumulative
risk assessment. Certain organ-specific effects
may serve as a starting point to look at
guestions related to human relevance. The
presence of such findings may trigger the need
for additional studies to support the suspected
toxicological mechanism.

4.1.2 Regulation of Pharmaceuticals

A representative (Dr. David Lester) of
FDA/CEDR related the needs of an agency that
regulates pharmaceutical materials. CEDR does
not ask for, nor regulate, non-clinical toxicity
testing, and does not use estimates of the LD50
value in its assessments. In general, the agency
does not find identification of specific organ
toxicity after single-dose acute exposure useful
since most pharmaceuticals are given as
multiple doses.

The results of acute toxicity tests are not useful
in establishing dosing regimes because most
pharmaceuticals are developed for multiple use.
Acute effects are more important for oncologic
drugs because the margins of safety may be
smaller. Single-dose studies may also be useful
for developing imaging agents where it is
important to understand tissue distribution after
a single exposure.

In vitro studies are often performed in drug
development as part of the effort to understand
the disease process or to understand the actions
of the drugs on specific cells. In drug
development, the risk assessments are based on
the total dose of the material given and not on
the tissue concentration. In vitro studies have
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been used in setting doses for initial human
exposure to cancer therapeutics, but otherwise
are rarely used for dose setting because current
methods cannot extrapolate from the in vitro
concentration to the dose that must be given to
achieve similar effects in vivo. Animal studies
may be used for initial dose setting for early
clinical studies, but these are usually not acute,
single-exposure studies.

4.1.3 U.S. National
(NTP)

Toxicology Program

The Breakout Group also heard a presentation
(from Dr. Rajendra Chhabra) on the use of acute
oral toxicity data by the National Toxicology
Program (NTP). The NTP does not find it
necessary to use acute studies to set doses for
subchronic studies; instead, researchers go
directly to 14- or 90-day studies. If there are
sufficient data on the chemical of interest, then
they are often able to avoid a 14-day study.
The results of 90-day studies in rodents are used
to set doses for chronic studies and also to
determine what specific types of additional
studies may be needed (i.e., reproductive,
cancer, neurotoxicology, etc.). To facilitate
decision making and reduction of animal use,
the NTP adds several endpoints to the 90-day
study including sperm morphology,
immunotoxicology, neurotoxicology, and a
micronucleus test.

The NTP is evaluating a battery of in vitro tests
that might reduce the need for 14-day dermal
toxicity studies. The tests include:

* The bovine corneal opacity test;

* The skin permeability assays;

e The EpiDerm™ model for
irritation/corrosivity;

* A neutral red uptake (NRU) assay for
systemic toxicity;

e A primary rat hepatocyte assay for
hepatic toxicity.

dermal

Five chemicals have been tested in this battery.
The 14-day in vivo rodent study costs about
$150,000, uses 120 animals, and takes about six
months to perform. An accurate battery of in
vitro tests would be less expensive in both time
and cost.
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4.1.4 Initial Considerations

The Breakout Group agreed for the purposes of
this exercise to define acute toxicity as ‘““toxicity
occurring within 14 days of a single exposure or
multiple exposures within 24 hours”.  For
evaluating chemicals for acute toxicity, the
Breakout Group identified the following major
organ systems as the ones that need to be
considered:

e Liver;

* Central nervous system;
e Kidney;

* Heart;

* Hematopoietic system;
* Lung.

Damage significant enough to cause death can
occur to these systems after a single acute
exposure. The Breakout Group recognized that
local effects of xenobiotics on the skin,
gastrointestinal tract, and eye may also be
important, but agreed to focus on systemic
effects rather than local effects. The Breakout
Group also recognized that the developing
embryo may suffer serious, even lethal,
consequences after a single acute exposure to a
xenobiotic. However, the Breakout Group felt
these effects are adequately evaluated by the
standard battery of tests for reproductive and
developmental effects and do not need to be
included as part of an in vitro battery to replace
the acute toxicity tests.

The Breakout Group discussed the use of rodent
cell cultures as the basis of in vitro tests to
predict acute toxicity. The work of Ekwall
(Ekwall et al., 2000) indicates that for general
cytotoxicity cells of human origin correlate best
with human acute lethal blood concentrations.
There are well recognized species differences in
response to many classes of xenobiotics that
must be taken into account as systems are
developed to predict effects specific to
individual organ systems.  Considering the
species differences currently recognized and
other differences that might not vyet be
identified, the Breakout Group recommends that
every effort should be made to use human-
derived cells and tissues, preferably normal, as
the basis for in vitro assays since data from the
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in vitro studies will ultimately be used to predict
toxicity in humans.

4.2 Review of a Proposed Screen to
Elucidate Mechanism of Injury
The Breakout Group examined specific

endpoints or organ systems. Both in vivo and in
vitro systems are used extensively in industry
and academia to aid in the understanding and
prediction of mechanisms of toxicity. The
review attempted to highlight situations where
in vitro studies provide information at least as
useful and often more useful than in vivo studies
and to identify areas where further research is
needed before in vitro techniques will be able to
replace whole animal studies.

The Breakout Group first reviewed a program
using eight different normal, human epithelial
cell lines or primary cells for initial toxicity
screening to elucidate mechanisms of injury by

measuring comparative tissue-specific
cytotoxicity of cancer preventive agents
(Elmore, 2000; Elmore, in press). Tissue-

specific cytotoxicity was assessed using cell
proliferation at three days and five days,
mitochondrial function, and PCNA or albumin
synthesis (hepatocytes only) as endpoints. The
cells used were early passage cell lines following
cryopreservation or were primary cultures
(hepatocytes) and included liver, skin, prostate,
renal, bronchial, oral mucosa, cervix, and
mammary tissues.

The results suggest that different chemicals
induced unique tissue-specific patterns of
toxicity. Changes in toxicity following three
and five day exposures provide additional
information on both delayed toxicity and the
potential for recovery. Confirmation of the
predictive trends was confirmed with several
agents in keratinocytes using 14-day cultures
with multiple exposures. Ongoing studies will
compare the in vitro data with blood levels from
preclinical animal studies, and plasma levels and
observed side effects from clinical trials.

4.3 In Vitro Methods for Determination
of Acute Liver Toxicity

Adequate liver function is critical to the survival
of an organism. The liver is at high risk for
injury because it is actively involved in
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metabolizing xenobiotics, and because the liver
is exposed first to materials absorbed from the
gastrointestinal tract. The liver also excretes
many materials via the bile and this puts the
biliary system at risk for toxicity as well. For
these reasons, one of the highest priority needs
is for a test system that can accurately evaluate
the effects of xenobiotics on the liver. Test
systems need to be able to assess both the
potential for hepatic toxicity and whether the
liver will be able to metabolize the test chemical
either to a more or less toxic moiety.
Xenobiotics may also affect the biliary tract,
and an in vitro system to investigate these
effects will also be needed.

4.3.1 Available Non-Animal Models

Available non-animal models include
metabolically competent animal or human liver
cells. Such cells have been cryopreserved and
cryopreserved human cells are available
commercially. The cells of human origin have
a short life span, but they can be obtained with
certain well-characterized metabolic profiles
including specific active P450 systems.
Immortalized human cell lines, some of which
have been transfected to express specific
recombinant phase | or Il enzymes are also

available, but most cell lines are limited to
expressing only one enzyme.

Assessment of the potential for hepatic
metabolism is  possible  using isolated
hepatocytes (Cross and Bayliss, 2000;
Guillouzo, 1997) and cell lines. Liver
microsomes are wused in high throughput

screening assay systems to determine the extent
of metabolism of a parent compound. Whole
liver homogenates, subcellular fractions, and
liver slices are also commonly used in basic
research on hepatic function and toxicology
(Guillouzo, 1998; Parrish, et al., 1995; Ulrich et
al., 1995; Waring and Ulrich, 2000). A report
on the ECVAM Workshop on the Use of Tissue
Slices for Pharmacotoxicology Studies includes a
comprehensive review of the use of liver slices
in toxicology (Bach et al., 1996). These
systems can be robust, but the supply of human
liver tissue is limited and is decreasing as more
donor liver is being used for transplantation

Recently, more complex systems have been
developed in an attempt to better mimic
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hepatic function. Cell culture techniques that
involve sandwiching liver cells between layers of
collagen can be used to study induction of
metabolic function, but it is difficult to examine
the hepatocytes after treatment because of the
collagen in the system. Liver cells can also be
cultured as small compact spheres of cells. As
these spheroids grow, they tend to become
necrotic in the center so their usefulness in
toxicology needs to be established.

There have been some attempts to develop in
vitro systems to study effects on biliary
function. A couplet system made up of two
hepatocytes with bile canaliculi attached has
been described. This system is very labor
intensive and currently would not be viable as a
routine test system but is useful as a way to
study mechanisms of cholestasis. In addition,
liver fibroblasts can be cultured for the study of
mechanism of hepatic cirrhosis.

4.3.2 Specific Endpoint Measurements

As in vitro systems for hepatic function are
developed to replace animals in acute toxicity
studies, the specific endpoints which should be
considered are changes in enzyme systems,
membrane damage, changes in mitochondrial
function, changes in albumin synthesis, and
possibly cell detachment. It will be important
to identify systems that express the most
important metabolic systems present in normal
human liver. The Breakout Group discussed the
need for multiple cell lines to represent the
known diversity of enzyme systems expressed
by the human population. While such systems
are very useful in drug development, the
Breakout Group recognized that this degree of
sophistication is not available with the current
in vivo systems and should not be required for a
replacement system for acute toxicity.

4.3.3 Future Needs

Future work in the area of hepatic toxicology
will depend upon the development of more
robust models that are as metabolically
competent as mature human hepatocytes in
vivo. Pharmaceutical companies are currently
using in vitro assays of hepatic function for
screening new drugs and as their methods
become more readily available, they may be
useful in acute toxicity testing. An ILSI HESI
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Genomics Subcommittee is assessing changes in
gene expression that occur in response to
several  prototypic  chemicals, including
hepatotoxicants, and will be attempting to
correlate the gene expression changes with
changes in various biological and toxicological
parameters.

Two methodological issues need to be addressed
as in vitro methods are developed and evaluated.
First, when culturing liver cells, it is vital that
the cells are constantly monitored to ensure
they are still expressing the  desired
characteristics and this monitoring must be built
into protocols. Second, there is considerable
variability in enzyme function between cells
from different individual donors, and for
toxicity testing it will be necessary to agree
upon the cell characteristics needed for an
appropriate test system that will best represent
the overall human population.

There is a high-priority need to develop a
system for regulatory use that will be able to
recognize which compounds the liver will
metabolize to  another  compound or
compounds. To replace whole animal, systems
must be devised that can also determine the
effect of the product or products of hepatic
metabolism on other organ systems in a dose
responsive manner.

There is a need for a worldwide database
comparing human in vitro and in vivo data for
hepatic toxicity.  Scientists attempting to
develop hepatic systems for toxicity testing are
encouraged to share methodology and cell lines.
Collaboration among laboratories would increase
the pace of research and avoid development of
multiple and competing test methods.

