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PREFACE

This document was prepared by the Health/Risk Assessment
Committee (HRAC) of the Integfateq Chlorinated Solvents Project,
a committee comprised of representatives from four federal
regulatory agencies. This interaéency committee was éstablished
to evaluate the health effects caused by dichloromethane (DCM)
and five other halogenated solvents. As part of its work on
halogenated solvent compounds, the HRAC reviewed and evaluated
the information recently submitted to EPA and other federal
agencies on DCM's potential to cause cancer and other toxic
effects.

This document provides an extenéive analysis of the new data
that have become available since the publication of EPA's Health
Assessment Document (HAD) for Dichloromethane (DCM) and Addendum
in 1985, and also discusses alternative methodologies for
determining risk for DCM. Thus, this document is not intended to
replace the 1985 reports, but to provide an evaluation of the
recent data and risk assessment methodologies. Its purpose is to
provide the agencies with the latest background information on
DCM that can be used by each agency in developing its own risk

assessment.
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ABSTRACT

New information o§/cytotoxicity, genotoxicity, and
epidemiology has raised some questions about the federal
" regulatory agencies' cancer risk assessments for dichloromethane
(DCM, methylene chloride). 1In addition, physiologically based
pharmacokinetic models have been developed, showing that tissue-
level delivery of metabolically activated DCM may be \
disproportionately reduced at low exposure levels. These studies
suggest to some that the clear carcinogenic response seen in mice
‘under chronic high expoéures does not imply substantive human
risk at low doses..

The Health/Risk Assessment Committee (HRAC), comprising
representatives of four fedérél regulatory agencies, was convened
to conduct joint analyses of these new data. This document
reports on the HRAC's éonsideration of the data and the,questions
they raise about human cancer risk from DCM. It serves as a |
source §f up-to-date analyses that may be drawn upon by each
agency asvit considers ﬁodifying its cancer fisk assessment.

The HRAC finds that, despite‘new data, the mechanism of
carcinogenic aétion of DCM remains problematical; there is no
basis at present to conclude that carcinogenic response is unique
té miﬁevor confined to high exposure levels. Uncertainties in
dpfrent‘pharmécokinetic models fbr DCM ére examined, and their;
appligation td extfapolating animal-based risks‘to huﬁans is

discussed extensively. Negative epidemiologic studies do not
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contradict the human risk estimates extrapolated from

experimental animals.
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1. INTRODUCTION -

This document is the product'of the Hazard/Risk Assessment
committee (HRAC) of the Integrated Chlorinated Solvents Project.
The following federal regulatory agencies participated in this
effort: the U.S. Consumer Product Safety Commission (CPSC), the
U.S. Environmental Protection Agency (EPA), the Food and Drug
Administration (FDA) of the U.S. Department of Health and Human
Services, and the Occupational Safety and Healfh Administration
(OSHA) of the U.Ss. Departmenﬁ of Labor. Scientists from these
9 agencies cooﬁerated in an intense effort to review the numerous
technical papers on dichloromethane (DCM, methylene chloride)
that had been submitted to the agencies or published since the
publication of EPA's Health Assessment Document (HAD) for
Dichloromethane and Addendum in 1985. The chaptérs that follow
~ report on the extensive analyses of the new data and alternative
methodologies for determining risk for DCM.

This document does not replace‘previoﬁsly published
dottients, nor is it a risk assessment per se. It is the HRAC's
intention that this document be used as background‘when each
agéncy develops its most up-to-date risk assessment for DCM for
its own mandated purpose.'r

Chapters 2 through 4 review the physiologically based
pharmacokinetic models used by Andersen et al. (1986, 1987) and

Angelo et al. (1984) to describe and attempt to predict the

disposition of DCM and its metabolites in the body. An ultimate




goal of such models could ba to guantitatively account for
interspecies differences in metabolism and pharmacokinetics.
Also, the models can be employed to account for pharmacokinetic
nonlinearities that arise when dose-to-dose extrapolations are
performed in the risk assessment process.

Although the models are capable of predicting some facets of
DCM disposition, several concerns result regarding the structure
and parameters of the models. The most crucial uncertainty ‘
appears to revolve around the estimates chosen for the key rate
constants in the metabolic pathwgys that transform DCM intc other
products, including putative carcinogenic species.' Other
studies, submitted by the Eurocpean Codncil of Chemicai
Manufacturer's Federation (CEFIC, 1986a, e, f), were also
extensively reviewed in an attempt to reduce the uncertainty
associated with the metabolic parameters.

Chapter 5 reviews several submitted studies (CEFIC 1986b, c,
d, g) regarding DCM's potential mechanism of carcinogenicity.
Although not in themselves conclusive, the results of these
studies could be consistent with considering DCM to be a wesk
genotoxic agent.

A recent update of the epidemiology of Kodak workers with
known exposure to DCM (Hearne et al., 1987) was reviewed in
Chapter 6. The quality of the study was assessed and the study
results were compared for consistency with risks calculated from
animal~based experiments. The HRAC concluded that the risks

calculated from animal-based experiments can be considered to be

2




consistent with the results of the epidamiology studies.

Chapter 7 illustrates two possible applications of how
pharmacokinetic~info;mation and data may be incorporated into the
quantitétive risk assessment. One method incorporates
interspecies differences in pharmacokinetics while the other only
incorporates differences resulting from high- to low-dose
extrapolation. The major uncertainties associated with each
approach aré discussed. For the present, when using the
pharmacokinetiés fof-high fo low dose only, thé estimated upper
bound.on:thebrisk would be reduced from the applied dose
estimates, at a mninimum, slightly more than.twgféld. on the
other hand, using pharmacokinetic data and models for '
interspecies extrapclatich would result in a reduction of risk
from the applied dose estiméte by almost ninefold. Tbe two
methods differ in the assumpticné thét are made and are not
equally sensitive to one»of the key metabolic rate'constants.

For example, the ninefold reduction resulting after incorporating
pharmacokinetics into the interspecies extrapolation coﬁld be
substantially altered with alternative estimates for the
metabolic rate constant for the convarsion of DCM by a

' dglutathione-S-transferase (GST) mediated pathway.

N - In formulating methodology to incorporate pharmacokingtic
infofﬁatign into risk assessments,va number of generic questions
are revealed. The relative iﬁportance of.interspecies 7
differenceé in pharmacokinetics and pharmacodynamics will have to

be discerned to further reduce uncertainty in the risk assessment
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process. Pharmacokinetic models may not necessarily settle all
the cquestions regarding equivalency of doses between different
species; however, valuable insight regarding the magnitude and
consequence of metabolic and pharmacokinetic differences between
species can be gained from their use. Exposure-related
questions, such as comparing the effect of sporadic high level
with low level sustained exposure can be more readily and
accurately answered using pharmacokinetic models.

Pharmacokinetic data and pharmacokinetic models do not answer all
of the "old" questions that have faced previous risk assessors

but hopefully provide new insights into understanding how major

uncertainties can be reduced.




2. PHARMACOKINETICS AND PHARMACOKINETIC MODELS

2.1. INTRODUCTION

One of the most chailenging issues concerning the HRAC's
risk assessment of DCM has been with respect to pharmacokinetics.
Itlis very important to ascertain whether or not the estimate of
risk for this compound is appreciably altered after considering
Vpharmacokinetic data. Basically twe thsiologically based
‘pharmacokinetic (PBPK) models have been formulated to predict the
disposition of DCM and its metabclites in the body. The first
model is based on an earlier model formulated to describe the
dlSpOSltlon of styrene (Ramsey and Andersen, - 1984) This model
has been modlfled by Andersen et al. (1986, 1987) and Reitz et
al. (1¢86) to.account'for DCM expoeureL' Earlier drafts of fhese‘
studies were‘supplied to the various'federai regulatory agendiee:
for review. It is7pestu1ated‘by Andersen et al. (1986, 1987) and

Reitz et al. (19865lthat if the EPA considers the results of this

model, the.risk number would be greatiy reduced from what is

presently in the HAD for DCM.

A second PBPK model formulated by Angelo et al. (1984) has
also been used to describe the disposition of DCM and its |
metaboiites in the body. A series of accompanying papersvhave
been published (Angelo and Pritchard, 1984; Angelo et al., l986a,
b) that provide data on several important pharmacoklnetlc
considerations. After‘reviewing both the Andersen and Angelo
papers, it becomes quite obvipus that the two models have

5




significantly different structures. This chapter will discuss
the use of pharmacokinétics in risk assessment and will examine
both models and elucidate differences between the two. Itkwill
also assess some of the assumptions that have gone into the
formulation of the models.
2.2. PHARMACOKINETiC MODELS AND METABOLISM
2.2.1. Model Used by Andersen and Reitz

This PBPK model for DCM is based on a similar model
published by Ramsey and Andersen (1984) to describe the
disposition of styrene. The model has been modified for the case
of DCM (Andersen et al., 1986, 1%87),to éccount for metabolism by
two pathways. Both metabolic pa?hways are assumed to occur in
the liver as well as in the lung: One path is mediated by the
P-450 system and is considered to exhibit saturation kinetics at
the given exposures. The second pathway is mediated by the
glutathione-S-transferase (GST) system. This pathway is
considered to be first order at the given exposure conditions.
Most importantly, it is aésumed by Andersen et al; (1986, 1987)
and Reltz et al. (1986) that this pathway is the dnly source of
carcinogenicity. Further, it is postulated that the activiéy of
thig pathway in humans is less than that of mice and might ohly
become significant when the P-450 pathway has been saturated, a
process occurring only at concentrations above those expected in
conditions of human exposure. Reports presented by CEFIC (1986e)

further imply that the activity of this pathway in humans is at_

least two orders of magnitude lower than in mice, and in fact,




may be totally nonexistent;”&%hus, igyis inferred that human risk
is practically zero.

For the inhalation case the model assumes that the inhaled
air in the lung and pulmonary blood quickly achieves and
maintains steady~-state conditions throughout the course of
exposure. None of the other organs are assumed to be in steady
state. This steady-state assumption is reasonable for this type
ef,compound under the conditions of exposure outlined by Andersen
et al., (1986, 1987). The model is structured Be that the lung is
éivided into two subcomﬁartments: a gas exchange compartment and
a metabolism compartment. The iung was modeled with thie
subcompartmentalization'because the DCM rapidly equilibrates
between air and lung blood. Thus, it was'assumed that this
equilibration was completed before the DCM entered the lung
tissue (Andersen et:al., 1987). Given, the possibly high
metabplic activity of some of thellining cells (CEFIC, 1986;),
this may not be a totaliy accurate picture‘cf the lung. However,
it is probable that errof, if introduced, would be small. |

. Some key physical parameters thatrgo into the model are )
partition coefficients. These partition coefficients actualiy
répresent the ratio of distributien of DCM between a tissue
compartment and the blood at conditions where the blood and the
ﬁiéeﬁe are at equilibrium or betﬁeen blood and air. Althouqh
they may be deterﬁined in a variety of ways, ofteﬁ partition
coefficients are determined in an experimental situation with

dosing performed so that blood concentrations are at steady

/
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state, such as may be achieved with a constant infusion.
Alternately, they are determined mathematically from data
obtained at various times after exposure. Usually these data
should be the result of exposure at more than one dose. The
method used by Andersen et al. (1986, 1987) for DCM, however, is
significantly different. Tissues are homogenized and then
partition coefficients are determined with a vial equilibration
technique. This essentially means that air/tissue partition
coefficients are determined for various tissues including the
blood. A ratio of the air/blood to air/tissue coefficient is
then the tissue blood/partition coefficient. Considerable
concern arises over whether or not this résults in an accurate‘
determination of this parameter.

Essentially, distribution of a compound among different
compartments is governed by its reversibie binding with protelns
and/or other constituents and permeability of the various
membranes across which it may pass (Terasaki et al., 1984). The
homogenization of tissues clearly alters their normal
architecture and thus leads to several experimental problems that
could effect the accuracy of the resultant partition
coafficients. For example, it is not clear how, after the
homogenization process, artifacts such as disruption of normal
membranes, degeneration of normal binding components, and altered
metabolism should be taken into account.

Angelo at al. (1984) used a different method for determining

partition coefficients which will be discussed more fully in




subsequent sections. The model used by Angelo et al. uses
coefficients for two subcompartments in each organ, a vascular -
compartment and an extravascular compartment. The extravascular
compaitment is thought to be perhaps lipid containing.
Comparisons of the coefficients'reported by Andersen et al.
(1986, 1987) paper with those reported for the vascular
compartment in ths Angelo et al. (1984) paper reveal a close
correlation. Thus, in this case it is probable that the |
partition coefficients used by Andersen et al. (1986, 1987) are
within acceptable ranges for describing partitioning across the
vascular membrane. It is possible that some inaccuracy could
result if an organ has a significant lipid fractien and
partitioning occurs from the vascular region into the lipeid
region. If tissde and blood values for DCM were determined and ~
reported over time, the distribution vaiues could be estimatediby
othef means (King et al., 1983), and thﬁs a more direct
comparison of in vivo and in vitro values ceuld be made. In
addition, in a memo sent to the U.S. EPA dated March 9, 1987
(TSCA docket no. OPTS=62045), Harris reports that work done at
the Central Toxicoiogy Laboratory of the Imperial Chemical

Industries~United Kingdom (ICI-UK) shows that rats and mice Have

the same air/blood partition coefficient, in contrast with the

differences repbrted by Andersen et al. (1986, 1987). The actual
guantitative impact that this discrepancy could have on the model
has not yet been determined, but it does raise‘someVQuestions

about the methods used by Andersen et al. (1986, 1987). 1In fact,
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in earlier discussions ICI-UK scientists stated that in order for
the model to coincide with data generated in their laboratories,
the fat/blood partition coefficient had to be raised almost an
order of magnitude. This might make the value for this parameter
in excess of expected and other reported values. Also, a |
combination of errors in the metabolic rate constants and the
partition coefficients may cause the model used by Andersen et
al. (1986, 1987) to be in error. While few definitive
conclusions can be drawn at this time, the sensitivity of the
model to these parameters serves to demonstrate that PBPK models
depend on a complex set of parameters. Because of the
interactions of those parameters within the model, estimating
error for any one of the parameters can become a very difficuit
task.