4.4 In  Vitro Methods for  the
Determination of Acute Central
Nervous System (CNS) Toxicity

Neurotoxic effects after a single dose are often
expressed as either overall CNS depression
resulting in sedation, or excitation, generating
seizures or convulsions. The molecular
mechanisms for these states may be related to
very specific toxicant-target interaction, or the
targets may be general for all cell types but are
involved in critical functions in neurons.
Because CNS effects can lead to acute lethality,
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a neurotoxicological screen should be performed
when certain criteria in the tiered test battery,
as described in Section 4.10.1, have been
fulfilled.  Briefly, the steps are physico-
chemical or other information indicating that
the toxicant can pass the BBB, low basal
cytotoxicity (high EC20 or EC50 values) in
non-neuronal cells, low hepatotoxicity, and no
evidence of impaired energy metabolism at non-
cytotoxic conditions. If these initial criteria are
fulfilled, investigations of the neurotoxic
potential of the test material must be carried
out. The cellular targets can be either general
or very specific functions.

4.4.1 Important General Cellular Functions
for CNS Toxicity
Examples of important general cellular

functions that upon impairment may cause
severe brain damage after acute exposure are
decreases in resting cell membrane potential,
increases in intracellular  free  calcium
concentration ([Ca®']i), and formation of free
radicals and reactive oxygen species (ROS).
Cytotoxicity may, eventually, occur as a result
of severe insult to these cellular functions. In
some cases, astrocytes are the immediate target
and the toxic reaction may appear as astrocyte
activation and formation of neurotoxic
cytokines. An early marker for acute astrocyte
activation is increased glial fibrillary acidic
protein (GFAP) expression.

4.4.1.1 General Endpoints

Endpoints that can be assessed include cell
membrane potential, increased [Ca®*]i, and free
radical formation that can easily be measured by
fluorescent probes or by simple
spectrophotometry. Cytokines and GFAP
levels can be determined by immunochemical
techniques, such as ELISA, or by mRNA
guantification (e.g., in situ hybridization, RT-
PCR, or gene array analysis). Most assays can
be performed on adherent cells in microtitre
plates, which make them useful for high
throughput screening.

4.4.1.2 Cell Models for General Functions

Several cell models are available. General cell
functions can be studied in cell types that
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possess a near normal cell membrane potential
and aerobic energy metabolism. Certain
differentiated human neuroblastoma cell lines,
such as SH-SY5Y, fulfill these criteria and are
easy to obtain, culture, and differentiate.
Human brain neural progenitor cell lines (e.g.,
NHNP and NT2) are now widely available. The
NHNP cell line has the advantage that in culture
it differentiates into a mixture of neurons and
glia. It can be passed through numerous
passages and forms spheroids in suspension
(Svendsen et al., 1997). Glial cell lines are
generally poorly differentiated even though
there are reports of some GFAP-expressing
human cell lines (Izumi et al., 1994; Matsumura
and Kawamoto, 1994). Rat glioma 9L cells
have been reported to manifest astrogliosis
upon chemical exposure (Malhotra et al.,
1997). Nevertheless, primary rat astrocyte
cultures are used in most studies on astrocyte
activation.

4.4.2 Important Specific Functions for CNS
Toxicity

Specific functions can be measured by assessing
neuronal targets that will cause acute CNS
depression or excitation if their functions are
impaired. These functions are voltage operated
Na’, K*, and Ca?" channels and the ionotropic
glutamate NMDA, GABA,, and nicotinergic
acetylcholine (nACh) receptors. Furthermore,
severe intoxication may occur after acute
exposure to cholinesterase inhibitors. Besides
the acute effect on cholinesterase function,
delayed neuropathy may also be evident after a
single dose.

4.4.2.1 Specific Endpoints

lon fluxes over the cellular membrane can be
estimated by using various ion-selective
fluorescent probes. However, upon stimulation,
effects on ion channels or receptors change the
net membrane potential. Eventually, this will
result in altered Ca®* “fluxes and [Ca®*]i, which in
turn will affect transmitter release. Therefore,
effects of toxicants on receptor and ion channel
functions may be detected as increased or
decreased [Ca*]i (Forsby et al., 1995) or
neurotransmitter release (Andres et al., 1997;
Nakamura et al., 2000; Smith and Hainsworth,
1998; Wade et al., 1998). The effects may be
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evident directly by the toxicant itself, but also
after applied stimuli such as potassium-evoked
cell membrane depolarization, possibly in the
presence of receptor agonists. Acetylcholine
esterase (AChE) activity in neuronal cells can
be measured in differentiated cells such as SH-
SY5Y cells. Evaluating changes in the ratio
between AChE and neuropathy target esterase
(NTE) has been proposed as a method for
estimating the risk for delayed neuropathy
(Ehrich et al., 1997).

4.4.2.2 Cell Models for Specific CNS Functions

Cell models for studies on specific CNS
functions should be of human origin, mainly
because certain enzyme structures and receptor
sub-unit expressions differ among different
species.  Furthermore, the level of cellular
differentiation is crucial. The cell lines must, in
most cases, be treated with differentiating
agents such as retinoic acid to express features
of normal, adult neurons. Cells that are
transfected with genes expressing specific
receptor and ion channel proteins can also be
useful for studies on specific functions.

One example of non-primary neuronal cells is
the human neuronal progenitor NT2 cells
derived from a teratocarcinoma. The NT2 cells
can be terminally differentiated to NT2-N cells
after treatment with retinoic acid and mitosis-
arresting agents after months in culture. NT2-
N cells express functional NMDA and GABA,
receptors (Younkin et al., 1993; Munir et al.,
1996; Neelands et al., 1998). The previously
cited NHNP neural human brain progenitor cell
line could also serve as an important model
system for neurotoxicity screening (Svendsen et
al., 1997). Itis not as well characterized as the
NT2 line but deserves investigation.
Alternatives to NT2-N may be native or
differentiated human neuroblastoma cell lines
(e.g., SH-SY5Y, IMR32 and CPH100).
However, their receptor sub-unit expression and
receptor function may vary from normal
receptors present in adult brain tissue.

Co-cultures of neuronal and glial cells may be
used for studies on interactions between neurons
and glia cells. For instance, NT2 cells
differentiate and establish functional synapses
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when they are cultured on astrocytes (Hartely et
al.,, 1999). Upon differentiation, the NHNP
cell line cultures contain a mixture of astrocytes
and neurons varying in ratio from 1:9 to 2:3.
In suspension, the NHNP cells form spheroids
(see Clonetics web site). Reaggregated
embryonic  brain  cultures  have  been
recommended for screening of neurotoxic
compounds (Atterwill, 1994) but significant
further work on this promising model is needed
before it can be used as a standard test method.

4.4.3 Future Needs

Some endpoints, assays, and cell models for the
more general endpoints have been studied and
used extensively, which make them ready for
formal validation. However, most assays and
cell models determining effects on special
functions still need significant basic research
before they will be useful in screening systems.
4.5 In Vitro Methods to Assess Blood-
Brain Barrier (BBB) Function

The CNS is dependent on a very stable internal
environment. The BBB helps maintain this
stable environment by regulating all uptake into
and release from the brain of substances
involved in CNS metabolism. The barrier acts
as a functional interface between the blood and
the brain, rather than as a true barrier, and this
function is localized to the brain capillary
endothelial cells.  These cells differ from
endothelial cells in other organs in that they
form tight junctions. They have a higher
turnover of energy and thus contain numerous
mitochondria; they have a low endocytotic
activity. Furthermore, they express specific
transport proteins and enzymes. Water, gases,
and lipid-soluble substances may pass the BBB
by simple diffusion  whereas  glucose,
monocarboxylic acids, neutral and basic amino
acids, and choline are taken up from the blood
by active processes. lons pass the BBB very
slowly and proteins generally not at all. Weak
organic acids, halides, and potassium ions are
actively transported out of the CNS.

From a toxicological viewpoint, three aspects
of the BBB are of interest: (a) the BBB
regulates uptake and release of endogenous
substances and also xenobiotics, (b) toxic
substances may interfere with the structural and
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functional properties of the BBB, and (c)
certain parts of the CNS (e.g., areas in the
hypothalamus and the choroid plexa), have
poorly developed BBB functions. The latter is
also true for all parts of the embryonic and
juvenile brains.

Several authors and working parties have
identified the need for a reliable in vitro model
of BBB functions as being essential for the
development of alternative methods for use in
tests of acute systemic toxicity, neurotoxicity,
and in drug development (Balls and Walum,
1999; Ekwall et al., 1999; Janigro et al., 1999;

the ECVAM workshop on In  Vitro
Neurotoxicity [Atterwill et al., 1994], the
ECVAM Neurotoxicity Task Force, [1996,

unpublished], and the BTS Working Party
Report on In Vitro Toxicology, [Combes and
Earl, 1999]). ECVAM is currently supporting a
prevalidation study of in vitro models for the
BBB. The study largely follows the
recommendations published by Garberg (1998).

4.5.1 Endpoints for Acute Toxic Effects

For acute toxic effects, there are two endpoints
for toxic insult to the blood brain barrier: (a)
partial or complete breakdown of the barrier
function (i.e., effects on the ability of the BBB
to exclude endogenous and exogenous
substances) and (b) changes in the specific
transport capacity of the BBB. There is a need
to measure the ability of the normal BBB to
transport toxicants into or out of the brain.

4.5.2 Models

Models currently being assessed in the ECVAM-
sponsored prevalidation study include:

* Immortalized endothelial cell lines of
both human and animal origin;

* Primary bovine endothelial cells co-
cultured with glial cells;

* Barrier-forming continuous cell lines of
non-endothelial origin.

Preliminary results from the ECVAM
prevalidation study, as well as previously
published results, show that the rate of

penetration of compounds that pass the BBB by
simple diffusion can be estimated by the
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determination of log P, or by the use of any cell
system that forms a barrier (e.g., MDCK or
CaCo2 cells). This means that the distribution
of lipophilic compounds over the BBB can be
determined simply, and that the first aspect of
acute toxic effects (i.e., impairment of the
barrier function [see above]) can be studied in
continuous cell lines, provided they are able to
form tight junctions.

With respect to the second endpoint,
impairment of the transporter functions and the
transport-mediated brain uptake, the situation is
different. The modeling of these features of the
BBB ideally requires an in vitro system with a
high degree of differentiation, including the
significant expression of all transporter proteins
representing species-specific properties. At
present, this can only be achieved in primary
cultures of brain endothelial cells co-cultured
with brain glial cells.

A model presented by Stanness et al. (1997)
shows development of a dynamic, tri-
dimensional in vitro culture system (DIV-BBB)
that mimics the in vivo BBB phenotype more
closely than other models in use. In this
system, cerebral endothelial cells are cultured in
the presence of astrocytes using a hollow fiber
technique. The fiber cartridge, representing
artificial capillaries, is exposed to a luminal
pulsatile flow of medium. Although a very good
model for the in vivo situation, the DIV-BBB
model may be too resource intensive to be of
practical use in a screening situation.

4.6 In Vitro Systems to Study Kidney
Toxicity

The major effect seen in the kidney after acute
exposure to a nephrotoxin is acute tubular
necrosis. In approximately 90% of the cases,
the changes are seen in the proximal tubular
cells (proximal to the convoluted tubules).
These cells have high metabolic activity and a
significant concentrating function, both of
which put them at increased risk for damage.
There are a much smaller number of substances
that are toxic to the distal tubular cells. While
acute toxicity in tubular cells is highly
significant and can be fatal, it is important to
recognize that these cells have great
regenerative capacity and with adequate
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treatment and time will repopulate and replace
the destroyed cells.

There are a few substances that cause direct
glomerular damage which is more serious
because glomerular damage is permanent
resulting in the loss of the affected nephron.
Although the kidney has a considerable reserve
capacity of nephrons, it is important to
understand the effects of a reduction of this
reserve capacity particularly in individuals, such
as the elderly, who may already have a reduced
number of nephrons.

A comprehensive review of the use of in vitro
systems to assess nephrotoxicity has been
completed by ECVAM and was used as the basis
for the discussion (Hawksworth et al., 1995). In
vitro systems will need to utilize metabolically
competent kidney tubular cells. This should not
be as difficult as liver systems since much is
known about the metabolic function of renal
tubular cells, and there does not appear to be
significant variability between individuals. In
addition to direct cytotoxicity, in vitro systems
must be able to evaluate the barrier function of
the kidney. A system to assess this parameter is
currently being studied in Europe, with support
from ECVAM. In addition, in vitro systems
may need to assess transport functions. At this
time it is not clear how important these
functions are in acute toxicity. It is also not
known how much variability exists in these
functions from one individual to another. The
specific transport functions are not completely
characterized and more basic research is needed
before test systems can be developed.

It is possible to measure kidney function in a
non-invasive fashion in humans who are
exposed to low levels of xenobiotics, for
instance, in occupational exposures. It would be
valuable to evaluate the correlation of the

results from in vitro toxicity tests with

information from humans.

4.7 In Vitro Methods to  Assess
Cardiotoxicity

Cardiovascular  toxicity can result from

excessive accumulation of toxic chemicals
within  the  tissue, cardiovascular-specific
bioactivation of protoxicants, and/or chemical
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interference with specialized cellular functions.
Because a cardiotoxic insult interferes with the
ability of the heart to pump blood through the
vasculature, blood flow to major organs is often
compromised.  Vascular toxicities are often
characterized by slow onsets and long latency
periods and are not usually important in acute
toxicity; however, changes in arterial pressure
and blood flow control may be significant in
acute effects.

The pathogenesis of cardiovascular injury often
involves the elucidation of  oxidative
mechanisms and many cardiovascular disorders
are characterized by loss of redox homeostasis.
The central role for oxidant mechanisms is
consistent with studies which show evidence of
beneficial effects of antioxidants provided to
patients with coronary heart disease (Napoli,
1997). The vascular production of reactive
oxygen metabolites increases substantially in
disease states (Harrison, 1997). Links between
cardiovascular and cerebro-vascular disorders
have also been established. During periods of
emotional stress, adrenaline toxicity to vascular
endothelial cells may involve its deamination by
monoamine oxidase A to form methylamine, a
product further deaminated by semicarbazide-
sensitive amine oxidase to formaldehyde,
hydrogen peroxide, and ammonia (Yu et al.,
1997).

4.7.1 Perfused Organ Preparations

Perfused organ preparations are currently the
most representative of the in vivo situation.
Aortic preparations are most preferred; they
can be readily excised, perfused, and super-
perfused with appropriate buffers, (Crass et al.,
1988). Perfused preparations are advantageous
because they retain the level of structural
organization found in vivo.  Toxin-induced
changes in physiologic/pharmacologic
sensitivity and changes in excitability and/or
contractility can be readily evaluated. The
biological actions of nitric oxide, a soluble gas
synthesized by the endothelium, was first
discovered using perfused preparations. Because
perfused organ preparations require harvesting
fresh tissue, better methods are still needed. In
addition, significant limitations of perfused
preparations in toxicity testing include the
small number of replicates that can be
processed, the time required for isolation, and
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the provision that the system can only be used
for short periods of time because of rapid loss of
viability. Parameters measured include: (a) time
to peak tension, (b) maximal rate of tension
development, and (c) tension development.
Oxygen concentration of the perfusate provides
an index of myocardial oxygen consumption.
Pin electrodes can be wused to obtain
electrocardiographic readings. Measurements of
contractility and stress development can be used
to evaluate effects of drugs and chemicals.

4.7.2 lsolated Muscle Preparations

Isolated muscle preparations consisting of strips
of atrial, ventricular or papillary muscles (Foex,
1988), or segments from vascular beds (Hester
and Ramos, 1991) can be super-perfused with
oxygenated physiologic solutions for
measurements of tension development. The
pre-load and after-load placed on the tissue can
be controlled accurately to evaluate isometric
force development, isotonic force development,
and quick-release contractions. Oxygenation of
the tissue is a function of diffusion, and the
thickness of the strips and oxygen
concentration in the solution bath must be
carefully monitored. The stability of these
muscle strips is limited to short time periods.
Because many preparations can be made from
each animal, these systems use less numbers of
animals than perfused organ preparations.

Isolated preparations have been used to examine
the angiotoxic effects of ethanol (Rhee et al.,
1995), acetaldehyde (Brown and Savage, 1996),
palytoxin (Taylor et al., 1995), and cadmium
(Ozdem and Ogutman, 1997). Regional
differences in physiologic and pharmacologic
responsiveness must be considered in developing
strategies that examine vasculotoxic responses.
Aortic rings exhibit higher sensitivity to
norepinephrine than mesenteric artery rings,
while the reverse effects are found with
serotonin. However, no differences in
sensitivity to KCI and CaCl, were observed
(Adegunolye and Sofola, 1997). Differences
between the two vessels appear dependent on
agonist ability to mobilize calcium from
intracellular stores.
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4.7.3 Organ Culture Preparations

Organ culture preparations offer long-term
stability as compared to other in Vvitro
preparations. Whole fetal hearts from mice and
chicks have allowed the study of processes
associated with myocardial cell injury (Ingwall
et al., 1975; Speralakis and Shigenoubu, 1974).
Organ-cultured blood vessels have led to
elucidation of structural/functional relationships
of the vessel wall matrix (Koo and Gottlieb,
1992). However, organ culture of rat aortic
rings results in significant loss of contractile
responsiveness to different agonists within 24
hour (Wang et al., 1997).

4.7.4 Tissue Slice Preparations
Tissue slice preparations of cardiac tissue have

been characterized as models to evaluate
toxicity of xenobiotics (Gandolfi et al., 1995)

and could be wuseful in toxicity testing
applications (Parrish et al., 1995).

4.7.5 Single-Cell Suspensions

Single-cell suspensions of embryonic or

neonatal cells that are derived from ventricular,
atrial, or whole heart tissue can be easily
prepared by enzymatic and/or mechanical
dissociation of the tissues. Adult hearts can also
be dissociated by a modified recirculating
Langerdorff perfusion that vyields a large
proportion of cells which remain rod shaped and
are quiescent in medium containing physiologic
calcium levels (Piper et al, 1982). The
anatomic distribution of cells within the walls of
large and medium-sized mammalian vessels
facilitates the isolation of relatively pure
suspensions of fibroblastic, endothelial, or
smooth muscle cells. In contrast to cardiac
preparations, vascular cells from embryonic,
neonatal, and adult vessels can be efficiently
isolated in calcium- and magnesium-containing
solutions.

Myocardial cell suspensions represent a
heterogeneous population of muscle and non-
muscle cells. Neonatal myocytes are
remarkably resistant to injury and exhibit
variable degrees of beating shortly after
isolation. In contrast, spontaneous beating of
adult cardiac myocytes is thought to be due to
uncontrolled leakage of calcium through a
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permeable plasma membrane. Adult cardiac
myocytes are mechanically at rest when
properly isolated suggesting that functional
differences in regulation exist between adult and
neonatal cells. Isolated cells can be
microinjected with fluorescent dyes for the
assessment of multiple cellular functions
following exposure to toxic chemicals. The
viability of cells in suspension decreases rapidly
as a function of time. Investigators rarely use
these cell suspensions for more than four hours.

Changes in cell function or contractility can be
assessed using these models. Because heart
failure, in some instances, is characterized by
contractile dysfunction of the myocardium and
elevated sympathetic activity, cell function or
contractility is of concern (Satoh et al., 2000).
It has been demonstrated that adult rat
ventricular myocytes in culture show signs of
decreased contractility when exposed to
adrenergic stimulation by norepinephrine +
propanolol for 48 hours. This result seemed to
be due to decreased Ca (2+)-ATPase.
Consequently, sympathomimetic agents or
other chemicals that decrease Ca (2+)-ATPase
would have similar activity.

A number of anthracycline antineoplastic
agents are known to cause cardiac cytotoxicity

that can be severe and often irreversible.
Doxorubicin and 4é&epirubicin  significantly
depress myocyte contractility in isolated

neonatal and adult rat ventricular myocytes
(Chan et al., 1996) but the etiology of the
toxicity has not been determined definitively
(Sawyer et al.,, 1999). The effect can be
assessed by visualizing the beating of the
myocytes (Jahangiri et al.,, 2000) or by
measuring calcium flux using fluorescent dyes
(Trollinger et al., 2000). Cultured fetal chick
cardiac myocytes have also been used to study
the toxicity of hydrogen peroxide and certain
agents which can protect against such toxicity
(Horwitz et al., 1996).

4.7.6 Models Using Cell Lines

Cardiac cell lines are generally preferred for the
evaluation of chemical toxicity following
prolonged exposures or following multiple
challenges in vitro. Primary cultures can be
established with relative ease from cell
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suspensions of cardiac and vascular tissue.
However, they must be characterized at the
morphologic, ultrastructural, biochemical, and
functional levels before being wused in
cytotoxicity testing applications because they
undergo variable degrees of dedifferentiation,
including loss of defined features and cell-
specific functions. Vascular endothelial and
smooth muscle cultures can also be established
using explant methods, but the explant method
selects cells with a growth advantage. Neonatal
and embryonic cells of cardiac origin proliferate
readily under appropriate in vitro conditions.
Although adult cardiac myocytes do not divide
in culture, the ability of cardiac myocytes to
divide is only repressed and not completely lost
(Barnes, 1988). A human fetal cardiac myocyte
cell line was developed by transfection with the
SV40 large T antigen to stimulate myocardial
cell division, and many of the morphologic and
functional features of human fetal cardiac
myocytes were preserved (Wang et al., 1991).

4.7.7 Endpoints That Can Be Assessed In
Vitro

Flow cytometry and computerized evaluation of
cell images have added to toxicity evaluations
of cardiac myocytes. Toxicity can also be
evaluated based on the arrhythmogenic
potential of chemicals (Aszalos et al., 1984).
lonic homeostasis can be used as an index of
disturbances in the structural and functional
integrity of the plasma membrane. Use of co-
cultures of myocytes and endothelial cells or
smooth muscle cells in the progression of the
toxic response emphasizes the importance of
cell-cell interactions (Saunders and D’Amore,
1992).