A short discussion regarding the breathing rate parameters
that have been used by Andersen et al. (1986, 1987) and Reitz et
al. (1986) is warranted. Andersen et al. (1986, 1987) determined
breathing rates for humans and mice by direct observation. The
value for mice is higher than EPA's standard assumption,_while,
that for humans is markedly lower. The Andersen value for humans
is for a person at rest, but thevEPA, FDA, and CPSC use a vialue
considered typical of average activity (almost twice as high as
Andersen's value) or occupational activity (nearly three times
higher than Andersen's value). The values chosen by Ande:sen et
al. (1986, 1987) and Reitz et al. (1986)‘are not nacessafily :

incorrect but apply to the specific exposure conditions that

10




those experimenters observed for algiven set of experiments. To
compare any estimate ¢f body burden or risk estimation with that
typically calcﬁlated by.the federal regulatory agencies, the
breathing parameters should be theisame for both methods.
Andersen et al. (1986, 1987) compared the federal regulatory
agencies' prediction of risk with predictions based on the PBPK
model using the original breathiné ratés; i.e., risks based on
the higher human breéthing rate without pharmacokinetics have
been compared to risks based on the lower breathing rate with
pharmacokinetics. This issue is discussed further in'Chapter 7
- which contaiﬁs an évaluatién of theieffects of the PBPK modél on
the risk assessment. | |

Another key seﬁ of parametérs is the metabolic cénstants,
which are discussed in more detail in subsequent chapters.
Briefly, Andersen et al. (1986, 1987) and Reitz et al. (1986)
applied their model to data on the disappearance of DCM from a
closed inhalation chamber, as the compound is taken up and‘
metabolized by mice, rats,; and hamsters. They‘developed values
on the rates of metabolism by each pathway for the model, not
from difect experimgntation buﬁ by mathematicai optimization, to
provide the best fit of’the model to the data on the |
ﬁigappearance of DCM from the chamber. Because human data were
ﬁudgéd to be inappropriate for the optimization routine, the
value for the human GST metabolism constant (ky) was determined-
by scaling based on body weight to a power. Andersen et al.

(1986, 1987) observed that clearance (mL/hr) for the GST pathway
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in the liver appeared to.have an allometric relationship in the
three rodent species, as demonstrated by the fact that intrinsic
clearance (rate constant times the liver volume divided by body
weight raised to the 0.7 power) was nearly equal in all three
gpacles. The highest experimentally observed intrinsic clearance
(60 mL/hr/kg) was then used to estimate the clearance in 70~kg
humans. From this clearance, the human kp was determined. As is
discussed in Chapters 3 and 4, the HRAC hasAsome reservations
with the method and the results of such an extrapolation. The
potential for error in this method ig illustrated by the fact
that the findings of CEFIC (1986e) contradict the extrapolation
prediction of substantial GST metabolism in human liver.
Although the HRAC feels that the sensitivity of the method used
by CEFIC (1986e) is very limited, results of those in vitro
experiments indicate vefy little GST activiﬁy towards DCM in
human liver tissues. However, it is also well to note that no
agreed-upon methods exist to extraﬁolate metabolic constants from
in vitro to in vivo either. | |

As far as the model is concerned} the metabblic parametérs
are very important. The premise with this modelAis that the risk
is associated with the formation of metabolites in the liver and
the lung. Thus, the actual desired and important output of the
model is the metabolite production. ‘ i

It appears from some investigations (Chapter 4) that the
varying of the metabolic parametsfs results in a different |

prediction of metabolite production while still fitting the data
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| regarding the disappearance of DCM from the inhalation chamber.

The result is that an 1naccurate metabolic parameter in the model
would not be noticed if model output was compared simply to
chamber data. Thus, it is very important to have actual
“netaholite production data to "test" the model. This is
particularly important if metabolite production is key to risk
estimation. Although the gathering of preliminary data'by Reitz
et al. (1986) is a‘first step in this process, more such‘data
‘will be needed to propefly determine the 1eve1 of certainty‘of :
this model. 7

Additional key metabolic parameters in the model are those
.that'specify the relative activities of the‘two pathways between
netabolically active organs, in this case the liver and lung.‘

Andersen et al. (1986, 1987) partitioned activity of the MFO and

GST pathways between liver and lung using data from Lorenz et al
(1984) on thevrelative activities in each tissue toward sur:ogate
substrates (2,4-ainitrochlorobenzene for GST and 7-ethoxycoumarin
for MFO activity). On the basis of the hcrenz‘data, Andersen et
al. (1986, 1987) set the proportion of MFO metabolism occurring
iﬁ‘the human lung at a very low level compared to the mousée 1ufig.
Lorenz and coworkers noted, hovever, that their human lung
preparation contained endogenous inhibitors of the MFb pathway.
Concerning GST "surrogates," it is not clear whether.or not
isoenzymes exist, and if so, whether they would all show the same
'1evei of activity. l(Specific reviews of this procedure are

discussed in Chapter 3.) The model would be very sensitive to
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errors in the partitioning of metabolism. In particular, an
error in the partitioning of GST activity between livér and lung
would result in essentially a proportidnal error in the model's
prediction of metabolite, and thus of the estimateq riék.

CEFIC (1986f) have gathered data in vivo in both rats and
mice in an attempt to validate existing PBPK models of DCM
disposition. Briefly those findings indicate that the
disposition in mice is different than that in rats. These
studies do substantiate the fact that mice convert DCM more
efficiently than do rats; In addition, both species show a two-
phase elimination profile after exposure ceases. The slower
second phase, much more pronounced in rats, is probably due to
release of DCM which had sequestered in lipid-rich compartments
of the tissues during exposure. One probable explanation for the
longer second phase elimination in rats is that, due to lower
metabolic rates, rats tend to sequester the parent compound in
lipid-rich compartments during exposure and slowly release it
after the exposure period has terminated. These differences
between rats and mice are observed at levels above which
mechanisms for production of carbon monoxide formation from DCM
are saturated.

These data further indicate that after satﬁration of the
carbon monoxide pathway in rats, there is a nearly linear
increase in the area under ﬁhe curves (AUC) for DCM in the blosd
with increasing exposure concentration. On the other hand, in .-

the mouse, the AUC for DCM in the blood does not show a linear
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relationship with exposure concentration but father an increasé
in a sublinear fashion. Thus, it’appears that the ratio of the
Vpax for the P-450 pathway and the kp (first-order rate constant)
for the GST-mediated pathway is different in the mouse as
_ coﬁpéred to the rat. Therefore, the finding of linearity of the
blood concentration of the parent compound with increasing
exposure~concentrati6n in'the rat, but not in the mouse,vneed not‘A
necessarily lead to the conclusion that no GST activity occurs in
the rat. Rather, it could simply mean that the ratio of Vp,y to
kp is greater in the rat than in the mouse.

| Careful examination of the profiles of DCM in the blood of
both rats and mice reveals additional interesting findings. It .
appears that at the lowest exposure concentration (500 ppm) fats
are more efficient at removing DCM from the blood than are mice.
Yet, at this 5c.)0—vppm exposure both species show the éame level of
saturation of hemoglobin with carbon monoxide. Thus, it might be
deduced that rats, at low exposure conditions, have some
" mechanism in addition to P-450 metabolism to remove DCM from the
blopd. There are two possible explanations for this more
effidient blood removal of the parent compound at low exposure
concentrations by ﬁhe rat. First, the rat is able tolsequestér
more of the parent compound in fat-conﬁaining regions of the
body. Angelo et al. (1984) found that DCM élimination could ohly :
be explained (after intravenous dosing in a vehicleucontaining
polyethylene glycol and water) if some sequestering into lipid-

rich compartments of the organs were considered. A second
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possibility is that rats show some other metabolic process at
very low exposure concentrations. However, it is clear from
examining carbon dioxide elimination patterns that carbon
dioxide-producing pathways, such as the GST pathway, although
present, are not as active even at low doses in rats.

An apparent explanation for at least part of this more
efficient elimination of DCM from the blood by rats is that due
to a larger fat compartment, they are able to sequester the
compound more efficiently at these lower concentrations than are
mice. Also, the "filling" of the fat compartment can be thought
of as a saturation of the another process of eliminating DCM from
the blood. It appears that both the fat compartment and the
P-450 metabolism mechanism are saturated by loooyppm} In
conclusion, these data strongly suggest that the metabolic
capabilities of mice are different than those of rats regarding
DCM. Mice are able to cbntinue metabolizing the compound even
after the oxidative carbon monoxide-producing pathway has been
saturated, as opposed to rats which appear to have a lower level
of activity of the GST pathway at‘the tastad exposure conditions.

CEFIC (1986f) has not reported on any comparison of their in
vivo data with predictions of the model of Reitz et al. (1986).
However, in discussions with the HRAC they have stated that the
fat/blood partition coefficient had to be increased by an order
of magnitude in order for the médel to fit. This increase would
be beyond any expected range for the value for this parameter.

Thus, it 1s apparent, according to those workers, that some other

¥
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parameter in the model must be in error, or that the model's
structure is in error. Green and coworkers are under the
assumption that the metabolic parameters selected by Reitz et al.
(1986) are in error, and have embarked on a series ofvexperiments
that may greatly aid in establishing more accurate values for
those parameters. In general, the HRAC agrees that any error in
the model is likely to be with the metabolic parameters; however,
~a question remains regarding partition coefficients (section
2.2.1.) and the model's structure. This question arises when
comparing the model used by Andersen et al. (1986, 1987) with one
developed by‘Angelo et al. (1984) for DCM after intravenous and
per os exposure (discussed more fully in the next section).
2.2.2. Model Used by Angelo et al. o

" The PBPK nodel used by Angelo et al. (1984) is strﬁctuféd
- somewhat differently from the model used by Anderson et al..,
(1986, 1987) in that lt was formulated to descrlbe the ‘
disposition of DCM after an intravenous dose, ,The.model also
takes into account metabolism to carbon dioxide and carbon
moﬁoﬁlde by two pathways. However, thls model considers most of
the body organs to have two subcompartments. One, termed the
tasoular region, is blood flow limited, and the other,.termed the
extravascular region, is membrane diffusion limited. vThis,modai
1s somewhat more complex than the model used by Andersen'etaal.v
(1986, 1987), and more pérametera are required as input. The
structure of the model was found to best describe the data

gathered after an intravenous exposure.
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In the model used by Angelo et al., the partition
coefficients are determined by a much different process than
those in the model used by Andersen et al. (1986, 1987), that is,
they are determined mathematically by optimizing from several
time points at two doses. This method is used for a variety of
reasons. The most important reason is that for each organ the
partition coefficient for the lipoid region would be very
difficult to determine experimentally. This method is similar to
that used by King et al. (1983) and it appears to be a reasonable
way to determine the partition coefficients. It would be
interesting to have had an experiment in which the whole organ
partition coefficients were determined from a steady-state
infusion technique. The organ partition coefficients could then
have been compared to the vascular region coefficients in the
model used by Angelo et al. as well as those derived from the’
equilibration technique in the model used by Andersen et al.
(1986, 1987).

Pulmonary clearance rates, metébolism constants, and
permeability-area products are determined from in vivo data.
Pulmonary clearance of DCM is calculated by dividing the total
amount excreted from the lung following a 60-minute time period
after dosing by the intégral;of arterial blood concentration
(Angelo et al., 1984). The amount of DCM that is excreted is
determined experimentally. The metabolic clearance is determined
in a similar fashion using the total amount of each metabolite

produced (carbon dioxide and carbon monoxide) divided by the
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integral of the venous concentration of DCM in the venous blood.
The apparent in vivo metabolism constants (Ky and Vpa,y) are then
mathematically derived from these data. The permeability-area
‘products are determined from experimental data. The data needed
to determine the metabolic constants are the venous blood
concentration of bCM, the total organ concentration of DCM, and
the integral of the venous concentration of DCM. These are .
considefed'initial estimates for all of the parameters. Then,
given the data from two doses, an optimization routine results in
a "final fit" for all.

Given intravenously, DCM appears to sequester in certain
tissues while simﬁltaneously disgppearing from the blood. In
subsagquant work (Angelo et al., 1986a, b) this phenomenoh was
investigated further. “Affer reviewing these papers, it does
indeedvappear tha# DCM remains in some of the tissues for quite
some time affer its disappearance in thevblood. Angelévet al.

- (l986a, b) concluded that this.is due, for some reason, to the
vehiéle of administration. rThey reported that, When dosing by
thé oral route with an aqueous vehicle, the disposition profile
~is not the samevas when dosing by an intravenous route with a
polyethylene glycol vehicle. ,

' 'A‘strong pbint of the model used by Angelo et él.vis its
favdrable comparison t6 the data. The model was particularly
éucbessful‘in predicting the disposition of DCM, carbon dioxidér
and carbon monoxide for repeated oral dosing. It also predicted

some components well after an intravenous dose. The predicted
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values for DCM elimination from the lung were 10% to 15% higher
than the actual data. The prediction for carbon dioxide and
carbon monoxide elimination were excessive at short times but
closer at predicting the ultimate amounts of the formation of
these substances.

Predictions using this model indicate that DCM,
when given repeatedly for 14 days to Fisher 344 rats by daily
oral gavage in water at a dose level of 200 mg/kg, did not
sequester in the liver from day to day (Angelo and Pritchard,
1984). That is, by the time of the next daily gavage the
previous day's material had been eliminated from the liver. The
prediction, therefore, appeared to agree with the data. ‘Further,
the model showed that é corn oil vehicle would greatly increase
thae time required for oliminagion to occur in the liver compared
to an aqueous vehicle. The model's prediction showed the corn
oil effect to be less pronounced for venous blood. Thus, blood
profiles are not necessarily accurate reflections of tissue
disposition profiles. This point needs to be considered when
comparing model output to data. Agreement of model output with
blood data is not always indicative of agreement with tissue
data. |

Angelo et al. (1986a) found, upon comparing profiles after
intravenous dosing in water with oral dosing in water, that the
elimination phase of DCM in the blood is similar for both routes
of administration. However, the tissue concentrations were foufid

to significantly differ between,intravenous and oral routes.

20




Intravenous administration resulted in eleﬁated tissue levels
over tiﬁe in the lung and kidney, but not in the carcass. Also
of note is that following an intravenous administration, blood
profiles do not resemble tissue profiles as they do followihg
oral administration. Thus, it could be misleading to infer
tissue disposition merely from blood profiles in the case of
intravenous administration. It is not clear at this time whether
or not this lack of correlation batween blood and tissue occurs
after inhalation exposure. This again illustrates some problems
when measuring the accuracy of a model against déta; that is, a
model predicting blood data may not be accurately predicting
tissue data.

The effect of route on metabolic profiles is also of obvious
consequence when comparing intravenous versus oral
administration. Because the liver has greater metabolic activity
than the lung, a greater fraction of DCM is metabolized upon -
"first pass" after oralvadministration. Thus, less unchangedlDCM
is avaii;ble for pulmonary excretion when compared to intravenous
administration. In this latter case the lung is the "first pass
6f§éﬁ,"vand thus a gféater fraction of ﬁCM can be eliminated
ﬁndhanged. |
: ‘The model used by Angelo et al. (1984) was modified tor‘
'account‘for inhalation exposure (Angelo et al., 1986c),‘and the 
authors report that the médel deséribed the distribution of DCM
in the blood of rats during a 6-hour inhalation exposure using -

the data of McKenna et al. (1982). However, the results of that
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simulation are not provided (Angelo et al., 1986c). Assuming the
simulations accurately describe the data, one must question
whether a model, such as the one used by Andersen et al. (1986,
1987), which does not account for sequestering into lipid-rich
compartments of some organs, is accurate. |

The model was also used to determine "equivalency" between
oral and inhalation doses. The correlation varies depending on
the target one is observing. The nature of the relationship
between routes'depends on which tissue, end product, parent, or
metabolite is being examined.

The model was able to predict the amount of DCM retained
during steady-state inhalation conditions. The predictions were
that less than 15% of DCM would be retained in the body at
exXposure concentrations between 50 and 1500 ppm. Whether or not
this indicates error in any previous extrapolation based on
applied dose (which assumes 100% absorption) would depend upon
whether or not the fraction absorbed is different in experimental
animals versus humans and whether or not the absorbed fraction is
different at the exposure concentrations of the bioassay from low
exposure concenﬁrations. When properly applied, PBPK moﬁels are
able to account for such differences.

To summarize, three important points can be gained from
examining the data and model developed by Angelo et al. (1984;
l986a, b, c¢) and Angelo and Pritchard (1984). First, tissue
concentrations of DCM are not accurately reflected by blood

concentrations; thus, to determine how well a model predicts
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tissue.disposition, tissue data are necessary. Second, it is
possible that the disposition of DCM after an intravenous dosing
regimen is most likely different from the disposition after an
oral dosing. The implication that this difference may have én
effect on inhalation dosing is not clear. Third, during steady-
state inhalation exposure, much less than 100% absorption would
be predicted. PBPK models are able to account for this factor
and can account for changes in this factor with different
exposure concentrations.

,2°2°3° Sumﬁagx -

The model being proposed byvAndersen eﬁ al. (1986,v1987) and
Reité et al. (19886) neéds to be further tested against |
concentrations ovaCM in_the.tissues. More data regarding the
production of carbon monoxide and carbon dioxide aré required to
further substantiéte,the model's ability to accufateiy predict
metabolism. Also, thése aﬁditional data regarding tiséue
disposition will elucidate whether or not the ccmplexity of the
- model used by Angelo ef al. is necessary.
| ,vFurther, according to discussions with the ICI-UK
sciéntists, it appears tha; some reevaluation of cg#tain‘
parameters is neéessary. Those investigators feel that the
fetabolism paraméters are in need of readjustment in order for
thermodel to be a valid predictor of tissue conéentratiops of DCM
and its metabolites. The HRAC agrees with this opinion but also
feels that there is some possibility that the model may have to

be struéturaily»altered to account for seQuastering of the parent
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compound into lipid-containing compartments. This could be
significant when using the model for humans who may have repeated
exposure over a long period of their lifetimes.

In addition, severai key questions remain, but ICI-UK
scientists are conducting studies that may greatly reduce the
uncertainties associated with these. First, there remains some
uncertainty as to whether or not the GST pathway is the sole
path to carcinogenicity. As previously discussed, the evidence
to support this assumption is quite strong, but one cannot be
100% certain. WwWithout such assurance some level of uncertainty
will always be associated with risk assessments fér DCM. When‘
some of the uncertainties with other questions are reduéed, it
may be possible to estiﬁatg the level of certainty with this
first assumption which is truly related to the exact mechanism of
action. The remaining questions address the activity of the GST
pathway. It is obviéus at this time that there are species
differences in thevactivity of metabolism by this path. Due to
the lack of sufficient sensitivity of the recently completed
analyses by ICI-UK, it is not clear whether or not the pathway is
totally nonexistent (regarding DCM in rats, hamsters, and
humans). If it is proven to be nonexistent and one assumes that
this path is the major or only route to‘carcinogenicity, then the
risk estimate to humans could be substantially lowered. It is
hoped that ongoing studies at ICI~UK will add a great deal of‘
Knotiledge in this area. Presently ICI-UK scientists are planfiifiy

and/or conducting studies using 36cl-DcM to determine, in vitro,
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the lavels of GST activity towards DCM in liver, and posslbly
lung, of various species, including humans. Properly performed,
these analyses could answer the question as to whether or not
this pathway is active in species, such as the hanmster, which
have not shown the same tumor response.

Questions regarding the salivary and mammary gland adenonas
and possible human pancreas tumors will remain, however; unless
the sahe or comparable pertinent metabolic studies are performed
on those tissues as well. The model used by Andersen et al.
(1986, 1987) does not, at present, account for "toxic" metabolite
ptoduction in any tissues except the lung and liver. If other
tissues are deemed important in the scheme of potential
earcinogenicity to humans, then appropriate parameters would have
‘to be determined and the model ﬁodified to describe and predict
metabollte dlsp051tlon in those tlssues as well.

The epldemiologlc ev1dence that pancreatlc tumors develop
;after exposure to DCM is equlvoca; at present. Yet, some‘studles
- (Black and Howerton; 1984; Mukhtar et al., 1981) suggest
significant GST activity in animal and human pancreatic tissue. -

Also, at this time the significance of the rat salivary
gland tumors is not considered remarkable, and reports have been
publlshed (Russo et al., 1982) which indicate that benlgn
adenomas of the mammary gland are histogenically dlfferent from
mellgnant adenocarcinomas and are not believed to have a hlgh '
malignant potential. A note of caution should be raised here as

well. Tumors that are shown to exhibit altered genomes or other
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chromosomal aberrations within their cells should be considered
to be more significant than those that do not exhibit such
changes. These changes, regardless of the tumor type, should be
considered relevant when assessing the cancer risk for humans.
That is, a substance that may cause a mutagenic change in one
mammalian cell should be considered potentially capable of
causing such a change in another mammalian cell, including human
cells. There are numerous measures to determine whether or not
DCM or an active metabolite is mutagenic in specific tissues.
Studies to determine the rate of unscheduled DNA synthesis and
the amount of covalent binding to DNA have not been performed in
mammary cells; thus, it would be impossible to state with
absolute certainty that DCM or its metabolites do not have
mutagenic potential. However, the mammary tumors in the NTP
bioassays were fibroadenomas, and these do not show
characteristics indicative of malignant potential. Thus, the
significance of these tumors, although uncertain, is probably not-
great. In fact, Ackerman and Rosai (1974) stated ". . . that the
malignant transformation of a fibroadenoma is exceptional and for‘
practical purposes can be disregarded ih the management of this
lesion. However we have seen a few cases in which part of the
epithelial component of a fibroadenoma had the microscopic
appearance of carcinoma. The prognosis of tumors limited to the
fibroadenomas was excellent."

Additional studies being planned by ICI-UK scientists using

the stable isotope effect will provide information necessary to
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answer the question regarding the source of carbon dioxide formed
after exposure to DCM. CEFIC (1986e, f) and Reitz et al. (1986)
assumed that the GST pathway in mice operates only at
concentrations that are high enough to saturate the P-450
pathway, and CEFIC (1986e) further assumed that the GST pathway
has very little activity in humans. The question then arises as
to where the carbon dioxide observed in mice at low doses and
rats and humans arise from? CEFIC (1986f) and Reitz et al.

(1986) assumed that some carbon dioxide results from metabolism
from the P-450 system; thus, the carbon dioxide observed is not
‘inconsistent with the lack of GST activity in rats and humans and
lack of GST activity in mice at low doses. Previously it had
been assumed that carbon dioxide could only arise from the GST
pathway. If correct, this assumption would imply that some GST
activity must be occurring in mice at low doses as well as in
rats and humans. Determining which of these assumptions is
correct could obviously have significant implications on the risk
estimate. The planned studies using deuterium replacement for
hydrogen, and thus taking advantage of the stronger bond energy
that results from substitution, will help to discern the source
of the carbon dioxide. Carbon dioxide resulting from P-450
metabolism would be subject to the isotope effect, and such a
pathway would exhibit reduced carbon dioxide generation rates.

On the other hand, carbon dioxide arising from the GST pathway,
due to no carbon deuterium bonds being broken, is not affected in

this case, and its production should not be altered by the

(

27




isotope effect. Thus, in in vivo studies with deuterated DCM,
reduction of carbon dioxide production would be indicative of the
amount of carbon dioxide produced by the P-450 pathway. If no l
reduction of carbon dioxide production is observed, then it can
be concluded that the GST pathway is the sole source of carbon
dioxide. This would imply that the GST pathway is active at low
exposure concentrations in mice and rats. If this is the case,
then the structure of the model, its parameters, and its
underlying hypothesis must be reevaluated.

To summarize, it is hoped that these studies will serve to
remove some doubt as to whether or not the existing evidence can
be interpreted to mean that the predominant pathway at low doses
is the MFO pathway and at high doses is the GST pathway.

In conclusion, the ﬁodel used by Andersen et al. (1986,
1987), despite some ques:ions regarding structures and parameter,
appears to be a good approach for high- to low-dose extrapolation
within a species. The questions and possible errors would not be
judged to have a great impact (Chapter 7). Ho&ever, these errors
would have a much greater impact if the model was used for

species-to-species extrapolation.
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3. METABOLISM OF DICHLOROMETHANE

In a 1985 analysis of the relevant literature, EPA staff
scientists concluded that the resuits of both in vitro and in
vivo studies indicated that DCM is,metabelized via two pathways
(U.S. EPA, 1985a, b). One pathway yields carbon monoxide (CO) as
an ehd product, and the other pathway yields carbon dioxide (CO3)
as an end product. Each pathway involves formation of a
metabolically active‘intermediate that is theoretically capable
of irreversibly binding to éellulaf macromolecules (Ahmed et al.,
1980). In vivo data suggest ﬁhat when rats or mice are exposed
to high concentrations of DCM (50 mg/kg or 500 ppm or more), they
exhale more COz than CO (Yesair et al., 1977; McKenna et‘al.,
1982). At exposure to low concentfations of DCM (1 to 10 mg/kg
or 50 ppm) both pathways are utilized about equally (Yesair et
al., 1977; McKenna et al., 1982). Thése observétions are |
consistent with the data éhowing that the oxidative pathway
(vyielding cO) is saturated at relatively low aexposures (< 500
ppm) while the pafhway yielding CO, appears to be first order
evén at exposures of 1500 ppm. '

Recent reports (Gargas et al., 1986; CEFIC, 1986e, f; Reitz
et al.; 1986) have suggested that: (1) at low doses DCM is
élméét exclusively metébolized by tﬂe oxidative pathﬁay; (2) the
oxidative‘pathway is capéble of yielding significant amounts of
C02 in addition to cé; (3) there is a sighificant difference in

the enzymatic activity of the two pathways from species to
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species; and (4) there is a significant difference in toxicity
between the reactive intermediates generated by the two pathways.
The purpose of this chapter is to review the data used to support
these conclusions and to alter the EPA HAD for DCM if needed.
3.1. IN VIVO METABOLISM

The conclusions that DCM is almost exclusively metabolized
by the oxidative pathway at low exposure levels and that the
oxidative pathway is capable of yielding significant amounts of
COp are based on a series of in vivo experiments in rats and mice
(Gargas et al., 1986; Reitz et al., 1986).

Gargas et al. (1986) studied the in viQo mefabolism of a
series of dihalomethanes in rats. These investigators monitored
blood bromide during inhalation of dibromomethane (DBM) and
bromochloromethane, and blood levels of carboxyhemoglobin (HbCO)
during inhalation of DBM, bromochloromethane, and DCM. Gargas et
al. (1986) compared cohtrol values to those obtained from animals
pretreated with pyrazole (inhibits microsomal P-450 oxidation) or
2,3-epoxypropanol (2,3-EP) (which depletes éluiathione) in order
to assess the relative contribution of each pathwaywto the total.
metabolism of dihalomethanes. Animais pretreated with pyrazole |
had a very significant decrease in blood HbCO during exposure to
DBM, DCM, and bromochloromethane (Figures 1, 2, and 3). Animals
prétreated with 2,3-EP had a significant increase in blood HbLEG
during exposure to DCM and bromochloromethane but not DBEM.

Pyrazole pretreatment only slightly reduced the blood bromide

30




(:PQzEBTZ!

20.0
¢ R NAIVE
16.0 7 AND
? % 3§ 2P
Q 12.0 ! |
(&
-
K
® 8.00|
4.00] — PYRAZOLE
0:09 1200 2400
PPM

Flgure 1. The end of exposure HbCO levels in naive, 2,3-EP, and
pyraz@le pretreated rats following 4-hour exposures to DBEM.

Three to six animals were used for each exposure and the smooth
curves were predicted by the computer model using the kinetic
constants for DBM listed in Table 2. The stoichiometric yield of
CO from the oxidative pathway was 100% for both naive and 2,3-EP
pretreated rats.

SOURCE: Gargas et al., 1986.
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Figure 2. The end of exposure HbCO levels in naive, 2,3-EP, and
pyrazole pretreated animals following 4-hour exposures to DCM.
Three to six animals were used for each exposure and the smooth
curves were predicted by the computer model using the kinetic
constants for DCM listed in Table 2. The stoichiometric vield of
CO from the oxidative pathway was 100% for 2,3-EP pretreated rats
and was lowered to 70% for naive rats.