4.7.8 Future Research Needs

Vasculitis may need to be assessed by in vitro
methods. It can be present in numerous forms
such as  lymphocytic vasculitis and
leukocytoclastic vasculitis, the latter usually
affecting the skin (Gupta et al., 2000). The
most common type of vasculitis is Giant cell
arteritis (Gonzalez-Gay et al, 2000), which
generally involves large and medium-sized blood
vessels. Further work will be needed to identify
in vitro systems to assess this endpoint.
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Certain drugs have the potential to alter the QT
interval in the heart, producing ventricular
arrhythmias and it will be necessary to develop
systems to detect this effect. Halofantrine, an
antimalarial drug, has been reported to produce
such effects, and some drugs have been
implicated in the sudden death of patients from
ventricular arrhythmias (Champeroux et al.,
2000). In a review by Champeroux (2000),
different methodologies have been investigated
as possible ways of examining this potential --
in vitro as well as in vivo. These include isolated
cardiac tissues, Purkinje fibers, or papillary
muscles. Wesche (2000) also used an isolated
perfused heart model and isolated ventricular
myocytes to determine potential cardiotoxicity
associated with antimalarial drugs (Wesche et
al., 2000).

A final important effect of acute exposure to
xenobiotics is aseptic shock, which is associated
with a fall in blood pressure. This is a systemic
effect and no method of measuring or modeling
this effect in vitro could be identified at this
time. Further work to elucidate the exact causes
of this effect may allow modeling of the change
in vitro.

To the Breakout Group’s knowledge, none of
the cardiovascular toxicity models have been
validated. After reviewing the literature, the
likely candidate in vitro systems for an acute
cardiotoxicity-testing scheme after chemical
exposure could include the following:

e Short-term single-cell suspensions of
adult rat myocytes to measure products
of oxidation;

* Primary cultures of neonatal myocytes
to measure changes in beating rates and
plasma membrane potentials;

e Co-culture of smooth muscle cells or
endothelial cells with macrophages, for
example, to examine rate of wound
healing (DNA synthesis);

* An immortalized cell line (e.g., the
human fetal cardiac myocyte line) to
measure classical cytotoxic endpoints.

It also may be important to include the perfused
heart preparation, in spite of its limitations, for
a comparison with the other in vitro models,
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because this system is the most representative
of the in vivo situation.

4.8 In Vitro Methods

Hematopoietic Toxicity

to  Study

Hematopoietic toxicity issues were recently
reviewed by Gribaldo. [Progress in the
Reduction, Refinement and Replacement of
Animal Experiments, ed. M. Balls, A-M. van
Zeller & M.E. Halder, pp. 671-677. Elsevier,
Amsterdam, The Netherlands, 2000.]
Xenobiotics can affect both the production and
function of the wvarious circulating cell
populations, as well as the circulatory system
that supports and helps maintain these cells.
Acute effects on blood itself can also include the
binding of materials to hemoglobin resulting in a
loss of oxygen carrying capacity and cell lysis.
Both of these latter endpoints should be easily
modeled by in vitro systems if exposure
conditions can be modeled.

During preclinical drug development it is often
important to determine the following:

* Whether a new agent will be clinically
toxic to the bone marrow cells;

* Whether the toxicity will be specific to

one  cell lineage  (lymphocytes,
neutrophils, megakaryocytes or
erythrocytes);

* At what dose or plasma level the drug
will be toxic;

e Which model best predicts the clinical
situation, and

* When the onset and nadir of cytopenia
and recovery will be likely to occur.

Validated in vitro tests using human cell systems
are particularly important in this area as the
prediction of human effects from animal
systems are unreliable and necessitate the use of
larger safety factors in human studies. In vitro
colony-forming assays to study the growth and
differentiation of wvarious hematopoietic cell
populations have been developed and perfected
over the last twenty years, but none have yet
been validated for use in regulatory toxicology
testing. A validation study of the use of
colony-forming assays to test for the possible
development of neutropenia is being supported
by ECVAM. Methods to assess effects on
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thrombocytopoiesis and erythropoiesis are also
available and can be considered for validation.

Associated projects have been also been carried
out, such as the optimization of a protocol for
detecting apoptosis using FACS analysis with
fluorescent antibodies against Annexin V
(Vermes et al., 1995). Using this assay, the
induction of apoptosis in established stromal
cells (SR-4897) (Pessina et al., 1997) and in
murine and human leukemia cells (WEHI-3B;
HL-60), following exposure to anti-neoplastic
agents, has been investigated in relation to the
cell cycle. The relationship between these
observations and chromosome damage during
mitosis is under evaluation. The drug
sensitivities of myeloid progenitors from fresh
murine bone marrow and from long-term
cultures have been investigated by many authors
including (Gribaldo et al., 1998a) as well as the
role of the microenvironment in the
modulation of anti-cancer drug activity (Pessina
et al., 1999; Gribaldo et al., 1999).

In the session on hematotoxicity at the 3rd
World Congress on Alternatives and Animal Use
in the Life Sciences, results were described for
possible new endpoints (Balls et al., 2000). For
example, the toxic effects of drugs on the
proliferation of erythroblastic progenitors were
evaluated using human and murine progenitors
from long-term bone marrow cultures. Two
kinds of tests were employed: (a) continuous
exposure of human cord blood cells (CBC) and
murine bone marrow cells (BMC) during the
assay, and (b) pretreatment of long-term murine
bone marrow cultures (for 24 hours and 96
hours), with subsequent testing of the
clonogenic capacity of progenitor cells
collected in the absence of the drug. The classes
of drugs of interest in the study were: antivirals
(3’-azido-3’-deoxythymidine), antidiabetics
(chlorpropamide), and heme-analogous
compounds (protophorphirin IX/zinc [I1]). The
results indicate that all these drugs interfere with
the normal hematopoietic process, causing a
selective toxicity to the erythroid progenitors
via different mechanisms, and that human and
murine  progenitors  have similar  drug
sensitivities. Moreover, the drugs exerted
different toxicities based on the time of
exposure.
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Another aspect of hematotoxicology is in
relation to the use of in vitro colony assays to
support the risk assessment of industrial and
food chemicals and pesticides. Some of these
chemicals and formulations may interfere with
the proliferative activity of the hematopoietic
tissue and cause myelosuppression (Gribaldo et
al., 1998b). One of the major difficulties in
food toxicology is to establish the relationship
between the consumption of a food
contaminated by a toxin and the occurrence of
a particular pathology. Clonogenic assays are a
useful tool for establishing this relationship and
for elucidating the mechanisms involved.

Three different clonogenic assays, with BFU-E
(Burst-forming unit — erythrocytes), CFU-GM
(Colony-forming unit granulocyte/macrophage),
and CFU-MK (Colony-forming unit -
megakaryocytes) cultures, have been used in
toxicological investigations to detect or to
confirm food-related hematotoxicity (Parent-
Massin, 2000). By using these clonogenic
assays, it has been possible to determine:

e The origin of neutropenia and
hemorrhage induced by the consumption
of trichothecene mycotoxin;

e The safety of a new process for
manufacturing food additives;

e The mechanism of lead-induced
hematotoxicity;

e The myelotoxicity of phycotoxins
present in shellfish; and

e The risk to consumers and agricultural
workers of hematological problems
caused by pesticides (Parent-Massin and
Thouvenot, 1995, 1993).

ECVAM is  providing  financial and
organizational support to a new project on the
development and prevalidation of in vitro assays
for the prediction of thrombocytopenia. The
continuous maintenance of an adequate supply
of circulating platelets is essential for sustaining
life. Since neither platelets nor megakaryocytes
are capable of regeneration, their production is
dependent on a continuous generative process
from self-replicating precursors. The CFU-MK
is the progenitor cell thought to be immediately
responsible for the production of
megakaryocytes and is therefore being evaluated
for its ability to predict thrombocytopenia.
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Drug effects are by far the most common cause
of platelet suppression in the bone marrow
(Miescher, 1980). In many instances,
thrombocytopenia is the first evidence of drug-
induced toxicity, and continued administration
of the drug produces total aplasia. Cytotoxic
agents, such as 5-fluorouracil, vincristine, and
cytosine arabinoside, cause perturbation of the
bone marrow, with changes within the
proliferating compartments, as well as effects
on the maturing cell pool. In contrast, the
thiazide diuretics, estrogens, and alcohol appear
to have specific effects on platelet production.
In addition, solvents, including benzene,
insecticides (DDT, chlordane, lindane), spot
removers, and model airplane glue, have all been
associated with marrow-related
thrombocytopenia (Amess, 1993).

Following bone marrow transplantation, the
restoration of a normal platelet count occurs as
a result of a compensatory adjustment in

megakaryocytopoiesis  (Vainchenker, 1995).
For these reasons, appropriate in vitro
endpoints for megakaryocytopoiesis  that

correlate well with platelet levels in vivo should
be identified. A preliminary study carried out in
ECVAM’s laboratories to optimize an in vitro
CFU-MK permitted a comparison of the
suitability and drug-sensitivities of human BMC
and CBC. The percentage of enrichment in
CD34°/CD38" cells from both populations was
measured by using a negative selection system,
and their clonogenicity was evaluated.
Furthermore, the effects on megakaryocyte
colony formation of busulphan, a cytotoxic
drug, and the non-cytotoxic drugs, quinidine-
sulphate, D-penicillamine, sodium valproate,
and indomethacin were investigated by using
both the whole cell populations and selected
cells from the two sources. The data analyses
confirmed the usefulness of the in vitro test as a
potential tool for screening drug toxicity to
megakaryocyte progenitors. The in vitro test
showed that human CBC can be used as a human
target source, was more suitable for this
purpose, and provided a means of avoiding
ethical problems that exist in some countries
connected with the collection of human BMC.

Up until now, primary cells have been more-
reliable and more-relevant targets for
clonogenic assays than the immortalized cell
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lines, but in the future, attempts should be made
to establish standardized cell populations for in
vitro tests, and in particular, for screening
purposes. This may help to avoid the technical
problems related to the absence of primary cell
repositories, and to avoid the problem of inter-
individual variability of the donors, in terms of
drug sensitivity. A future topic will be the
automated scoring of colonies in the clonogenic
assays, which will provide the opportunity to
refine the performance of the assays in terms of
accuracy and repeatability, and to reduce
personnel costs.

In Vitro Methods to
Respiratory System Toxicity

4.9 Study

The lungs fulfill the vital function of
exchanging oxygen and carbon dioxide and a
secondary function of protecting the organism
from noxious or irritating inhaled stimuli. As
such, the nasal and pulmonary airways represent
a crucial organ-system that is likely to debilitate
the organism if injured or irritated. The airways
are particularly difficult to evaluate in in vitro
because of their complexity. The following is a
discussion of relevant airway cells and target-
specific endpoints that should be considered in
an in vitro battery for target-specific acute
toxicity.

4.9.1 Cell Types

The tracheal-bronchial epithelial lining consists
of stratified epithelium and diverse populations
of other cell types including ciliated, secretory
(mucous, Clara, serous), and non-secretory cells.
The cells lining the airways may be represented
by various human cell lines such as CCL-30

(nasal septum) (Poliquin et al., 1985) and
BEAS-2B (bronchial-tracheal
epithelia/transformed) (Noah et al., 1991;
Reddel et al., 1988). More distally, alveolar
Type Il epithelia (A549) function in

conjunction with capillary endothelial cells for
0,:CO, exchange in the lower alveolar regions.
This cell line can be used to show induction of
P450 enzymes such as 1Al1, 1B1, and 3A5
(Hukkanen et al., 2000), and to assess mucin
production (Rose et al., 2000). The H441 cell
line has been used in studies to evaluate toxicant
effects on surfactant production in vitro.
Various scavenger cells (alveolar macrophages)
are present to engulf microbiological or foreign

76

debris and destroy it. Several human alveolar
macrophage cell lines exist which display the
oxidative burst in response to irritants and
biological debris (Marom et al, 1984).
Neutrophils and eosinophils function as cellular
sentinels of inflammation.