SOURCE: Gargas et al., 1986.
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Figure 3. The end of exposure HbCO levels in naive, 2,3-EP, and
pyrazole pretreated animals following 4-hour exposures to
bromoéehloromethane. Three to nine animals were used for each
exposura and the smooth curves were predicted by the computer
model using the kinetic constants for bromochloromethane. The
stoichiometric yield of CO from the oxidative pathway was 100%
for 2,3-EP pretreated rats and was lowered to 70% for naive rats.

SOURCE: Gargas et al., 1986.
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concentration in rats during exposure to DBM .or concentration in
rats during exposure to DBM or bromochloromethane (Figures 4 and
5) compared to the reduction in blood HbCO. Animals pretreated
with 2,3-EP had only a minimal decrease in blood bromide compared
to controls.

Gargas et al. (1986) concluded from their study that the
effect of pyrazole pretreatment, which nearly abolished co‘
production, provides support for the involvement of cytodhrome
P-450 in the oxidation of DCM to CO. They also suggested that
the metabolic intermediate, formyl chloride, produced. during the
oxidative metabolism of DCM, has a longer half-life in vivo than
the formyl bromide intermediate produced during the oxidative
metabolism of DBM. Therefore, "this would probably allow attack
by a cellular nucieophile such as GSH [GTS], on the formyl '
chloride and would result in a reduced stoichiometric yiéld of CO
in rats with normal GSH concentrations." Based on this line of
reasoning, Gargas et al. (1986) suggested that a significant
portion of the formyl chloride (20% to 30%) may react with other
nucleophiles probably yielding CO,. ' '

Gargas et al. (1986) also reported that the experiﬁental
data did not show a stoichiometric relationship between the yield
of CO and blood bromide in animals pretreated with 2,3-EP. They
concluded from this obsarvation that any alteration in the
metabolic pathways (by inhibitors) must not compromise total
metabolism (i.e., halide release). Thus, the kinetic conétants

calculated by the authors to assess in vivo metabolism were
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quuré 4. The dependence of plasma inorganic bromide levels oh
the ambient concentrations of bromochloromethane following
4~hour exposures using naive, 2,3-EP (0), and pyrazole (A)
pretreated rats. Three to nine animals were used for each
exposure and data are X + SE (error indicated by the vertical
lines). Individual data points with no apparent error bars are
those points where the SE is less than the size of the symbol.
The smooth curves were generated by using the kinetic constants

for bromochloromethane.

SOURCE: Gargas et al., 1986.
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Figure 5. The dependence of plasma inorganic bromide levels on
the ambient concentrations of dibromomethane following 4-hour
exposures using naive, 2,3-EP, and pyrazole pretreated rats.
Three to six animals were used for each exposure and the smooth
curves were generated by the computer model using the kinetic
constants for dibromomethane.

SOURCE: Gargas et al., '1986.
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based on gasAuptaka and plasma bromide concentration. The
calculated kinetic constants derived from the data obtained in
these studies have led these investigators to label the oxidative
pathway as "high affinity, low capacity" and the GST pathway as
"iow affinity, high capacity."

However, the lack of stoichiometry suggests an alternative
explanation of the data obtained by Gargas ef al. (1986). In
animals pretreated with 2,3-EP, there is a significant increase
in blood HbCO which could suggest an underutilization of the
oxldative pathway. Thus, the lack of gtolchionatry. betwaan CO
production and blood bromide could be explained by a significant
underestimation of the metabolism of DBM via thelGST pathway. If
this alternative explanation is correct, in control animals thé
CO pathway would appear to be saturated at veryvlow concentra-
tions and is consistent with the observed increaée in blood HbCO
in animals pretreated with 2,3-EP. SincevGargaé et al. (1986)
did not measure the metabolism of dihalomethanes to Coz, it is
not possible to directly estimate the metabolic activity
attributedvto the GST pathway nor the effect of 2,3~EP on
metabolic activity attributed-to that pathway.

Reitz et al. (1986) exposed groubs of male B6C3F1l mice to -
either 50 or 1500 ppm 14C-DCM in order to study the in vivo
convéersion of DM to l4co and 1l4co,. Groups of four mice were
éﬁﬁdéed}to ;4C-DCM for 6 hours and l4co, 14&02, and,urine'Wefé
coiléctéd during the exposure period and for 24 hours post-

exposure. Reitz et al. (1986) compared control values to those
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obtained from animals pretreated with pyrazole or pretreated
with diethylmaleaté and buthionine sulfoxime (BSO/DEM) (which
depletes glutathione) in order to assess thé relative
contribution each pathway makes to the total metabolism of DCM.
In animals pregreated with pyrazole, there was an apparent |
decreased amount of DCM metabolized to CO and CO, (Table 1). 1In
animals pretreated with BSO/DEM, there was also an apparent
decréase in the amount of DCM metabolism to CO and CO, (Table 1l).
However, BSO/DEM pretreatment resulted in a more significant
decrease in DCM metabolism to CO, than CO. The authors
interpreted the effect of pyrazole as showing that the microsomal’
oxidation of DCM yields both CO and CO,. The authors did not
offer an explanation for the decreased conversion of DCM to CO in
animals pretreated with BSO/DEM, but did intrepret the reduced
conversion to CO, as supporting previous observations that DCM is
matabolized by a system requiring glutathiona.

TABLE 1. METABOLISM OF DCM TO CO AND CO, IN MICE

co@ Co,2
Exposure 50 ppm
Coritrol . 0.118 0.130
BSO/DEM , 0.070 0.102
Pyrazole 0.040 0.062
Exposure 1500 ppm
Control; 0.908 1.88"
BSO/DEM 0.685 0.905
Pyrazole 0.125 0.565

values are mM/kg.

SOURCE: Reitz et al., 1986.
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A r%view of available data on the use of pyrazole as an in
vivo inhibitor indicates that this compound affects a variety of
metabolic systems including thyroid‘function and alcohol
dehydrogenase activity (Szabo et al., 1978; Cornell et al.,
1983). The observation th%t pyrazole inhibits alcohol -
dehydrogenase suggests that it might also inhibit the activity of
vformaldehyde dehydrogenase. At preseﬁt, the available data do
not excliude the possibility that pyrazole also inhibits the
cytosolic metabolism of DCM to CO,. Thus, it would seem
premature, at this time, to attribute the observations of Reitz
et al. (1986) to pyrézole inhibition of microsomal enzyme
activity. The caution is especia;ly applicable to the use of
pyrazole as an inhibitor in the elucidation of in vivo DCM
meﬁaboliém, since the available data suggest that a variety of
physiologic functiona are affectéd by pyrazola;

Reitz et al. (1986) also observed that animals pretreated
with DEM (see Table 1), a known depletor of cellular glutathione,
reduced the metébolism of DCM to both cO and CO5. Reitz et al.
(1986) did not offef‘an explanation for the reduced exhalation of
CO in animals pretreated with DEM. |

Stevens et al. {(1980) demonétrated that rats pretré;ted with
ﬁﬁﬁ.éhow a significant decrease in the conversion of DBM to'biééa
co‘compéred tq controls. They aléo showed that thé conversion of
DBM to CO was significantly‘reduced in isoléted hepatoc&tes and
by isolated microsomes. These observations are cénsistent with‘

the‘suggestion of Ahders et al. (1978) that DEM may directly
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inhibit certain cytochrome P-450 catalyzed oxidations. These
data suggest that the attempt by Reitz et al. (1986) to
characterize the in vivo metabolism of DCM by pretreating animals
with various inhibitors will require revision.

Lastly, a search of the literature did yield data that would
support the presence of significant amounts of GST activity |
associated with the microsomal fraction of the cell. Morgenstern
et al. (1979) and Boyer et al. (1982) demonstrated that GST
activities are associated with rat liver microsomes. Using
2,4-dinitrochlorobenzene as a substrate, the activity of the
microsomal GST was 81 nmol/min/mg protein (Boyer et al., 1982).
Boyer et al. (1982) also showed that the GST associated with the
microsomal fraction of the liver could be activated increasing
the specific activity to 1220 nmol/min/mg protein. This latter
observation has suggested to Boyer et al. (1982) that the GST
associated with the microsomal fraction of the liver could be an
important detoxification mechanism. A search of the literature,
however, did not yield infofmation that demonstrated the use of
this proposed detoxification mechanism. Thus, the available data
supporting the hypothesis that microsomal oxidation of DCM yields
significant amounts of CO, should be considered very limited at
thisg time. Research will be required to reduce the ﬁncertainﬁies
concerning the significances of the pranch in the microsomal
pathway as well as the characterization of the metabolic activity
attributed to the proposed branch before it can be quantitatively

factored into an analysis of DCM metabolism.
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It‘is not clear from the hypothesis proposed by Gargas et
al. (1986) why the glutathione intermediate produced by the
"microsomal pathway is significantly less reactive, and thereforé

less gehotoxic,‘than the proposed glutathione intermediate in the
cytosolic pathway. The intermediate proposed by Gargas et al.
(1986) is similar in structure to the one proposed by Ahmed and
Anders (1976) for the GST pathway and, therefore, could be
expected to be equally toxic. Lastly, it shouid be noted that
there are some data to indicate that the metabolic
intermediate(s) produced by the microsomal pathway is mutagenic
(Jongen et al., 1982) and, therefore, probably génotoxic.

CEFIC (1986f) studied the in vivo metabolism of l4c-peM in
raté and mice. Groups of three animals were exposed to 500,
1000, 2000, or 4000 ppm DCM for 6 hours. Theée inveétigatoré
monitéred blood levels of the parent coﬁpound and HbCO during and
éftef the exposure period. 1In addition, they monitored
exhalation of 1l4co and 14002 postexposure. In rats, the bloqd
levél‘of DCM is proportional to the dose at exposures abové 500
ppfh. In mice, the bloéd 1evél of the parentﬂéompound is not
proportional to dose until exposures reached 2000 ppm. The
authors interpreted this observation as a differenée in the
metébolic capacity of the species, i.e., mice can metabolize
significantly more DCM via thé GST pathway than rats. The data
onlblopd levels of DCM in rats supports the conclusion that there
is a dpSe-reépcnsé relationship between blood levels and exposure

above 500 ppmn. However, the data from the mouse studies are
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highly variable which suggests that conclusions based on average
values used by CEFIC (1986f) must be viewed with caution. For
example, the blood level of DCM in mice exposed to 2000 ppm
varied from 40 ug/mL at 1.5 hours to 20 ug/mL at 6 hours.

Following exposure to 4000 ppm DCM, mice exhale more CO5
than rats. Based on this observation, CEFIC (1986f) concluded
that mice mepabolize more DCM via the GST pathway than rats. The
authors used differences in blood levels of the parent compound
as a surrogate to suggest that there is a species difference in
DCM metabolized to CO; during exposure. The data obtained by
CEFIC (1986f) are significantly different from those found in the
published literature. McKenna et al. (1982) exposed groups of
rats to 50, 500, or 1500 ppm and found little differences in the
percent conversion of DCM to CO and Co, at each dose over the
exposure range tested. Angelo et al. (1984) eqused mice or rats
to either 10 or 50 mg/kg DCM ahd clearly demonstréted that the
percent conversion to CO and CO,; were similar at both dose
levels and in both species. The McKenna et al. (1982) and Angeld
et al. (1984) studies questionicorrectness of the assumption made
by CEFIC (1986f)tthat the blood leﬁel of the parent compound is
an appropriate surrogate for metabolism of DCM to CO5.
3.2. REACTIVE INTERMEDIATEQ

In the elucidation of DCM metabolism, Ahmed and Anders
(1976) and Kubic and Anders (1978) predicted formation of a
reactive intermediate by both the microsomal and cytosolic

pathways. Andersen et al. (1986, 1987), however, suggested that
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the metabolism of DCM via the midrosomel‘pathway does not resuit
in the formation of a reactive intermediate. These investigators
cite two observations to support this hypothesis. " First, they
vsuggest that the lack of tumor development in the drinking water
study (National Coffee Association, 1982a, b; 1983) can be
explained by assuming that at the low doses all DCM is
metabolized via the mlcrosomal pathway. It should be noted, |
however, that the Carcinogen Assessment Group (U.S. EPA, 1985a,
b) predicted, pased on the tumor response in the National
Toxicology Program (NTP) study, that there would not be a
significant tumor response in the drinking water study without
invoking differences in the utilization of metabolic pathwaYs.

| The second observation cited by Andersen et al. (1986,
1987), that the metabolism of DCM via the ﬁicrosomal pathway does
not resuit in the fcrmetion of a reactive intermediate, eomes
from the wcrk of Green (1583). Green (1983) investigated the
mutagenic potential of DCM and chiorofluoromethane (CFM) using

' Salmonella ;yphimu;igm strain TA100 in an Ames type assay. §.
tvnhimurium exposed to either DCM or CFM gave a mutagenic

response without the addition of rat llver fractlons. The
aﬁ&mtion of rat liver post-mitochondrial supernatant (S9) dld ﬂﬁt
significantly increase the mutagenic response of TA100 exposed to
DCM,. but did increase the‘mutegenic responsekof‘TAloo exposed to -
CFM. Green (1983) elso observed that the addition of microsomes
did not increase the mutagenic response of TAl00 exposed to DCM,

but the addition of cytosol did increase the mutagenic response

43




(Table 2). He concluded from these observations that the lack of
mutagenic response by the intermediate generated by microsomal
metabolism could be explained by the fact that the reactive
intermediate was highly unstable (exists at -60°C in inert

solvents).

TABLE 2. THE MUTAGENIC EFFECT OF DIHALOMETHANES

Addition ' DcMa ' CFM2

None 386 + 24 521 + 27

s9 458 ¥ 24 793 + 17 ,
CytosolP 490 + 19(698)C 618 + 14(812)C
MicrosomesP 375 + 31 623 + 27
Boiled S9 376 + 28

Air control 80 + 1

avalues are revertants/plate + SD after 3~day exposura.
b0ytosol and microsomal concentrations (mg protein) are
equivalent to those in the S9/cofactor mixture.
CCytosol concentration increased threefold.

SOURCE: Adapted from Green, 1983.

However, the inability of Green (1983) to demonstrate a
mutagenic response by the reactive intermediate generated dufihg
microsomal oxidation of DCM may be the result of experimental
~design, specifically the long incubation period. Green (1983)
carried out incubations for 3 days while other investigators,
performing similar types of experiments, have used much shorter
incubation periods. Van Bladeren et al. (1980) studied the
mutagenic response of S. typhimurium TA100 exposed to dibromo- or -

diiodomethane. These investigators, using a 15-minute incubation
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period, clearly showed that the addition of microsomes or cytosol
markedly increased the number of revertants/plate using either
dibromo- or diiodomethane as a substrate. similarly, Jondgen et
al. (1982), using a 6-hour incubation period, also demonstrated
that the addition of microsomes or cytosol increased the number
of revertants/plate of 8. typhimurium exposed to DCM (Table 3).

TABLE 3. THE MUTAGENIC EFFECT OF DCM ON S. TYPHIMURIUM TA100

IN THE PRESENCE OF VARIOUS RAT LIVER FRACTIONS

Addition No. of Revertantsav
Aroclor

Controlk 939
Microsomes 1201

Cytosol 1407
Cytosol+DEM 889
Phenobarbital

Control - 540
Microsomes 624

Cytosol 806 ‘
Cytosol+DEM 567 ‘ ,
%Néﬁrﬁumber of revertants of three plates.

¢cont¥ol equals microsomes minus cofactors.

SOURCE: Adapted from Jongén et al., 1982.

Using an Ames bioassay, the available data on the formation
of reactive intermediates are limited to a few studies. All
studies réported to date have shown that the metabolism of DCM
ﬁsiﬁg akliver cytosolic fraction)ieads to formatién of a reactive

intermediate. The various studies, taken together, suggest, but
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do not prove, that the metabolism of dihalomethanes via
microsomal oxidation lead to formation of reactive intermediates.
The data also suggest that the reactivity of the intermediates
formed using different dihalomethanes as substrates may not be
equal. Regarding the metabolism of DCM, the data from some
studies suggest that the metabolism of DCM by the microsomal
cytochrome P-450 pathway leads to formation of a reactive
intermediate. Further research is required to resolve the lack
of agreement among investigators on formation of a reactive
intermediate during microsomal metabolism of DCM.
3.3. USE OF IN VITRO DATA TO PREDIC* IN VIVO METABOLISM

Gargas et al. (1986) characterized the microsomal metabolism
of DCM as "high affinity - low capacity" and the cytosolic |
metabolism as "low affinity - high capacity." The data used to
support this characterization comes from the observation that the
microsomal enzyme has a much lower Ky (Table 4) than the cytosolic

enzyme (Table 5).

TABLE 4. KINETIC CONSTANTS FOR THE METABOLISM OF DCM
TO CARBON MONOXIDE BY LIVER MICROSOMES

. _Vmax
Ry , (nmol/min/mg
Spaecies (M) protein)
Mouse 0.79 ' 1.94
Rat 0.86 0.58
Hamster 2.83 1.85

SOURCE: Adapted from CEFIC, 1986e.
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TABLE 5. KINETIC CONSTANTS FOR THE METABOLISM OF DCM
TO FORMALDEHYDE BY LIVER CYTOSOL

Vmax
Ky (nmoles/min/mg
Species (mM) protein)
Mouse 86 36.4
Rat ' 21 2.9
Hamster No detectable rate
Man ‘ v No detectable rate

SOURCE: Adapted from CEFIC, 1986e.

However, the KM and Vmax values reported by CEFIC (1986e)
(1986a) are significantly different from those published by Ahmed
and Anders (1976) and Anders et al. (1978). These investigators
obtained KM and Vwax values of 50.1 mM and 5.4 nmol CO/min/mg
protein for the metabolism of 14C-DCM to CO using a rat liver
microsomal'p}eparation (Table 6). They also reported KM and Vnax

‘values of 48 mM and 16 nmol formaldehyde/min/mg protein for the
metabolism of DBM by a rat llver cytosolic preparation.

Thus, the Ky and Vpay values obtained by Ahmed and Anders
(1976) and Anders et al. (1978) do not support the conclusion by
Gatgas et al. (1986) that the microsomal pathway should by '
considered Yhigh affinity - low_capacity" and the cytosolic
pathnay should by considered "low affinity - high capacity." The
difference in the Ky value of the microsomal/cytosolic pathway is
1/23 according to the data reported by CEFIC (198ée) bnt only’
1/2.4 based‘on the data.from Ahmed and Anders (1976) and Anders

et al. (1978). Furthermore, the Ky and Vpay values obtained by
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TABLE 6. KINETIC CONSTANTS FOR THE METABOLISM OF
DIHALOMETHANES TO CARBON MONOXIDE BY RAT LIVER MICROSOMES

Vnax,
Km (nmoles/min/myg)
Author (mM) protein) Substrate
CEFIC (1986e) 0.86 0.58 DCM
Anders et al. (1978) 50.1 + 5.2 5.4 + 1.7 DCM
Ahmed and Anders (1976) 48.1 + 6.2 15.5 + 2.5 DBM

Ahmed and Anders (1976) are consistent with the in wvivo
ocbservations made by McKenna et al. (1982) and Angelo et al.
(1984) that over a wide range of doses there is 1i§tle difference
in the percentage éf DCM metabolized to CO and CO5.

In addition, neither Gargas et al. (1986) nor CEFIC (1986ef
included in their in vitro to in vivo exﬁrapolation a
consideration of differences in total enzyme in the tissue nor
did they account for the effect of cellular architectufe on the
distribution of DCM within the cell. The available data suggest
that DCM is taken—ﬁp by cells via passive diffusion. Thus, given
our current understanding of cellular architecture, it can be
assumed that both the endoplasmic reticulum (ER) (microsomes) and
the cytosolic fraction of the cell will‘be exposed equally to
DCM. Since the cytosolic fraction of the cell occupies
significantly more volume than the ER, one could reasonabiy
predict that a significant amount of DCM would ?e available for
metabolism by the cytosolic enzyme. In additioﬁ,‘on a mass

basis, the microsomal fraction of the cell is about 2% to 5%
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while the cytosolic fraction of the cell is about 10%.
Consistent with this analysis is the observation that animals
exposed to low concentrations of DCM exhale significant amounts
of CO, (McKenna et al., 1982; Angelo et al., 1984; Reitz et al.,
1986) . Furthermore, this analysis is also consistent with the
observation that animals exposed to high concentrations of DCM
exhale significantly more CO, than CO.
3.4. IN VITRO METABOLISM

Gargas et al. (1986) predicted that microsomal metabolism of
DCM might yield both CO and CO;. The Gargas et al. (1986)
hypothesis suggests that microsomal metabolism of DCM proceeds
via the mechanism outlined in Figﬁre 6. The mechanism predicts
that following the initial oxidation of DCM to formyl chloride,
this intermediate combines with glutathione and is then further
metabolized by a GST to C02. Gargas et al. (1986) suggested that
the formation of the formyl glutathlone intermediate is poss1ble
assuming that formyl chloride is a relatively stable
intermediate. The assumption that the formyl chloride is
relatively stable, thus allowing for formation of the formyl
glutathione, is in marked contrast to the observation made by
Green (1983) that formyl chloride was nonmutagenlc because it was
such an unstable 1ntermediate. The only data supporting this‘
prediotion is'the observation by Reitz et al (1986) that mice
pretreated with pyrazole exhale less co and coz.

CEFIC (1986e) recently submitted to the HRAC 1nformation on

the. in vitro metabolism of DCM 1ngt1ssueS‘from‘the rat, mouse,
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Figure 6. The proposed pathways for dihalomethane metabolism.
Pathways 1 and 2 were taken from Anders et al. (1977) and pathway
3 is proposed by Gargas et al. (1986).

SOURCE: Gargas et al., 1986.
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hamster, and human. These investigators measured the conversion
of DCM to CO using mlcrosomal preparations from lung and liver
tissue and the conversion of DCM to formaldehyde by the cytosolic
fraction from lung and liver tissue.  In addition, they measured
the cytochrome P-450 content of lung and liver microsomes and the
GST activity in the cytosolic ffaction of lung and liver tissue
‘using 2,4-dinitrochlorobenzene as a substrate.

CEFIC (1986e) reported that the highest microsomal-specific
activities (DCM converted to nmol CO/mg min/pratein)‘were
measpred in hamster liver followed by mouse lung and liver. The
specific activity of rat liver microsomes was about one-third
that of mouse liver. The single measurement for human liver
microsomal metabolism‘of-DCM to CO was 150% of the value cbtained
for rat liver. Thé authors state, based on this single

measurement, that the vgiue for human liver microsomal metabolism
of DCM to CO was similar to that for rat liver. Mouse, rat, and
hamster lung miérosomal preparations were also assayed for DCM
metabblism to CO. Mouse lung microsomes had the highest
éﬁﬁiViEy; hamster next, and rat the lowest, having about
oné-tenth the activity of mouse lung microsomes. Human lung
microsomes were not aésayed for DCM metabolic activity.

| The in vitro data presented on DCM-metabolism to'co suggests
‘éﬁat there are significant metabolic differences between species
(CEFIC, 1986e). Unfoftunately, these investigators did not carry

out experiments that allowed for determining the stoichiometric

reiéfionship between the amount of DCM metabolized to the amount
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of CO produced. The lack of stoichiometric measurements does not
allow one to Qetermine if DCM metabolism to other end products
such as CO,; could explain the apparent species differences.
Indeed, if the hypothesis put forth by Gargas et al. (1986) and
the data from Andersen et al. (1986, 1987) and Reitz et al.
(1986) are correct, then one could expect formation of
significant amounts of other metabolites during DCM metabolism.
Lastly, the cytochrome P-450 content of lung and liver microsomes
reported by CEFIC (1986e) differ from those previously reported
in the literature (Souhaili-El Amri et al., 1986). The
differences are small, less than 20% for rat liver and 168% for
mouse liver, but large for human liver, 368%. The significance
of these differences and the correlation between cytochrome P-450
content and DCM metabolism will require additional research.
CEFIC (1986e) assayed mouse, rat, hamster, and human liver
cytosolic fractions for the metabolism of DCM to formaldehyde by
the GST pathway. Mouse and rat liver, but not hamster or human
liver, had detectable levels of DCM metabolized to formaldehyde.
In addition, mouse, but not rat or hamster, lung cytosolic
fractions had detectable levels of DCM metabolized to
formaldehyde. The investigators concluded from these observa-
tions that the presence of DCM metabolism to formaldehyde is
consistent with the tumorigenic response in the mouse lung and
liver and the lack of tumorigenic response in the rat and
hamster. However, a review.of the methodologic‘approach used to

agsay for DCM metabolism in the cytosolic fraction raises a
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vnumber of concerns. First, it is‘not clear why these
investigators decided to measure only formaldehyde. The approach
ﬁsed presents a number of variables for which control data have
not been reported. These include: species differences in the
metébolism of formaldehyde, and stoichiometry of the reaction.
Indeed, the lack of detectable levels of formaldehyde might
readily be explained by the large excess of formaldehyde
dehydrogenase found in both lung and liver tissueé (Uotila and
Kiovusalo, 1981). Also, it is not clear why these investigators
selectedvthe Nash (1953) method for assaying for formaldehyde
formation. The method is not spécific for formaldehyde and gives
a high background level because of its reactivity with a variety
of substrates. ‘

_Ahmed and Anders (1976) also used the Nash method to
demonstrate the metabolism of dihalomethane (DBM) to forﬁaldehyde
by rat liver cytosol. These investigators, howe#er,-feportéd
values significantly greater than those reported by CEFIC
(1986e). Ahmed and Anders (1976), unlike CEFIC (l1986e), dialyzed
the cytosolic preparatiqn before conductin& the assay and found
that thévrate of formation of formaldehyde was three times
greater for dialyzed cytosol compéred to undialyzed. These
investigators also could not demonstrate a stoichiomeﬁric
relationship between bromide release and formaldehyde formation
with the observed concentrations of free bromide being about
twicé the predicted based on the observed concentration of

formaldehyde. The values repérted by Ahmed and Anders (1976)

53




suggest that formaldehyde formation may have been underestimated.

CEFIC (1986e) also assayed liver and lung cytosolic
fractions for GST activity using 2,4-dinitro-chlorobenzene as a
substrate. The values reported by CEFIC (1986e) for 2,4-
dinitrochlorobenzene metabolism in all tissued assayed were
significantly smaller than those reported by other ihvestigators
(Lorenz et al., 1984). fhe differeﬁce for all tissues was about
40% of the value reported by Lorenz et al. (1984) but similar to
the value reported by Mcron et al. (1979) for rat liver cytosol.
However, both Lorenz et al. (1984) and Moron et al. (1979)
reported similar and siénificantly larger values than CEFIC
(1986e) for rat lung GST using 2,4-dinitrochlorobenzene as a
substrate (Table 7). Since stability of enzymes can vary, it may
be necessary to determine if there are changes in the ability of
different tissues to metabolize DCM when stored for various
periods of time.

The methodology used by CEFIC (1986e) indicates that the
amount of protein used to assay for enzymatic activity varied
significantly from tissue to tissue and species to species. The
difference in protein congentration may significantly affect the
amount of metabolic end product measured since the reactive
intermediates formed during the metabolism of DCM bind to protein
and lipid (Anders et al., 1977). In addition, because of the
differences in protein concentration, it is not clear that the
glutathione concentrations were optimal in all experiments.

Thus, in the absence of stoichiometric data and control
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TABLE 7. THE METABOLISM OF 2,4-DINITROCHLOROBENZENE BY RAT
LIVER AND LUNG CYTOSOL

Author Liver® - Lung®
CEFIC (1986e) | 504.9  44.2
Lorenz et al. (1984) 1380 + 110 77.5
Moron et al. (1979) 567 + 184 ‘ 99.8 + 1l1.4

dvalues are nmol/min/mg protein.

experiments, it is not possible to determine if the experiments
were carried out under optimal condltions nor if the values
reported represent total metabolism. Lastly, it should be noted
that the values reported by CEFIC (1986e) represent a single
experiment using pooled tissue samples. If one is to conclude
that there arelsignificant species differences in the metabolism
‘of DCM, then it will be necessary to expand the data base to
demonstrate statistical 51gniflcance.

The in vitro data reported by CEFIC (19863) may allow for
alternative approaches to interspecies extrapolation in assessing
the effecte of exposufeito bCM. HoweVer, before eﬁch
extrapolations are useful; the uncertainﬁies raised about the
qualityvof the data reported'need to be resolved. ‘In addition,
iﬁ’wouid be ﬁseful to expahd the'human tiSsue data base beyond a
single data point.