4.9.2 Endpoint Markers

A variety of endpoint markers valid for
pulmonary cytotoxicity and irritation are
available. ELISA-based assays can be used to
guantitate many of these markers (e.g.,
cytokine, LDH), thus reducing the technical
investment. The most useful markers will relate
to the basic mechanisms by which airway
epithelia respond to toxic exposure. LDH, a
cytoplasmic enzyme released from damaged or
lysed cells, is useful as a general marker of
cytotoxicity. Mucous glycoprotein stain is a

marker for alteration of mucous cells. Other
possible endpoints include:
e Ciliary beat frequency (epithelial

viability and function);

e Attachment (viability);

e Electrical resistance (to measure the
integrity of the epithelial layer);

e Evans blue (to measure endothelial
leakage);

e IL-8, IL-6, and TNFa
endpoints of inflammation).

(cytokine

As in vitro systems are developed and evaluated,
biochemical markers of damage can be assayed
in the lavaged fluid and directly compared to
changes in similar markers in in vitro systems.
Like the Kkidney, utilization of these
comparisons will facilitate the development of
predictive in vitro systems.

In vitro systems are available that can be used to
indicate chemical-induced cell damage/death.
The cells of the airways from animals or
humans are relatively accessible to brushing,
biopsy, and lavage, and therefore lend
themselves for harvesting and use as primary
cells (Larivee et al., 1990; Werle et al., 1994).
Lung slices have been investigated for use in
toxicology (Parrish, et al., 1995). The most
useful markers are those that relate to the basic
mechanisms by which airway epithelia respond
to toxic exposure. However, most assays and
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cell models determining effects on special
functions still need significant basic research
before they will be useful as screening systems.
The use of in vitro systems in respiratory
toxicology was a subject of an ECVAM
Workshop 18 (Lambre, et al. 1996).

4.10 Conclusions on the Use of In Vitro
Systems for Assessing Organ-
Specific Effects of Acute Exposure

There are significant ongoing advances in both
technology and our understanding of biology
that will have major effects on our ability to
predict whole-animal (or human) toxic effects
from non-whole animal model systems. For
instance, toxicogenomics and proteonomics
provide rapid identification of early changes in
cells in vitro or from individual animals and
humans. However, these systems are very early
in development and significant work will be
needed to understand how the changes seen
relate to whole animal toxicity, and particularly
which changes are the direct result of exposure
and which are due to secondary effects as the
cells and tissues react to the primary injury.
Because these systems appear to be very
sensitive, it will also be important to determine
how the assays can be used in the prediction of
dose-response information for toxicology.

In recognition of the possible importance of
advances in toxicogenomics to toxicology, the
Breakout Group recommends that some effort
be put toward preserving samples from animal
studies for future evaluation so as to avoid
having to repeat these studies at a future time.

It is very important that the proper quality
control procedures be built into any in vitro test
system developed for use in screening such as:

e Stability of the test material,

* Reactions of the test material with
plastic in culture dishes and laboratory
ware;

e Measurement(s) of test material
concentration in the test vehicle;

* Non-specific binding to proteins in the
culture medium;

* Reactive compounds;

* Ensuring that the cells reliably express
the necessary metabolic systems.
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Each individual test system will need to have a
complete, standardized protocol developed,
evaluated, and validated. All test schemes that
are developed will then build on these validated
tests. The prediction model for the entire
scheme may also need to be evaluated and
validated.

4.10.1 Proposed Scheme for Assessing Acute
Toxicity Using Non-Whole Animal
Methods

For the assessment of acute systemic toxicity
for the purposes of setting hazard and risk levels
for chemicals and products, data on specific
organ toxicity are usually not needed. The need
is for a system to appropriately classify the
hazard of materials that may cause death after
acute exposure irrespective of the specific organ
damage. For such a system, the routine use of
in vitro models to evaluate all possible organ
effects would be impractical from both a time
and money standpoint and evaluation of the
effects of xenobiotics on specific organ
function is not included in the current assays for
acute toxicity. Current acute toxicity assay
systems utilize young adult animals, often of
only one sex, and only recognize observable
effects within 14 days. Currently standard
assays do not evaluate effects in different sub-
populations or the long-term effects of single
acute exposures.

Acute toxicity assays are primarily used to
predict the toxicity of materials to humans.
For this reason, where species differences are
known, the Breakout Group recommends that
screening systems be developed that will predict
effects in humans.

Breakout Group 3 discussed what additional
assay systems would be required, in addition to
the basic cytotoxicity assay discussed by
Breakout Group 1, in order to replace the
current acute oral toxicity assays for regulatory
purposes.  Breakout Group 3 developed a
stepwise approach to address those effects
identified in the discussions of the specific organ
systems that were highly relevant to the
prediction of acute toxicity and would not be
elucidated by a simple basal cytotoxicity test.
This scheme is shown in Figure 4.1. The
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scheme includes a process for determining when
additional specific effects need be evaluated, and
gives some guidance on how to do so. The

scheme includes steps proposed earlier by a
expert workshop hosted by ECVAM and by
Bjorn Ekwall in his series of papers.

Physico-chemical

Characterization & Step 1
Initial Biokinetic Modeling

I

Basal Cytotoxicity
Assay

Step 2

:

Step 4

Assess Effects

on
Energy Metabolism

Determine

Metabolism-mediated Step 3
Toxicity

AND

Step 5

Assess Disruption of
Epithelial Cells

Barrier Function

Figure 4.1 Proposed scheme for assessing acute toxicity using non-animal methods

(1)

Step 1
* Perform physico-chemical
characterization and initial

biokinetic modeling (BG2 output).
This information will be used for
comparison with chemicals with
similar structures or properties that
have existing toxicity data. The
information may also be useful in
predicting organ distribution. It

(2)

(3)
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may be possible to accurately
predict the toxicity effects of some
chemicals from this step alone.

Step 2

e Conduct a basal cytotoxicity assay
(BG1 output).

Step 3
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Determine

the potential that

metabolism will mediate the effect seen
in Step 2:

Use HEPG2 cells transfected with
major metabolizing enzymes — at
this time at least four different cell
lines, each containing one of the
four major metabolic enzymes will
be needed. A secondary, and
perhaps more relevant, possibility

would be to wuse metabolically
competent, primary human
hepatocytes, but cell lines would

allow a more standardized approach
for regulatory purposes.

Both cytotoxicity and, ideally, some
measure of metabolism of the test
substance, must be determined,
either by detecting a decrease in the

parent compound or by some
method that directly detects
metabolites.

A. If the material is more

cytotoxic in the hepatocyte test
system compared to that
measured in Step 2, then assume
the compound is metabolized to
a toxic substance. In this case,
the measure of cytotoxicity
would use the value obtained
from the metabolically active
system instead of the value
obtained in Step 2.

B. If the material is less cytotoxic
than seen in Step 2, then it is
assumed there is detoxification,
and in those exposure scenarios
where it can be shown the
materials will pass through the
liver before the rest of the body
is exposed (first pass effect) it
may be possible to reduce the
prediction of toxicity
accordingly.

C. If the cytotoxicity is similar to
the basic cytotoxicity measured
in Step 2, then the possibility of
metabolite formation still must
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(4)

be assessed to assure the
metabolite will not have an
effect on some other cells that
do not have the metabolic
capabilities of hepatocytes.

1. If there is no evidence of
metabolism then the value
used in Step 2 can be used.

2. If there is evidence of
metabolism, Step 2 must be
repeated after exposure to
the metabolite(s) either by
directly identifying the
metabolites and using them
in the system, or by some
other undetermined systems
such as co-cultures or
conditioned media; exact
protocols will need to be
determined.  The system
that is developed must be
able guantitatively asses the
effects of the initial
toxicant. For instance,
according to Breakout Group
2, co-cultures will not enable
the biokinetic modelers to
predict systemic toxicity in
a guantitative manner.

Step 4 (note: Steps 4 and 5 can be done

in either order)

Assess the test substance effect on
energy metabolism by using a
neuronal cell line that expresses
good aerobic energy metabolism
function.  This system will help

determine if the nervous or
cardiovascular systems, both of
which require high-energy

metabolism, are likely target organs.

The endpoints would be
measurement of energy metabolism
using a variety of specific probes of
energy  change, or  oxygen
consumption, or possibly
mitochondrial function. The exact
endpoint needs to be determined.
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(5)

If there is evidence of metabolism in
Step 3, these tests must be done with
both the parent compound and the
metabolite(s).

Step 5 (note: Steps 4 and 5 can be done

in either order)

Assess the ability of the compound
to disrupt epithelial cell barrier
function using a transepithelial
resistance assay across a membrane,
such as MDCK cells. The endpoint
used could be dye leakage. This
system will help in determining if
organs dependent on epithelial
barrier function for defense against
toxic insult (e.g., brain, kidney) are
likely target organs.

If the compound causes disruption
of barrier function at a value lower
than the basal cytotoxicity, the
endpoint used in determining the
effect on the organism might need
to be lowered to take this into
consideration. [Note:  Barrier
disruption values will likely be lower
than those that cause basal
cytotoxicity.]

If there is evidence of metabolism in
Step 3, this test must be done with
both the parent compound and the
metabolite(s).
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Next Steps

Before this system can be evaluated for
implementation there is a need to:

Identify the best cell culture systems

to use based on accuracy,
reproducibility, cost, and
availability;

Develop complete protocols for all
the five steps and validate each
assay;

Develop prediction models for the
prediction of relevant human toxic

levels as required by regulatory
agencies. Prediction of No
Observed Adverse Effect Levels

(NOAELSs) would be addressed at this
step;

Evaluate the scheme with a number
of test compounds covering all
endpoints and then with enough
compounds to develop a prediction
model;

Validate the entire scheme and
prediction model.

The Breakout Group recommends that this
work be done with the input and cooperation of
the regulatory agencies and industries who have
a need to use acute toxicity data in order to
ensure the final result will meet everyone’s

needs.
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5.0 CHEMICAL DATA SETS FOR
VALIDATION OF IN VITRO
TOXICITY TESTS

51 Introduction

Breakout Group 4 discussed the selection of
chemical data sets for validation of in vitro
toxicity tests. The Breakout Group agreed that it
would not develop specific lists of chemicals but
would concentrate upon principles for the
development of a database of chemicals that could
be used in validation of individual tests or
prediction models, and strategies for selection of
the chemicals to be included in the database.
Primary database development will most likely
come from existing databases such as those
available at the U.S. EPA, FDA, NCI, NTP, DOT,
Galileo, Euclid, and others that are to be
identified.

In addition to establishing criteria for primary
database development, a set of criteria was
developed for selecting chemicals for subset
development. The chemicals in the subsets will
be chosen from the primary database and will be
used to validate individual tests or prediction
models. The primary assumption in establishing
criteria for subset development is that the purpose
and proposed use of the test, the endpoint
measured, the range of testable chemicals, and the
prediction model must be clearly defined before
chemical selection begins. Criteria that were
considered important in selecting a set of
reference chemicals were developed, as well as a
set of fields considered relevant for the chemical
reference database.

Lastly, the Breakout Group assembled a list of
recommended actions that was divided into two
parts: one that was database specific and one that
was human toxicity specific.

5.2 Objectives

Before beginning a discussion of the primary
database development, the Breakout Group

defined some common points of reference and
some points of agreement that would serve as the
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basis for discussions during the meeting. These
are presented in the next sections.

521

1)

Points of Reference

The main function of the Breakout Group
was to develop a set of general principles
that would be useful for choosing test
chemicals for validation.

The Breakout Group would attempt to
identify databases, and other sources that
contain the information necessary to
choose the test chemicals, and define their
uses and limitations.

The Breakout Group agreed that it would
not identify specific chemicals or develop
lists of chemicals at this time.

)

@)

5.2.2  Points of Agreement

In addition to the three reference points, several
items were set out by the Breakout Group to
ensure that all members understood the exact aim
of the discussion and their charge to the Breakout
Group.
Q It was agreed that the aim of the Breakout
Group was to identify chemicals and
supporting chemical information that can
be used to validate replacement test(s) for
acute toxicity tests.

The chemicals used to validate a
replacement test should cover the entire
range of responses of the LD50 values.
They should not be chosen to bracket just
the range of classification used in the
internationally agreed upon classification
scheme(s).

In addition to covering the entire range of
responses, the chemicals chosen for use in
a validation study should be uniformly
distributed across that range, (i.e., there
should not be a preponderance of either
very toxic or non-toxic chemicals among
those used).

Identification of *“chemical classes” is
problematic. The basis for classification
is the most significant issue. There was
an unresolved discussion within the
Breakout Group as to  whether

)

@)

(4)
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classification should be done on the basis
of chemical structure or mechanism of
biological action.  There was some
discussion also  about classifying
according to use, such as “pesticide” or
“food additive”.

The Breakout Group agreed that it is not
necessary to be restricted to only one
classification scheme. Chemicals could
be classified by structure and by
biological activity and/or use class. The
classification approach  would, by
necessity, vary according to the type of
test and its proposed uses.

There are many public databases from
which to draw information.  These
databases contain chemicals of concern to
society.  Investigators may not need,
therefore, to use the proprietary databases
such as the U.S. EPA OPP pesticides
database or the FDA drug database to get
the information and identify chemicals for
use in tests for validation, but it would be
helpful if information from those
databases could be made available.

There is a need for training sets of
chemicals that can be used for method
development, and validation sets of
chemicals that can be used for confirming
the predictive capacity of the tests.

In selecting chemicals for use in
validation studies, investigators need to
consider the user community(ies) and
assure that chemicals are chosen that meet
their needs.

The performance parameters of the in vivo
tests must be clearly defined prior to
chemical selection if the results of these
tests are to serve as a baseline for judging
success.

(®)

(6)

()

(8)

9)

5.2.3 Definition of Responsibility

Breakout Group 4 defined its responsibility as
follows:

e To define what chemical data sets are
required for validation studies;

¢ To define the information to be included
as part of the data set;

* To identify existing resources;
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e To recommend approaches for using
existing data sets;

* To recommend approaches for developing
new data sets.

The Breakout Group explored the possible use of
such databases as the HPV database, the U.S.
EPA pesticides database, the NTP chemical
database, the FDA database of drugs and food
additive chemicals, and the use of QSAR to
predict toxicity of chemicals.

5.3 Current Status: Discussions Regarding
the Use of the NTP and HPV
Databases, and the Use of QSAR

5.3.1 The NTP Database

The NTP chemicals were not tested for acute
toxicity and therefore no LD50 data were
developed. However, many were tested in 90-day
studies, and some in 14-day studies, and these
have associated target-organ toxicity data, as do
the 2-year carcinogenicity studies. This
information would be useful in validating in vitro
tests for target-organ toxicity. The NTP database
would be a useful component of any primary
database of chemicals for validation.

Both the U.S. EPA pesticides database and the
FDA drugs and food additive databases have
associated LD50 data of good quality. However,
there was some question about the ultimate
accessibility of these data because of claims of
confidentiality by the sponsors. Ease of access
was a concern even where the data are not
claimed to be confidential. Access through the
Freedom of Information Act (FOIA) was
discussed as a possibility, but this is a slow
process and members of the Breakout Group
expressed the desire that sources of unencumbered
data should be used if they were available. Also,
this approach may not provide the supporting
information deemed necessary by the Breakout
Group.

5.3.2 The HPV Database
There was a short presentation of the

classification of the chemicals that are part of the
HPV Program of the U.S. EPA OPPT. Using only
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696 pure chemicals on the list and classifying
them according to chemical structure, a list of 45
chemical classes with from 4 to 72 chemicals per
class was developed. This classification is based
solely upon chemical structure and each chemical
is assigned to one class only. There is no
indication of how many of these chemicals fall
into more than one class. There is also no
indication of which of these chemicals have LD50
data, the quality of these data where they exist, or
the range of responses that is covered. Without
this information, it is impossible to tell which of
the HPV chemicals would be useful as validation
chemicals. In addition, the chemicals on the HPV
list are primarily industrial chemicals and their
use as validation chemicals might not meet the
needs of all user communities.

5.3.3 QSAR Methods and Structure-Activity
Methods for Toxicity

QSAR methods can be applied to the problem of
developing models to predict toxicity endpoints or
toxic classes given sufficient quantity and quality
of data.

The basis for the prediction of toxicity from
chemical structure is that the properties of a
chemical are implicit in its molecular structure.
Biological activity can be expressed as a function
of partition and reactivity. For a chemical to be
able to express its toxicity, it must be transported
from its site of administration to its site of action
and then it must bind to or react with its receptor
or target.  This process may also involve
metabolic transformation(s) of the chemical and
its metabolites.

The application of QSAR principles to the
prediction of the toxicity of new or untested
chemicals has been achieved in a number of
different ways and covers a wide range of
complexity.  The common feature of these
approaches is that their starting point is a
mechanistic hypothesis linking chemical structure
and/or functionality with the toxicological
endpoint of interest. A number of such “in silico”
methodologies have also been applied with
varying degrees of success to the evaluation of
LD50 values and MTDs, and some are available
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commercially (e.g., and

TOPKAT).

DEREK, MCASE,

The prediction of toxicity from chemical structure
and physical properties can make a valuable
contribution to the reduction of animal usage in
the screening out of potentially toxic chemicals at
an early stage and in providing data for making
positive classifications of toxicity. However, such
methods should also be validated, using protocols
similar to those described in these pages, so as to
assess their potential effectiveness in assessing
acute toxicity.

54 Identification of Needs

5.4.1 Selection of Test Chemicals for

Validation of In Vitro Tests

In the context of using in vitro tests to replace or
reduce animal usage, the performance of an in
vitro test or an in silico test is assessed by its
capability of correctly predicting the in vivo
response. However, it is unreasonable to expect
that the in vitro test will be able to predict the
result of an in vivo test with any more accuracy
than would a repeat in vivo test.

The assessment of any new test would be best
accomplished by selecting a series of reference
chemicals that cover the full range of responses,
from negative, to weak, to intermediate, to strong.
Selection of only strongly active chemicals will
not provide information on the discriminating
ability of a test, or its ability to detect the weakly
active chemicals. The absence of chemicals
known to be inactive will not allow a
determination of the ability of the test to identify
chemicals without activity, or of the false positive
rate of the test.

5.4.2 Evaluating the Quality of Data Used to
Develop the Chemical Data Set

A major challenge facing researchers developing
either in vitro or in silico models is the sparse
availability of high quality data derived from

experiments with animals, or from human
monitoring  studies and clinical  reports.
Biological data which do not meet today's

stringent  requirements  of  acceptability,
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particularly historical data generated prior to the
advent of standardized test guidelines, but which
are nevertheless of acceptable quality, can be used
to validate newly developed test methods.

The Breakout Group discussed the establishment
of a primary database from which sets of
chemicals could be drawn for use as validation
chemicals for specific tests or prediction models.
In addition to the need to establish criteria for
primary database development, a set of criteria for
selecting chemicals for subset development
should be developed.

55 Conclusions

5,5.1 Primary Assumption for Data Set

Development

The primary assumption in establishing criteria
for data set development is:

e The purpose and proposed use of the test,
the endpoint measured, the range of
testable chemicals, and the prediction
model must be clearly defined before
chemical selection begins.

Such information is used as the guide for choosing
the most appropriate materials for evaluating
whether or not the test method would satisfy its
proposed uses.

5.5.2 Criteria for Data Set Development

The following criteria were established for data

set development.

QD The chemicals selected must be consistent

with the test protocol and its prediction

model.

e The chemicals selected must be
physically and chemically compatible
with the test system.

*  The relevant chemical classes must be
included.

— The definition of chemical class
is context-specific.

— The developers of the test must
specify the parameters that define
the class.
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— The  chemicals  must  be
independently chosen.

The toxicity must cover the range of
response with uniform distribution.

The number of chemicals used in the
subset will depend on the nature of the
test and the questions being asked, and
should be determined with statistical

advice.

)
@)

5.5.3 Primary Data Base Development

Primary database development will most likely
come from existing databases such as those
available at the EPA, FDA, NCI, NTP, DOT,
Galileo, Euclid, and others that are to be
identified. As noted above, the more publicly
available the database, the easier it will be to
access the data. The problem, of course, is quality
control of the data that goes into the database.
The two most important considerations in
assembling the primary set of reference chemicals
are: (a) in vivo data must be of high quality, cover
the range of response, and be uniformly
distributed over that range and (b) the chemicals
selected must be commercially available and their
specifications  (including purity) must be
available.

The Breakout Group noted that there were some
unresolved questions surrounding the issue of
quality control. The first concerned protocol and,
specifically, route of administration. There was
some discussion about whether to accept tests
done by all routes of administration or to limit the
database to the oral route. It was decided that oral
and inhalation routes were acceptable and that the
dermal route while important for some purposes,
was not of primary concern for most acute toxicity
studies. However, the Breakout Group agreed,
that if data were available from all routes, such
data should be included in the database.

The Breakout Group agreed that, where possible,
the data used should be derived from generally
recognized test guidelines, such as those from the
U.S. EPA, OECD, ICH, etc., because data from
these guidelines carry a higher degree of
assurance than data from an undefined or novel
protocol. An issue that was not resolved was
whether or not to require that the data used in the
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database be from a study done according to Good
Laboratory Practices (GLPs).

5.5.4 Criteria for Choosing Reference
Chemicals: Reference Test Data

The following criteria were considered of prime
importance in selecting a set of reference
chemicals.

@ The reference data for the endpoint
predicted are available.

)] The performance characteristics of the
reference test must be defined.

e Variation will be introduced by

protocol (including animal strain)
differences.

* Different agencies use different
protocols.

e The between-laboratory

reproducibility of the test must be
determined.

e The limitations of the reference test
must be known.

3 The reference test data must be of high
quality.

4 The protocol used must be available for
review.

(5) Generally accepted methods (e.g., OECD,
EPA, FDA, ICH guidelines) should have
been used to generate the data.

(6) Details of the study should be available
and ideally should satisfy ICCVAM and
ECVAM Submission Guidelines.