3.5. SUMMARY |
| :The recent reports by Gargas et al. (1986), CEFIC (1986e,

f), and Reitz et al. (1986) have raised a number of potential

55




issues regarding species differences in the metabolism of DCM
which have suggested to these investigators alternative
approaches for assessing human risk from exposure to DCM. The
hypothesis put forth by these investigators is supported by
very preliminary data. An analysis of the data suggests that
there is a need to conduct critical experiments to support the
hypothesis as well as to rule out alternative explanations. 1In
addition, there is a need to conduct experiments to help explain
why some of the observations made by these investigatoxs are
significantly different from those fouﬁd in the published
literature.

The hypothesis that microsomal oxidation of DCM leads to
formation of significant amounts of CO, is based almost entirely
on a series of assumptions and some indirect measurements.
Therefore, one must be very cautious in accepting the conclusion
that microsomal oxidation of DCM leads to CO, formation given the
lack of data to support similar types of metabolism by‘
microsonmes.

Gargas et al. (1986) and CEFIC (1986e), using in vitro
enzyme kinetic values, have made the assumption that at low doses
DCM 1s almost exclusively metabolized in vivo by the microsomal
pathway. The appropriateness of this extrapolation is based
almost exclusively on indirect measurements and a series of
unvalidated assumptions. At present, the available data do hbt
allow for distinguishing differences in the utilization of the

microsomal and cytosolic pathways at low versus high doses of DCM
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in in vivo metabolism. fFirst;dthere is a significant body of
data in the published literature which strongly suggests that
both the microsomal and cytosolic stﬁdies by Gargas et al. (1986)
can be interpreted in a way which would sﬁrongly support the
assumption that at low doses significant metabolism of DCM via
the thosolic pathway occurs in vivo. Thus, at present, data are
lacking to support the assumption that, at low doses, DCM is
almost exclusively metabolized via the microsomal pathway.

The data supporting possibie differences in the |
characterization of the reactive'metabolic intermediates formed
" by microsomal and cytosolic metabolism of DCM are limited. The
available data suggests that further characterization of the
reactive intermediates may be useful to betﬁer delineate;species
differences in the metabolism of DCM. | | |

The observation by‘ CEFIC (1986e) rthatr humen tissue' does het |
metabolize DCM by the cytosolic pathway must be viewed:with a
great deal of'reservation. The observation is based on a singles
sample of tissue, and control experiments indicate metaboiic
activity that is significantly less than reported by others
(Lorenz et al., 1984). The CEFIC (1986e) study, however, does
suggast that development of a data base that includes metabolic

activity in human tissues could substantially reduce the

uncertainties in our present risk assessment.




4. PHYSIOLOGICALLY BASED PHARMACOKINETIC MODEL:

METABOLIC KINETIC CONSTANTS

Some of the critical determinations for the use of the
physiologically based pharmacokinetic (PBPK) model used by
Andersen et al. (1986; 1987) (Chapter 2) are the values of the
kinetic constants (kp, Vyax, ¥y) for the metabolism of DCM and
how these are related among the various species. The following
discussion makes the assumption that the model is valid (which is
not nedessarily true, as discussed in Chapter 2). This
agssumption includes an important provision relating to the
kinetic constants, that is, that kp is the éonstant relating to a
pathway that involves GST, and Fhat this pathway is nonsaturable
(therefore needing to be defined by only one constant). Vpay and
Ky, on the other hand, are standard kinetic constants which apply
to a second, saturable mixed-function oxidase (MFO) pathway.
Classically, the GST pathway leads to carbon dioxide and the MFO
pathway leads to carbon monoxide as end products, using DCM as a
substrate. |

Originally, these kinetic constants were based on the
speclfic activities of GST and monooxygenase measured in‘samples
of lung and liver tissue from four species by Lorenz et al. |
(1984) using l-chloro-2,4-dinitrobenzene (for GST) and
7=athoxycoumarin (for monooxygenase) as substrates. Since‘these
critical constants wére not based on experimentation using DCM

itself as a substrate, the assumption that the Lorenz et al. data
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served as an appropriate substitute was tenuous.

In a subsequent Version of the model used by Andersen et al.
(1986, 1987) used a curve-fitting exercise to obtain the "Whole
tissue" values of the three kinetic constants in animals. With
all other physiological and biological parameters kept constant,
the values of Ky, Vpgzx, and kp were varied in an intricate
computer optimization procedure. The pharmacokinetic model was
used to arrive at predictions that best approximate the‘actual
experimental chamber data in which disappearance of DCM over time
was monitored.

For humans, valuesrof Ky (0.58 mg/L) and Vyay (119 mg/hr)
for the oxidative pathway were estimated (Andersenvet al., 1987)
from‘unpublishedlhuman éxperimental data. in which DCM
concentrations in expired air were measured following exposure by
inhalation. For the critical GST pathway, however, no human data
were'available upon which an estimate of kF can be based. The
authors noted that allometric scaling, based on the concept of
clearance, served to adequately relate the'mouée, hamster; and
rat data, using a factor of body weight to the 0.7 power. Using
this scaling procedure, the authors obtalned a human value of
0.53 hr“l for kgp. This value, by the authors' methodology, leads
to a reduction in risk of soméwhat less than an order of
vmagnitude, as compared to risks calculated without incorpoiating'
’Spééiésjto-species and high=- to low-dose extrapolative
pharmacokinetic information (all other risk assessment

assumptions being unchanged). Also, the value results from

59




assuming that (1) the GST pathway is the only toxic pathway, and
(2) carcinogen risk is directly related to concentration at a
"target" site.

If other combinations of Ky, Vpay, and kg could be found
which, when put into the pharmacokinetic model, approximate the
experimental concentration versus time curves to an extent
similar to that found by fhe authors' optimization scheme, then
the scaling approach would be suspect. This is the case, in
fact; values of ky, which vary as much as fourfold from the
optimized values, were used in the model, leading to alternative
combinations that fit the experimental data nearly as well as the
optimized values.

It is therefore concluded that, although the optimization
procedure may lead to kinetic constants giving an optimal fit
(using the pharmacokinetic model) té the experimental chamber
data, there are alternative combinations of the three kihetic
constants that can virtually do the same thing. This may be due,
perhaps, to the fact that the "optimized"‘solution may have a
goodness—-of-£fit that only trivially exceeds those from other fits
having substantial differences in the underlying constants. In
other words, there are multiple adequate solutions to the problem
(redundancy). On this basis, the scaling approach for the
determination of a human kp value, a critical value with regard
to DCM éarcinogenicity given that the model used by Andersen et
al. (1986, 1987) is valid, is subject to uncertainties which

render the approach suspect. Thus, the use of the scaling
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approach is still in the preliminary stages of development, and
more research énd validation is required before it can be
accepted as a reasonable basis for pharmacokinetic modeling in
the case of DCM.
New data have become availlable subsequent to the proposal of

a pharmacokinetic model for DCM by Andersen et al. (1986, 1987).
These experiments have the potential to measure the human GST
pathway; thus, other approaches for obtaining human GST data,
such as the scaling aﬁproach described above, would not be
‘necessary. The data released by ICI-UK (CEFIC, 1986e, f) are
interpreted by those investigators as indicating that there is
little or no risk of cancer to humans as a result of exposure to
DCM. The cornerstone of this argument is the same as proposed by
Andersen et al. (1986, 1987)=-that the toxic intermediate is
produced only b& the GST pathway. The results of this study
(CEFIC, 1986e, f) are interpreted as showing that there is no'GST‘
cactivity in humans Withvregard to DCM, as obposed to mice, wheré
such activity is easily detectad.l )

.CEFIC's (1986e{ critical experiment used human liver derived
from accident victims. Fractions of the liver, dosed'with DCM,
were assayed for formation of formaldehyde. The amount of
formaldehyde produced was considered to be a measure of the ‘
fraction's GST activity towards DCM. No excess (over backgrouhd)
of formaldehyde was found at any dose of DCM. In livers derived
from mice, a dose-related formation of formaldehyde Was observed.

If humans indeed have no GST pathway for DCM, kg (as
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described above) would be zero, ahd there would be no risk if
this were the only toxic pathway. There are, however, many
problems associated with the CEFIC (1986e) experimentation; some
of the more important ones are briefly discussed here. First,
CEFIC (1986e) did not present information regarding whether or
not the critical control experiment was done. That is, adding a
known amount of formaldehyde (for example, the amount at the
limit of detection) to the reaction mixture and seeing if this
amount could be recovered by CEFIC's (l986e) assay procedure.
This information is needed because formaldehyde is very reactive:
it can bind to many subcellular fractions or enter other
metabolic pathways. Small amounts actually generatéd by human
liver could go undetected. [In April 1987, Harris of ICI~UK
informed the HRAC by telegram that this experiment had been
performed and that "less than 10% of the formaldehyde was lost
over the incubation period." Details of the procedure, including
the dose of formaldehyde, and results have not be provided.]
Second, it is dAifficult to calculate the maximum velocity at
which human liver could metabolize DCM by the GST pathway. The
calculation by CEFIC (1986e) sﬁggests that the metabolic
capability of the human liver GST could‘be anywhere from zefo to -
one-sixtieth the mouse value (on a nmol/min/mg protein basis)
based on the limit of detection. [Other preliminary calculations
suggest that the mouse value may be even closer to the human
value based on the data reported by CEFIC (1986e).] One-eighth

of the mouse value is the relationship suggested by Andersen et
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al. (1986, 1987) based on thé scaling approach discussed above.
Obviously, the uncertainty encompasses orders of magnitude.

Third, there is some question regarding the nature of the
human liver samples used. That is, whether the events that
occurred betweeﬂ the ﬁime that the liver was operating normally
in the’human and the time of the GST assay somehow affect whether
or not GST activity would be detected (for example, what happens
to the liver between the time of an accident and the time it is
removed ffom the body). Such factors include introductionvof
drugs, and how the liver was maintained.

. Fourth, there is difficulty in uéinqrthe CEFIC (1986e) data
in the model uséd by Andersen et al. (1986, 1987). Additional
information is needed on the relationship between éctivity per
_~amount of protein in the CEFIC (1986e) in vitro assays and how
nuch of this activity would be in the entire livér; Assumptions
can be made in this area, but additional uncertainty is the |
result. |

'Fifth, a number of incidental questions have not been
énswered, such as where the carbon dioxide comes from in vivo
experiments using rats and hamstefs treated with DCM if the GST
pathﬁay is negligiblé or ébsent using DCM as a substrate, as
indicated from ﬁhe CEFIC (1986f) ahalyses in these species. One
hypothesis is that the MFO pathway can also produce carbon |
aioxide; the CEFIC (1986f) daﬁa show that all speéies tested, :‘
including humans, have MFO activity. However, this is only a

hypothesis that may be questioned, as discussed previously.
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Another question is whether or not other fractions of the liver
homogenate, not just the cytosol, were assayed for DCM GST
activity. Although this activity might be expected to be in the
cytosol, other possibilities should not be ruled out on the basis
of what is expected.

Sixth, CEFIC (1986e) only assayed human liver GST at a
single pH value (pH 7.4) using DCM as a substrate. Since
individual isozymes may have sharp pH optima in the acidic,
neutral, or alkaline range, the CEFIC (1986e) asSay may have
selected against the detection of a human DCM-specific GST
isozyme. Furthermore, it has been reported by Seidegard and Pero
(1985) and Seidegard et al. (1985, 1986) that some humans (as
many as 50% of the population) lack a specific principal GST
isozyme that is present in the rest of the population. Thus, if
one or more of the particular subjects studied by CEFIC (1986e)
lacked a potential DCM specific GST isozyme, there would be a
decreased sensitivity, or an inability to detect activity towards
this substrate. ] | | I 1 | |

Finally, and of great importance, only“humanvlivervwas
assayed by CEFIC (1986e). Human lung, orkother poten@iaivtarQQE
organs such as the pancreas, were not assayea.“If'the ﬁremisé‘of
no human risk by virtue of the lack of metabolic caﬁability by -
the GST pathway is to be assumed, then information from the 1ivér
only is not adequate to rule this metabolic capability ou£ for
the entire body.

In conclusion, there are many ways to calculate the kinetic
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input into avpharmacokinetic model for DCM in order to estimate
~"target site" dose. The ultimate effect on estimates of human
risk, using Andersen et al.'s methodologies and assumptions
(ﬁhich include that the GST pathway is thé only toxic pathway,
and that risks are related to concentration at a "target site"),
ranges from a finding of little difference to a finding of no
human risk at éll‘from the traditional "applied dose" procedure.
Additional investigations® (some of which are currently ongoing
by ICI-UK and NTP as outlined in Chapter 2) and more data will be

needed to narrow this large range of uncertainty.

*on May 26, 1987, HRAC members received a letter from Dr. R.