@) Study has  sufficient  supporting
information. Ideally, GLPs should have
been followed in study development.

(8) Other important considerations:

e  The chemicals should be drawn from
a wide range of structural and use
classes.

e They should not be highly reactive,
corrosive, or controlled substances.

5.5.5 Database Fields

The Breakout Group defined some of the
information fields it considered relevant for the
chemical reference database. These fields should
include information about the identity, purities,

and properties of the chemicals, and detailed
reference test data.

@ Chemical Information

¢ Name and Chemical Abstract Service
(CAS) Number;

e Structure  (coded, e.g., using
Simplified Molecular Input Line
Entry Specification [SMILES]
nomenclature);

* Physical chemical characteristics
(e.g9., Kow, pKa, water solubility,
molecular weight., physical state);

*  Purity;

e Chemical class (e.g., The

International Union of Pure and
Applied Chemistry [IUPAC] and
use).
2 Reference Test Data

* Specifications of chemical used in
reference test;

* Information concerning the protocol
used to generate the data;

* Endpoint value (e.g., LD50) and
variance term (e.g.,, confidence
interval), if available;

* Species, strain, sex;

* Route of exposure; duration of
eXposure;

e Information needed by Breakout
Groups 2 and 3 should also be
included.

5.6 Recommended Actions
5.6.1 Rodent Toxicity Database

Q A study should be undertaken of existing
databases to determine:

e The variation in the rodent LD50
introduced by  differences in
protocols;

e The within- and between-laboratory
reproducibility of the rodent LD50
test and other acute toxicity tests that
will be used as reference tests.

2 An expert committee should be convened
that will assemble a reference set of test
chemicals from existing databases
according to the criteria specified.
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5.6.2 Human Toxicity Database

QD There is a need to build upon the
foundations of the MEIC and MEMO
exercises.

2 An expert panel should review the
MEIC/MEMO approach for measuring
acute toxicity parameters in humans.

3 A consensus standard approach for
measuring acute toxicity parameters is
necessary.

(@) Existing sources of information need to be
carefully searched in order to assure all
relevant human data are obtained.

(5) A mechanism prospectively should be
established to: (a) gather human toxicity
data from hospital/Poison Control Center
(PCC) sources; (b) retrieve existing
human toxicity data; (c) collect and
organize human toxicity data as accidents
occur. Biomonitoring data should also be
collected. Such information could define
sub- or non-toxic levels, and be used to
see if they overlap with the range of
reported toxic levels.
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6.0 GLOSSARY

Note: These definitions are based on (1)
definitions used by one or more Breakout Groups
at the In vitro Workshop or (2) a commonly used
interpretation or definition.

Acute Toxic Class Method (ATC): An in vivo
approach to assessing acute toxicity that tests
animals in a step-wise fashion. Based on
mortality and/or morbidity (or absence thereof),
testing continues at the next highest (or lowest)
fixed dose until an adequate assessment can be
made. The method usually entails testing at two
to four step-wise doses.

Acute Toxicity: The adverse effects occurring
within a relatively short time after administration
of a single dose of a substance or multiple doses
within a 24-hour period. BG3 added: ““toxicity
occurring within 14 days of a single exposure or
multiple exposures within 24 hours™.

Acute Systemic Toxicity: Acute effects that
require absorption and distribution of the toxic
agent from its entry point to a distant site at which
adverse effects are produced vs. acute local
toxicity.

ADAPT: (Automated Data Analysis by Pattern
recognition Techniques); commercially available
QSAR system for the evaluation of LD50s and
MTDs; available from the laboratory of Peter Jurs,
Penn State University.

ADME: biokinetic information on Absorption,
Distribution, Metabolism, and Excretion.

Biotransformation: the series of chemical
reactions of a compound in a biological system
occurring within the body usually due to
enzymatic metabolic reactions.

CASE: (Computer  Automated  Structure
Evaluation); commercially available QSAR
software

Cytotoxicity: The adverse effects of interference
with structures and/or processes essential for cell
survival, proliferation, and/or function. These
effects may involve the integrity of membranes
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and the cytoskeleton, metabolism, the synthesis

and degradation or release of cellular constituents

or products, ion regulation, and cell division.
Basal cytotoxicity: Involves one or more of
the above mentioned structures or processes
that would be expected to be intrinsic to all
cell types. Sometimes called general
cytotoxicity.
Selective cytotoxicity: Occurs when some
types of differentiated cells are more sensitive
to the effects of a particular toxicant than
others, potentially as a result of, for example,
biotransformation,  binding to  specific
receptors, or uptake by a cell type specific
mechanism.
Cell specific function cytotoxicity:  Occurs
when the toxicant affects structures or
processes that may not be critical for the
affected cells themselves, but which are
critical for the organism as a whole. For
example, such toxicity can involve effects on
cell to cell communication, via the synthesis,
release, binding and degradation of cytokines,
hormones and transmitters.

DEREK: (Deduction of Risk from Existing
Knowledge); commercially available knowledge-
based QSAR expert system.

EUCLID: (Electronically Useful Chemistry
Laboratory Instructional Database); database of
industrial chemicals tested in Europe maintained
by the European Union.

Fixed Dose Procedure (FDP): An in vivo approach
to assessing acute toxicity that avoids using death
of animals as an endpoint, but instead uses the
observation of clear signs of toxicity at one of a
series of fixed dose levels. Instead of providing
an LD50 value, this method estimates a range in
which the LD50 of the test substance is estimated
to occur.

Galileo: A publicly available database of
chemicals that have been tested for toxicity (from
alternative studies, mostly related to cosmetics
testing).

Globally Harmonized System (GHS): Co-
ordinating Group for the Harmonization of
Chemical Classification Systems (CG/HCCS) was
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established to promote and oversee the work to
develop a GHS. The group would integrate the
harmonized classification scheme with a
harmonized hazard communication system to give
an overall Globally Harmonized Classification
and labeling System (GHS): OECD-sponsored.

1C50:  (Inhibitory  Concentration 50); the
concentration of a material estimated to inhibit the
biological endpoint of interest (e.g., cell growth,
ATP levels) by 50%.

LD50: (Median Lethal Dose); a statistically
derived single dose of a substance that can be
expected to cause death in 50% of animals. This
value is expressed in terms of the weight of the
test substance per unit weight of the test animal.

LD50 Test, Conventional: An in vivo approach to
assessing acute toxicity that tests several dose
levels using groups of animals. Doses selected
are often determined from a range-finding study.
Observations of mortality and morbidity, as well
as effects, are made for each dose group, and the
LD50 is derived based on those observations.

MCASE: (Model-based Computer Automated
Structure Evaluation); commercially available
QSAR system for the evaluation of LD50s and
MTDs available from Multicase, Inc.

Moribund: A clinical condition of a test animal
that is indicative of impending death. Animals in
the moribund state are humanely killed and are
considered for acute toxicity testing purposes in
the same way as animals that died.

MEIC: Multicenter Evaluation of In Vitro
Cytotoxicity. Established by the Scandinavian
Society for Cell Toxicology in 1989 to investigate
the relevance of in vitro test results for predicting
the acute toxic action of chemicals in humans
directly rather than in rodents.

MEIC approach: The MEIC team collected case
reports from human poisonings with the 50
reference chemicals to provide LC data with
known  times  between ingestion  and
sampling/death.  Constructed time-related LC
curves for comparison with the 1C50 values for
different incubation times in vitro (see. 50 MEIC
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Monographs [MEMO]). Analyses of test results
were based on in vitro cytotoxicity data presented
as 1C50 values. The predictability of in vivo acute
toxicity from the in vitro IC50 data was assessed
against human lethal blood concentrations
compiled from three different data sets: clinically
measured acute lethal serum concentrations, acute
lethal blood concentrations measured post-
mortem, and peak lethal concentrations derived
from approximate LC50 curves over time. The
analysis showed that in vitro assays that were
among the most predictive generally used human
cell lines. Human-derived cells appeared to be the
most predictive for human acute toxicity. The
most predictive and cost-effective test battery
consisted of four endpoints/two exposure times
(protein content/24 hours; ATP content/24 hours;
inhibition of elongation of cells/24 hours; pH
change/7 days) in three human cell line tests. The
test battery was found to be highly predictive of
the peak human lethal blood concentrations of all
50 chemicals when incorporated into an algorithm
developed by the team.

Mortality: Death of the test animals presumably
due to the toxicity of the test material.

Predictive range: Range for various chemical
properties over which the in vitro assay might be
expected to provide reasonable LD50 estimates.

Quantitative Structure Activity Relationships
(QSAR): The measurable biological activity of a
series of similar compounds based on one or more
physicochemical or structural properties of the
compounds.

Registry of Cytotoxicity (RC): ZEBET database
of acute oral LD50 data from rats and mice (taken
from the NIOSH Registry of Toxic Effects of
Chemical Substances [RTECS]) and 1C50x values
of chemicals and drugs from in vitro cytotoxicity
assays. Currently contains data on 347 chemicals.

TOPKAT: (The Open Practical Knowledge
Acquisition Toolkit); commercially available
QSAR software.

Toxicokinetics: kinetics or

definition).

biokinetics (BG2
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Up-and-Down Procedure (UDP): An in vivo
approach to assessing acute toxicity. Animals are
dosed, one at a time, at 48-hour intervals. The
first animal receives a dose at the investigator’s
best estimate of the LD50, and subsequent
animals are given a higher or lower dose
depending on the survival of the previous animal.
After reaching the point where an increasing (or
decreasing) dose pattern is reversed by giving a
small (or higher dose), four additional animals are
dosed following the same method, and the LDs is
calculated using the method of maximum
likelihood.

ZEBET approach: Strategy to reduce the number
of animals required for acute oral toxicity testing;
Strategy involves using in vitro cytotoxicity data
to determine the starting dose for in vivo testing.
Researchers report the findings of an initial study
conducted to assess the feasibility of applying the
standard regression between mean IC50 values
(i.e., 1C50x, the mean concentration estimated to
affect the endpoint in question by 50%) and acute
oral LD50 data included in the Register of
Cytotoxicity (RC) to estimate the LD50 value
which can then be used to determine the in vivo
starting dose.

ZEBET: Zentralstelle zur Erfassung und
Bewertungvon Ersatz- und Ergdnzungsmethoden
zum Tierversuch (Centre for Documentation and
Evaluation of Alternative Methods to Animal
Experiments)
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7.0 REGISTRY OF CYTOTOXICITY
(RC) DATA (ZEBET)
7.1 The ZEBET Database

ZEBET was established in Germany in 1989 at
the Federal Institute for Consumer Health
Protection and Veterinary Medicine (BgVV;
http://www.bgvv.de). The ZEBET database
contains evaluated information from the field of
biomedicine and related fields on alternative
methods that address the 3Rs concept of research
that involves animals: refinement of animal use in
experimentation, reduction of animal use, and
replacement of animals. The database
information was obtained from approximately 800
different documents (e.g., books, journals,
monographs, etc.). The RC is part of the database
and provides in vitro 1C50 values as well as acute
oral toxicity data (LD50) for rats and mice for 347
chemicals. The LD50 values come from the
RTECS database at NIOSH. The ZEBET
database also includes data for the 50 chemicals
from the MEIC database. The German Institute
for Medical Documentation and Information
(DIMDI) provides access to the ZEBET database
(http://www.dimdi.de).