- Reitz of Dow Chemlcal Company and Dr. T. Green of ICI-UK
indlcatlng that both labs were able to find human GST activity
using 36cl1-DcM. Further data will be forthcoming on these -
findings. The ICI-UK lab, directed by Dr. Green, is the same

"~ lab that conducted the previously cited studies by CEFIC (1986a,

b, ¢, 4, e, £).
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5. MUTAGENICITY ASSESSMENT OF DICHLOROMETHANE:

REVIEW OF STUDIES PERFORMED BY CEFIC

5.1. PHASE I TESTS

In Phase I of its investigation into the carcinogenic
mechanism of DCM, CEFIC (1986b, c) tested the effect of the
compound on rats and mice in two genotoxic assays: unscheduled
DNA synthesis (UDS) in vivo and in vitro, and covalent binding to
DNA in vivo.
5.1.1. In vivo Unscheduled DNA Synthesis

DCM was tested for its ability to induce DNA repair
synthesis in liver cells of Fischer 344 rats and B6C3Fl mice
treated in vivo (CEFIC, '1986b). Animals were exposed by
inhalation to DCM at 2000 and 4000 ppm for either 2 or 6 hours.
At the end of the exposure period, animals were perfused to
generate hepatocyte cell suspensions which were then placed into
culture. After allowing up to 2.5 hours for cell attachment,
tritiated thymidine was added to the culture medium. After an
additional 4 hours of incubation with fresh medium, the cultures
were washed and incubated overnight With medium containing no
label. The following day, the ceils were fixed, dried, and
prepared for autoradiography. Those cells that were undergoing
"long patch" DNA repair during the 4-hour incubation period would
be expected to show higher than background levels of exposed
silver grains over hepatic nuclei. | |

There are several serious weaknesses in this study which
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cast into doubt the usefulness of the results. First, only male
animals were tested and no reason was given for not testing
females. Second, the assay of in vivo UDS has inherent
theoretical difficulties. Its use, rather than an in vitro
method, is only justified in situations where extrahepatic
metabolism may be a factor. Even then, this assay should be used
ohly when metabolites generated in other tissues are sufficiently
stable to travel to the liver and generate DNA damage in
hepatocytes. A serious weakness of this assay is the relatively
long perlod of time between agent administration and the assay of
DNA repair. Excision repair presumably begins shortly after
exposure to the test chemical. Before UDS can be measured,
however;\the animal first must be perfused, and then the
hepatocytes isolated, placed into oulture, and allowed to attach

(the final step alone requiring approximately 2 hours). It has

not been shown that UDS continues for a sufficient period of time

to be reliably detected in vitro. These uncertainties are : .
exacerbated further by the nature of the positive controls. A
convention has developed that the_positive control animals in
thisfassay do not have to be similarly exposed in vivo (Mirsalis

et al., 1980). Instead, hebatocytes isolated from untreated_
animals are exposed in vitro to diethylnitrosamine. In the
'oplnlon of the HRAC, this does not constitute an adequate
positive control.

The third weakness of this study relates to dose selection.

The authors selected the dosing regimens in order to deliver

67




doses equivalent to those used in the NTP bioassay. In effect,
the investigators chose a dose normally used in a chronic study
for this acute assay. This, of course, nearly guarantees a
negative result for this study. Exposure levels for a lifetime
bloassay are selected so that animals can be chronically dosed
with sufficient numbers of animals surviving to the end of the
study. Indeed, in the NTP study, the animals were given 2000 and
4000 ppm for 6 hours per day, 5 days per week, for 102 weeks.
For an acute study such as the in vivo UDS, much higher doses
should have been selected.
5.1.2. In vitro Unscheduled DNA Synthesig

For the in vitro UDS studies, hepatocyte cultures derived
from untreated rats and mice were.exposed to 500, 1000, 2000, and
4000 ppm DCM for 8 hours (CEFIC 1986b). The methods used in this
study are similar to those described for the in vivo study except
of course that dosing occurred in vitro. Dose selection again
presents a major problem for assessing the value of results
obtained in this assay. The criteria used to select the exposure
levels were not presented. Generally, in such a study,
concentrations are selected by first determining a dose which can
cause profound cytotbxic effects as judged by trypan blue
exclusion, LDH release, cell detachment, or altered norpholoyy.
Normally, test doses that are significant fractions of the
cytotoxic dose would not be selected for testing. However, there
is no indication that any cytofoxicity measurements were made in

these studies.
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A‘second criticism of the study results from the method used
to score exposed silver grains over hepatocytes. In the standard
protocol the authors state: "For eacﬁ cell the number of grains
over the nucleus and the highest number of gfains in an
equivalent adjacent area of cytoplasm were counted. The
cytoplasmic count was subtracted from the nuclear count to give a
net gfain value for each cell." This method of selecting the
highest number of grains in an equivalent adjacent area has been
commonly used in the past. New guidelines from the American
Society for Testing and Materials, agreed upon by experts in the
field, state that an average number of grains from several
equivalent‘adjacent areas of cytoplasm should be used to quantify
the background. This change could significantly alter the data
and conclusioné in a study such as this one in which the results
at the high doselare eqﬁivocal.

Finally,vdataLinterpretation‘presents an additional problem
for evaluating the merits of this study. Both the rat and mouse
in vitro studies were judged to be négative; however, the HRAC
judgés'them as equivocal in result. For example, in the mouse
study, 1.3% of the cells were inrrepair for the control, while
13.3% were in repair for the 560 ppm cultures, 10.0% for the 1000
ppm cultures, 14.0%vfor the 2000 ppm cultureé, and 19.3% for the
4000 bpm cultures. Thus, there would appear to be an obvious.
dosevresponse; The authors provide no statistical basis for
calling these results negative. Clearly, this difference is much

larger than that seen between the negative and positive controls
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in the rat study: 8.5% and 10.6%, respectively. Therefore, if
the difference for the mouse assay is not significant, then the
controls for the rat assay are not valid.

Finally, in the discussion section the investigators state
"It is however clear that methylene chloride is exerting a low
level non-specific effect on both nuclear and cytoplasmic grain
counts." The authors' explanation of a low level non-specific
effect was not clear. Futhermore, the authors speculated that
this effect may represent "an early indication of elevated levels
of replicative (scheduled) DNA synthesis." It is not clear how
the authors may have arrived at this conclusion, since DNA
replication still takes place in the nucleus.
5.1.3. Covalent Binding to DNA in vivo

This study (CEFIC, 1986c) attempts to determine whether the
carcinogenic action of DCM may be mediated through its ability to
bind covalently to DNA and thereby lead to mutations. Fischer
344 rats and B6C3Fl mice were exposed to 4000 ppm l4c-peM for 3
hours. DNA was isolated from lung and liver tissues 6, 12, and
24 hours after the start of exposure, then hydrolyzed and
analyzed by high performance ligquid chromatography. As a
control, an additional group of rats and mice were injected with
l4c-formate to determine if radiocactivity associated with DNA
originated from incorporation of radiolabeled carbon from the
free carbon pool. The rationale for this study is based on the
observations that DCM, which can be metabolized in several ways,

is believed to yield reactive intermediates capable of alkylating
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'DNA and thus leading to mutations, but DCM oan[also‘generate

- formate as an intermediate which can‘enter the free carbon pool.
Since this pool is used in the normal biosynthesisvog nucleotide
bases, radioactivity associated with DNA after exposurevto
labeled DCM may be a normal component of DNA and not an alkylated
product. Based on the results of this study the authors indeed
conclude that all the radiocactivity associated uith DNA after
exposure to l4c-DcM results from incorporation of formate into
nucleotide bases. and not from DNA covalent binding. The authors
further conclude that based on these results, DCM is not
genotoxic and is another example of an "epigenetic carcinogen."

This study can be criticized on several grounds. First, it
is important to note that chemicals can cause mutations in DNA
without alkylation. For example, intercaiating agents can cause
‘frameshift mutations without covalent binding, and some metals
have been shown to causermutations in DNA by interfering with the
fidelity of DNA polymerase. Therefore; the assertion, that .
because,DCM‘does not bind to DNA it‘is not genotoxic, is invalid.
Second; the authors again performed the studies only in male
.animals without explanation.

The major weaknesses of this study, however,‘appear to be in
desién and interpretation. First, it is not clear why‘the
1nvestigators chose to dilute ldc- DCM with unlabeled compound to
produce a lower specific act1V1ty exposure env1ronment. Clearly, .
the higher the specific act1v1ty, the greater the probability of

detecting a minor DNA adduct. Second, the authors present an
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elaborate argument to support their conviction that the
radiocactivity in the second fraction of the mouse liver
chromatogram is really a protein contaminant containing
radiolabeled amino acids which were also synthesized from the
free carbon pool. To support this argument the authors point out
that a similar peak (although relatively smaller) is also present
in the chromatogram from livers of mice exposed to l4c-formate
and in the chromatogram of lungs from mice exposed to l4c-DCM.
However, the relative size' of this peak in the lung chromatogram
is greatly diminished. In order to reconcile this apparent
discrepancy, the authors present the following highly elaborate
but specious argument:

The fact that similar contamination by radiocactive
protein is not seen in mouse lung DNA may be a reflec-
tion on the known specificity of methylene chloride

for a single cell type in the lung, the Clara cell
(CTL/P/1432). 1In the liver, even though there are
small differences in the distribution of metabolizing
enzymes across the hepatic parenchyma most hepatocytes
will metabolize methylene chloride to a similar extent.
Consequently protein and DNA in each hepatocyte will
have been exposed to a similar concentration of methy-
lene chloride metabolites and the macromolecules
isolated from the whole organ will be reasonably
representative of each single cell within the liver.

In contrast to the liver, the specific damage to mouse
lung Clara cell suggests that metabolism occurs largely
in a single cell type which is known to contain the
highest concentration of cytochrome P-450 enzymes in
the lung (Boyd, 1977). Because the Clara cell consti-
tutes approximately 5% of the total cell types in mouse
lung, specificity for this cell would result in a 20-
fold dilution in the specific activity of grotein iso-
lated from the whole organ. In contrast, 4c-formate
incorporation into DNA will presumably occur in all
cell types of the lung dependent only on their rates of
DNA synthesis. The effect therefore of protein contami-
nation of DNA from the lung will be markedly less than
for hepatic DNA. '

v
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Sﬁch reasoning fails to consider that if 6nly ihe Clara cell
metabolized DCM to formate, permitting l4c into the free carbon
pool to be used iﬁ protein synthesis, the radiocactivity in the
DNA will also only be derived from Clara cells. Thus, the ratio
of radiolabeled DNA to protein should remain the same, although
the specific activity of both macromolecules should be lower\in
lung. The specific activity of DNA from the two tissues is
essentially the same, while the specific activity for lung
-~ proteins is not provided in the report. 1In any case, this issue
could have been resolved easily and directly by simply injecting
one of the mice with a tritiated aminé acid and then analyzing
for both labels in the chromatographic fractions. If the
authors! hypothesis is correct, tritium should only be detected
in fréction 2. | |
vFinally,'the authors have ignored all of the labeled peaks
in fractions 22 through 27 in the chromatﬁgram of mouse liver
‘DNA.'ert, thesé peaks could have coindided with alkylated bases.
Indeed, the use oan‘higher specific activity DCM would probably
have enhanced these peaks. The sensitivity of the assay poses a
further problem. In examining the chromatograms of the DNA
hydrolyzates, it is clear that there is radioactivity associated
with all nucieotide baseé except cytosine. This is as expected
g8irice the free cafbon pool is used by the cell in the synthesis
5f pufine rings but not in the synthesis of pyrimidine ring
sfiuctures. However, radiolabel is expected to be associatéd

with thymidine since the 5-methyl group is derived from the free

73




carbon pool. Concern 1s raised because there is no peak
assocliated with 5-methyl cytosine. This modified base is created
after cytosine is incorporated into DNA and should comprise
approximately 5% of total cytosine; the source of this methyl
group is the free carbon pool. One can conclude, therefore, that
this assay is incapable of detecting a single species of
alkylated nucleotide even when that species comprises 5% of the
total amount of that base.

5.1.4. Summary of Phase I Tests

The results of mutagenicity testing of DCM are mixed. DCM
clearly is a bacterial mutagen giving positive responses in the
Ames assay (Barber et al., 1980; Green, 1983; Jongen et al.,
1982). Both positive and negative responses have been reported
in the yeast Saccharomyces cerevisiae (Callen et al., 1980;
Simmon et al., 1977) in Drosophila‘(Abrahamson aﬁd Valendia,
1980; Gocke et al., 198l), as well as for the induction of sister
chromatid exchange in cultured hamster cells (Jongen et al.,
1982; Thilagar and Kumaroo, 1983). Highly significant levels of
chromosomal aS;rrations were induced in CHO‘cells‘in vitro
(Thilagar and Kumaroo, 1983)vbut.w§re not detected in vivo (Dow
Chemical Company, 1980); the doses tested in this latter study
may not have been sufficiently high. The weight of evidence
suggests that DCM is mutagenic, although it is perhaps a weak
mutagen. The results suggest that DCM, like other mutagenic

carcinogens, initiates cancer through genetic alterations. 1In

addition, other health effects associated with exposure to

74




mutagens may also be of concerﬁ,‘e.g., heritable (ge:m line)
mutations,»teratogenicity, and reproductive effects. The data -
presented by the ICI-UK provide nothing to alter this conclusion.
5.2. PHASE II TESTS B | ) :

In Phase II of its investigation into the carcinogenic
mechanism of DCM, CEFIC (1986d, g) tested the effects of the
compound on rats and mice in two additional assays: the mouse
micronucleus test and induction of S-phase hepatocytes.
5.2.1. Mouse Micronucleus Test

DCM was tested (CEFIC, 1986d) in the mouse micronucleusvtest
using both male and female C57BL/6J/Alpk mice; Preliminary
Stﬁdies were performed to determine the approximate MLb/7 (mean
lethal dose after 7 days). The micronucleus test was performed
using doses of 4000 mg/ké, 2500 mg/kg, and 1250 mg/kg, which are
equivalent to 80%, 50%, and 25% of the MLD/7, respectively. Ten
. mice were included in each dose groﬁp, along with positive
(cyclophosphamide) and solvent (corn oil) controls. Animals were
sacrificedvand bone marrow smears prepared at 24, 36, 48, and 72
hours aftér dosing. The frequencies of micronuclei per
polydhromatic erythrbcyte (PCE) were within the control range for
ail dose levels and all time points. The percentage‘of PCEs was
decreased for the 24-hour time points at the two highest doses,
although statistical‘significance was achieved only at the 2500
ng/kg dose: | | |

The authors concluded that DéM is not clastogenic in the

mouse micronucleus test. The HRAC believes a more accurate
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conclusion would be that DCM was not positive in the mouse bone
marrow micronucleus test (under the conditions of the aséay).
This is because the micronucleus test does not detect all
clastogenic activity, but only acentric fragments and some
spindle effects. Also, although bone marrow is generally used
for micronucleus assays, bone marrow is not a target for DCM, and
reactive metabolites may not reach it in sufficient quantity to
produce a detectable effect.
5.2.2. Induction of S—-phase Hepatocytes

DCM was tested (CEFIC, 1986g) for its ability to induce DNA
synthesis in liver cells of B6C3Fl mice. The induction of
S-phase hepatocytes was measured after either one or two
inhalation exposures toJDCM for 2 hours. After exposure the
animals were injected with [methyl-3H] thymidine using one of
three radiolabeling regimens, and DNA synthesis was quantified
using autoradiography at 24 and 48 hours after exposure. Sodium
phenobarbitone was used as the positive control. The use of two
of the three experimental protocols revealed small but
statistically significant increases in the numbers of S-phase
cells.