7.1.1 Tables
Table 7.1: IC50 values in ascending order (all
RC chemicals)

Rat LD50 oral values in descending
order (all RC chemicals)

Alphabetical order (all RC chemicals)
Rat LD50 oral values in descending
order (MEIC chemicals)

Table 7.2:

Table 7.3:
Table 7.4:

The acute oral toxicity values are provided in
mg/kg and mmol/I for rats and mice. Regression
calculation values are in the last column of the
data sheets. Rat LD50 values were used for the
calculations if they were available; if not, then
mouse LD50 values were used.

7.1.2 Figures

Regression calculations between cytotoxicity and
acute oral toxicity are illustrated in the figures
following the data.
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Figure 7.1: Regression between RC values
(IC50x) and acute oral LD50 values
(MEIC chemicals)

Figure 7.2: Regression between human cell lines
(1C50m) and acute oral LD50 values
(MEIC chemicals)

7.1.3 German Organizational Names

ZEBET: Zentralstelle zur Erfassung und
Bewertungvon Ersatz- und
Ergénzungsmethoden zum
Tierversuch
(German Centre for the
Documentation and Validation of
Alternative Methods [at BgVV])

DIMDI:  Deutsches Institut fur Medizinische
Dokumentation und Information
(The German Institute for Medical
Documentation and Information)

BgVV: Bundesinstitut fur gesundheitlichen

Verbraucherschutz und
Veterinarmedizin

(Federal Institute for Health
Protection of Consumers and

Veterinary Medicine)


http://www.bgvv.de
http://www.dimdi.de

Registry of Cytotoxicity Data (ZEBET)
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Section 7.2
Table 7.1
Chemical Data from the Registry of Cytotoxicity Database (Sorted by IC50x mmol/l)

RC# | MEIC # Chemical CAS # 1C50x LD50 RAT LD50 MOUSE Rodent LD50 (mmol/kg)
ug/ml mmol/l | mg/kg | mmol/kg| mg/kg | mmol/kg| MW for Regression
1 Trenimon 68-76-8 0.00| 0.0000033 NA NA NA NA| 231.28
2 Actinomycin D 50-76-0 0.01| 0.0000081 7.2|  0.0057 12.6 0.01| 1255.6 0.0057
3 Aminopterin 54-62-6 0.01| 0.000012 NA NA 3.0 0.0068| 440.47 0.0068
4 Vincristine sulfate 2068-78-2 0.01] 0.000015 NA NA NA NA| 923.14
5 K-|Strophantin 0.03| 0.000044 NA NA NA NA| 7109
132 Triphenyltin hydroxide 76-87-9 0.02| 0.000049 44.0 0.12] 245.9 0.67| 367.03 0.12
6 Colchicine 64-86-8 0.02| 0.000054 NA NA 6.0 0.015| 399.48 0.015
7 Ouabain 630-60-4 0.04| 0.000072 NA NA NA NA| 584.73
133 Cytochalasin D 22144-77-0 0.05] 0.000092 NA NA 36.0 0.071] 507.68 0.071
8 Digitoxin 71-63-6 0.08]  0.00011 55.8 0.073 NA NA| 765.05 0.073
134 Rotenone 83-79-4 0.05/ 0.00013| 130.2 0.33] 351.1 0.89| 394.45 0.33
9 Amethopterin 59-05-2 0.06] 0.00014] 1364 0.3] 1454 0.32] 4545 0.3
10 Emetine 483-18-1 0.08/ 0.00016 67.3 0.14 NA NA| 480.71 0.14
135 2,3,7,8-| Tetrachloro-dibenzo-p-dioxin 1746-01-6 0.06 0.0002 NA NA 0.1] 0.00035| 321.96 0.00035
11 Doxorubicin * HCI 25316-40-9 0.19|  0.00033 NA NA| 696.0 1.2| 580.03 1.2
12 Puromycin 53-79-2 0.16 0.00033 NA NA| 6744 1.43| 471.58 1.43
136 Diethyldithiocarbamate sodium* 3H20 20624-25-3 0.09| 0.00039| 1500.7 6.66| 1500.7 6.66| 225.33 6.66
137 Triethyltin chloride 994-31-0 0.11]  0.00046 5.1 0.021 NA NA| 241.35 0.021
138 Tributyltin chloride 1461-22-9 0.18 0.00054| 1204 0.37 NA NA| 325.53 0.37
139 Retinol 68-26-8 0.15|  0.00054| 1999.8 6.98| 4011.0 14| 286.5 6.98
140 6-| Thioguanine 154-42-7 0.10 0.00057 NA NA| 160.5 0.96] 167.21 0.96
13 Cycloheximide 66-81-9 0.17|  0.00059 2.0/ 0.0071 132.3 0.47| 281.39 0.0071
141 Cytosine arabinoside 147-94-4 0.17 0.00068 NA NA| 31379 12.9] 243.25 12.9
142 Methylmercury chloride 115-09-3 0.18 0.00071 NA NA 57.7 0.23] 251.08 0.23
143 Triethylene melamine 51-18-3 0.16 0.00078 1.0 0.005 14.9 0.073| 204.27 0.005
14 Mitomycin C 50-07-7 0.28|  0.00084 14.0 0.042 171 0.051| 334.37 0.042
144 Sodium bichromate VI 10588-01-9 0.24|  0.00093 49.8 0.19 NA NA| 261.98 0.19
15 8-|Azaguanine 134-58-7 0.20 0.0013 NA NA| 1500.1 9.86| 152.14 9.86
145 Potassium chromate VI 7789-00-6 0.29 0.0015 NA NA| 180.6 0.93] 194.2 0.93
16 Azaserine 115-02-6 0.35 0.002| 169.7 0.98] 150.6 0.87| 173.15 0.98
146 Potassium bichromate V1 0.59 0.002 NA NA| 191.2 0.65| 294.2 0.65
147 Mitoxantrone 65271-80-9 1.07 0.0024| 586.8 1.32 NA NA| 444.54 1.32
148 Nitrogen mustard * HCI 55-86-7 0.50 0.0026 10.0 0.052 19.3 0.1] 192.53 0.052
17 5-|Fluorouracil 51-21-8 0.34 0.0026| 230.3 1.77] 1145 0.88| 130.09 1.77
149 Chromium VI trioxide 1333-82-0 0.27 0.0027 80.0 0.8 127.0 1.27 100 0.8
150 Cis-platinum 15663-27-1 0.84 0.0028 25.8 0.086 33.0 0.11] 300.07 0.086
151 Hexachlorocyclopentadiene 77-47-4 0.85 0.0031] 111.8 0.41 NA NA| 272.75 0.41
152 8-|Hydroxyquinoline 148-24-3 0.48 0.0033| 1200.6 8.27 NA NA| 145.17 8.27
18 Captan 133-06-2 1.17 0.0039| 10009.6 33.3] 7003.7 23.3] 300.59 333
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Section 7.2
Table 7.1
Chemical Data from the Registry of Cytotoxicity Database (Sorted by IC50x mmol/l)

RC# | MEIC # Chemical CAS # 1C50x LD50 RAT LD50 MOUSE Rodent LD50 (mmol/kg)
ug/ml mmol/l | mg/kg | mmol/kg| mg/kg | mmol/kg| MW for Regression

153 26 Arsenic |11 trioxide 1327-53-3 0.83 0.0042 19.8 0.1 455 0.23| 197.84 0.1
154 Maneb 12427-38-2 1.12 0.0042| 4500.6 16.9] 3994.7 15| 266.31 16.9
19 Cytochalasin B 14930-96-2 2.40 0.005 NA NA NA NA| 479.67

155 Benzalkonium chloride 8001-54-5 1.90 0.0052| 4015 1.1] 3395 0.93 365 11
156 Stearyltrimethylammoniumchloride 112-03-8 2.09 0.006 NA NA| 536.1 1.54| 348.13 1.54
20 Cadmium Il chloride 10108-64-2 1.17 0.0064 88.0 0.48| 1741 0.95| 183.3 0.48
157 38 Hexachlorophene 70-30-4 321 0.0079 61.0 0.15 65.1 0.16| 406.89 0.15
21 6-| Mercaptopurine 50-44-2 1.22 0.008 NA NA| 280.0 1.84| 152.19 1.84
158 Dichlorophene 97-23-4 2.23 0.0083| 2691.3 10, 1001.2 3.72| 269.13 10
22 6 Digoxin 20830-75-5 6.64 0.0085 NA NA 18.0 0.023| 781.05 0.023
159 Hexadecyltrimethylammoniumbromide 57-09-0 3.24 0.0089| 408.3 1.12 NA NA| 364.53 1.12
23 Daraprim 58-14-0 2.21 0.0089 NA NA| 126.9 0.51| 248.74 0.51
24 Ethylenediamine-tetraacetic acid 60-00-4 2.92 0.01 NA NA NA NA| 292.28

25 Thio-TEPA 52-24-4 2.08 0.011 NA NA 37.8 0.2| 189.24 0.2
160 N-| MethyI-N'-nitro-N-nitroso- guanidine 70-25-7 1.77 0.012 89.7 0.61 NA NA| 147.12 0.61
26 Kelthane 115-32-2 4.45 0.012] 5742 155 418.6 1.13| 370.48 1.55
161 Silver | nitrate 7761-88-8 2.21 0.013 NA NA 49.3 0.29| 169.88 0.29
27 Chlorpromazine 50-53-3 4.46 0.014| 1403 0.44| 2615 0.82| 318.89 0.44
28 Aldosterone 52-39-1 5.05 0.014 NA NA NA NA| 360.44

29 28 Mercury Il chloride 7487-94-7 4.07 0.015 1.0{ 0.0037 10.0 0.037| 271.49 0.0037
162 Chlorhexidine 55-56-1 7.58 0.015] 9200.5 18.2| 9857.6 19.5| 505.52 18.2
30 Sodium arsenate, dibasic 7778-43-0 2.79 0.015 NA NA NA NA| 185.91

31 41 Chloroquine diphosphate 50-63-5 8.77 0.017) 969.9 1.88) 500.4 0.97| 515.92 1.88
164 Oxatomide 60607-34-3 8.11 0.019| 14121 3.31] 9598.7 22.5| 426.61 3.31
163 Cetyltrimethylammonium chloride 112-02-7 7.61 0.021| 4744 131 NA NA| 362.16 131
165 Isoproterenol * HCI 51-30-9 5.45 0.022| 2219.8 8.96 NA NA| 247.75 8.96
32 Hydrocortisone 50-23-7 7.98 0.022 NA NA NA NA| 362.51

166 Triisooctylamine 2757-28-0 8.14 0.023] 1620.2 4.58 NA NA| 353.76 4.58
167 p.p'|DDD 72-54-8 7.68 0.024] 1120 0.35 NA NA| 320.04 0.35
33 p-| Chloromercuribenzoic acid 59-85-8 8.57 0.024 NA NA 25.0 0.07| 357.16 0.07
34 Diethylstilbestrol 56-53-1 6.71 0.025 NA NA NA NA| 268.38

168 Dicoumarol 66-76-2 9.08 0.027| 709.6 211 2321 0.69| 336.31 211
169 Epinephrine bitartrate 51-