The results of these studies are difficult to interpret for
a number of reasons. The induction of S-phase hepatocytes is not
a commonly used assay, and the results, either positive,
negative, or as in thie case equivocal, are of unknown
significance. The authors state:

The carcinogens [carbon tetrachloride, trichlorethylene,
and polybrominated biphenyls] do, however, induce liver
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cell turnover in vivo, as monitored by increased DNA

scheduled synthesis. It has therefore been suggested

that such as increased cell turnover in the liver may be

mechanistically involved in the hepatocarcinogenicity to

the mouse of compounds found to be non-genotoxic in vivo.

Mirsalis et al. (1985) have suggested that the apparent

correlation between induced cell proliferation in the

liver and hepatocarcinogenicity indicates that any com-

pound that induces increased cell turnover in the B6C3F1

mouse liver may produce liver tumorsg in a two year bio-
assay.

Based on the explanation in the section ‘above and the use of
phenobarbital as the positive control, the S-phase induction
assay appears to be a test for potent promoters in a system that
is genetically "initiated." It is clear, however, that simply
inducing liver cell turnover alone cannot be the entire action of
the hepatocarcinogens described above, since a partial
‘hepatectomy, a very efficient inducer of hepatocyte DNA synthesis
is not, in and of itself, carcinogenic (European Chemical
Industry ﬁcology and Toxicology Center, 1982). Therefore, such
"non-genotoxic hepatocarcinogens® must have other actions in
addition to the induction of cell replication. Futhermore, since
the authors claim that the small increases seen in this study may

have no biological significance, one may conclude that DCM does

16t fall into this class of carcinogens, and therefore the low
levels of genotoxicity seen in 1n v1tro assays may be respon51ble
for 1ts carc1nogen1c activity.

‘_The equivocal results seen in this study may be based on the
doseshof DCM that were selected for study: 4000 ppm for 2 hours
for a single or two ihhalation exposures. This was the eame dose

used in the NTP bioassay; but, in the latter, mice were exposed
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to this same level for 6 hours a day, 5 days a week, for é total
of 2 years. The exposures used in thisvacute3study.may havé:béeni
too low or of insufficient duration to maximally induce DNA
synthesis. )

Finally, the liver was not the only targetvorgan éf DCM-~
induced tumors. Lung tumors were indﬁéed aé well. '
5.2.3. Summary of Phase IT Tests

The mouse bone marrow micronucleus test was conducted at
adequate exposure levels (CEFIC, 1986d). The negative results
may have been due to the fact that bone marrow is notva target
organ for DCM. The induction of S-phase, even if it were clear-
cut, could not be interpreted at this time in a way that would
help to elucidate thé mechanism of DCM carcinogenesisQ

There is, at present, no way to discriminate between

nongenotoxic and weakly genotoxic activity for DCM.
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6. EPIDEMIOLOGY: RECENT KODAK STUDY
6.1. INTRODUCTION

Since the Health Assessment Document (HAD) for DCM was
published, Friedlander et al. have updated their study of
Eastﬁan—KOdak employees, increasing by some 262 men the size of
the original cohort and presenting some detailed dose-response
analyses. An early report dated July 2, 1985, had been submitted
to the EPA; subsequently, the authors presented an updated
analysis at the Winter Toxicology Forum in Washington, D.C., on
February 18, 1986, and latér at a meeting with scientists from
the EPA, FDA, and CPSC. In June 1986, this analysis was
submitted to EPA under the authorship of Hearne et al. (1986) as
‘a,prepubliCation'COpy. This paper has been published recently
with‘qﬁly minbr chénges‘(Hearne et al., 1987). Two main themes
are emphasized in thése recent updates: lfirst, that DCM ié séfe

for humans at the occupational exposure levels; and second, that
EPA's upper-limit incremental cancer risk estimates based on
animal studies, significantly overpredict the cander eXperiénce'
of the Kodak employees, and therefore should be lowered.

Other actions are aléo of note. Thé series of Kodak studies
through July 2, 1985, were sent to Professor Genevieve Matanowski
for review by EPA's Office of Toxic Substances; she submitted her
report on October 15, 1985. This review was in turn responded to
by Friedlander et ai. on April 15, 1986. Matanowski respon&ed.to

the Friedlander et al.lresponse, but was, at the same time, part
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of a team reviewing the Hearne et al. (1986) paper (Batelle,
1986) . Matanowski's review dealt with qualitative rather than
quantitative issues. Briefly, she noted some methodological
problems which preclude her from agreeing with the authors!
conclusions regarding the safety of DCM. One of her major
criticisms was that the cohort actually was a survivorship
cohort, with the associated bias being one of selection of
persons remaining because of tolerance to the exposure
conditions. She suggested that this bias must be removed before
a meaningful analysis could be done. Matanowski also found
problems with the control populations. Comparison of the Kodak
death rates éith the New York State death rates raised the
"healthy worker effect" issue. While comparisons with the total
Kodak hourly workers adjusted for the healthy worker effect,
shortcomings of such a comparison were described. Matanowski did
not, however, suggest a quantitative estimate of the bias
involved in these SMR comparisons; as‘a result, no adjustment
could be made. l

The following sections present the HRAC feview and analysis
of the most recent Kodak study (Hearne ét al;, 1987). Section
6.1. presents a critical review of the methodology and results
of the study; section 6.2. uses the data to calculate a
gquantitative cancer risk estimate, and compares this estimate
with others that have been calculated both from human and animal
studies; section 6.3. discusses the significance of the

pancreatic cancer response; and section 6.4. summarizes the
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resﬁlts.
6;2. HRAC REVIEW OF THE STUDY BY HEARNE ET AL. (1987)

Hearne et al. (1987) completed a historic prospective study
on all 1013 male employees of the film casting division of |
Eastman-Kodak in Rochester, NY (Kodak-Rochester), yho were
employed at least one year, of which some portion of that
employment had to 6veriap into the period frdm January 1, 1964
through Deéember 31, 1970. The cohort was followed through.
December 31, 1984, and vital status ascertainment was 99.1%
complete. Causes of death in this cohort were contrasted with
those expectgd based on rates of two referent comparison groups:
kl) the‘ggneral male population of upstate New York (excluding
New York City) from 1965 to 1980, and (2) an occupational
population of greater than 40,000 malevemployees of Kodak-
Rochesﬁef (excluding this plant) frcm 1964 to 1985.

DCM has been used since 1944 in this plant as a solvent in
the manufacture of cellulose triacetate film base. This process
is accomplished in large hooded "casting machines" wifhinvwhich
heated air is circulated and drawn off into a soivent recovery
fécility. Employees must enter the casting machines from timé to
time (up to six entries per day) to make manual adjustments and
do maintenance. Samples from pefsonnel industriél hygiene
ﬁonitdrs and surrounding air indicated tﬁat»concentratigns of DCM
fange from 5000 toAlo,Ooo ppm within the casting machines and
bétween 36 to 100 ppm oﬁtsidé the casting machines but within the

workroom. Air-supplied respirators were provided for use

\
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whenever entry into the casting machines became necessary, but
they were not always used.

The measurement of exposure appears to have been quite
well-done. Since 1945 more than 1200 samples of area air énd
from personnel monitors had been collected at several locations
in the vicinity of the casting machines, usually in the
breathing zone of the employees. Additionally, tq assist in
operations, thousands of samples were taken by engineering
personnel at critical points within the machines.

The characterization of DCM exposure also appears to have
been done thoroughly. Regression analysis by the authors failed
to reveal any significant trend in seasonally adjusted DCM
concentrations within the productioh room between 1953 and 1985.
An estimate of lifetime exposure for each employee was then
derived by summing the products of the duration in months spent
in each of these jobs by the average exposure level in ppm
(normalized to an 8-hour time~weighted average) in each of those
jobs. Three career exposure categories were defined: under 350
ppn-years, 350 to 749 ppm-years, and 750 ppm-years or greater.
The median latency in each of these categories were 17, 31, #&nd
37 years, respectively. |

A pr;ori hypotheses, based on the results of an NTP bioasséy
(1986) and in vivo studies of the metabolism of DCM, led the
authors to consider malignancy of the lung and liver as well as
ischemic heart disease as possibly high risk causes of death.

The authors found a statistically significant deficit of
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deaths from all causes combined compared to the death rates of
males living in upstate New York or employed at Kodak-Rochester
{176 observed versus 253.2 expected (upstate New York) or 205.8
expected (Kodak-Rochester)]. With respect to total malignant
neoplasms, a nonsignificant deficit of deaths was noted [41
observed versus 59.3 expected (upstate New York) or 52.7 expected
(Kodak—Rochester)a. Deficits, albeit nonsignificant, were also
seen for respiratory cancer [14 observed versus 21.0 expected
(upstate New York) or 16.6 expected (Kodak—Rochester)] as well as
liver cancer [d observed versus 0.8 gXpected (upstate New York)
or 0.5 expected (Kodak-Rochester)]. A statistically significant
deficit of colon-~rectal céncer is’apparent [2 observed versus 9.8
expected (upstate New Ybrk)], asrwell as a nonsignificant excess
risk of pancreatic cancer [8 observed versus 3.2 expected
(upstaté New York)‘or 3.1 expected (Kodak-Rochester)] attributed
by the authors to posssible misdiagnoses or incorrect coding of
underlying cause of death.

This study appears to be well=-conducted in all respeéts
exceépt one. There is a distinct ﬁossibility that the cohort .
’éélédtion process may have been faulty. Approximately 75% Qf £ha
§6hort began work prior to January 1, 1964, butrafter 1944. A
total of‘48% of the cohort actually began employment priér to
1954. Anyone who terminated his~émployment for whateﬁer reason
prior to January 1, 1964, was not included in the cohort. This
cohort selection criterion has the potenﬁialrfor providing a

study cohort that consists mainly of "survivors" (non-
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sugsceptibles, exceptionally careful health-conscious persons, or
persons who just did not succumb to a work-related illness).

This phenomenon is different from the healthy worker effect which
was present when observed deaths were contrasted with upstate New
York death rates but not when contrasted with deaths rates
generated from Kodak-Rochester employees. However, even in the
latter case severe deficits still persist with some exceptions,
i.e., lung cancer. These results are suspicious unless the
survivorship question is considered as a cohtributingAfactor.
That this survivorship effect is present is supported by the
analysis of respiratory cancer by latency and exposure. There
appears to be a nonsignificant elevated risk of respiratory
cancer in the lowest exposure and latent categories where one
would expect that the experience of the more recent hires would
predominate. This is followed by a decrease in risk as exposure
or period of follow-up increases. A larger proportion of the |
experience of the pre-1964 hires tends to predominate in the
higher dose and latent categories. This phenomenon has also been
seen in other studies but most notably in the Fox and Collier
(1978) studies of vinyl chloride workers.

One possible solution to this problem would be to either
include those employees terminated prior to 1964 in the cohért
.and blend their mortality experience in with the present cohort.
Alternatively, the analysis could exclude all employees who began
prior to January 1, 1964, and examine only the mortality

experience of those employed on or after January 1, 1964. The -
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main deficiency with the latter solution is that very few
person-years would accumulate in the higher latency and dose
categories thus leading to a tremendous drop in the power to
detect an increased risk if oue were present. If these .
suggestions are incorporated into the study design and the
results of the reanalysis are nonsignificant, then it seems
likely that this study could be used to determine an upperrbound
risk estimate for cancer. In the latter solution,'hewever,'where‘
the power is dramatically reduced,che results could nbtfbe j
assumed to imply that exposure to DCM does'not.incfease“ohe's ;~"
risk of cancer. | ‘ ‘> | :N 7
6.3. APPLICATION OF EPIDEMIOLOGY TO QUANTITATIVE CANCER RISK
ASSESSMENT AND COMPARISON WITH ANIMAL-BASED ESTIMATES

- This section discusses severalrprevious.quantitative cancer'vv
risk_assessments for DCM. In the next section a combarison will
be made-of the upper-limit incremental‘unit cancer risk estimate
for DCM predictedvffem the NTP mouse inhalation’lifetime bioassay
(1985, 1986) with that predicted from the Hearne et al. (1987)

study of Kodak employees.

6.3.1. Previous Quantitative Cancer Risk Assessments for DCM

| The Car01nogen Assessment Group (CAG) has prevmously
reviewed both the anlmal studies (NTP, 1985) and epldemlologlc
-studles (up to and including Hearne and Friedlander, 1981) in the
HAD for DCM and Addendum (U S. EPA, 1985a, b). Based on the -
studles, CAG calculated an upper-limit 1ncremental unlt rlsk of

ql = 1.4 x 10~2 ,(ppm)‘l for inhalation based on 1ung and 11ver
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tumors in mice. The CAG has also calculated 95% upper-limits of
expaected deaths based on the early epidemiology study and |
concluded that the "Friedlander et al. study does not have the
power to rule out an overall cancer risk,vor T | lung cancer
risk, that is predicted using the upper-bound'slope derived from
the NTP study." Because the Hearne and Friedlander‘k1981) updatex
was considered a negative response for cancer, if‘the'upper-limit:‘
risk estimate based on the epidemiology'study had beenvlessvthan
that based on the animal data, a human data estimate wouldlhaVef
been used. l’ ‘ | " vl A ] | L
Allen et al. (1986) prepared a risk assessment of the Hearne

and Friedlander 1981 update of their original 1978 study as part
of an overall effort to correlate risk assessments based on }‘ |
animal and human data for the CAG. Allen et al based their
assessment on a relative risk model and 24 total malignant _
neoplasms observed in the cohort update of the 1981 paper versus”
28.64 expected. Only average exposure data for the entire cohortr *,
were available. The results of this analysis are presented in |
Table 8. Also included in Table 8 are estlmates whlch Allen et
al. calculated based on a study of Dow Chemical Company ‘ o
aiployees. This upper-limit estimate, 1. 6 X 10"2 (ppm)'l, is :
also consistent with that based on total cancer deaths in the 7
Kodak study, but Allen et al. used a methodology for uncertainty
which tends to inflate the upper-limit estimates versus the EPA
methodology.

-~ With respect tO.tﬁé:Hea¥né:%£4ai}dﬁi9875;ué@é?érw#hé;UQSrL,,
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Consumer Product Safety Commission (CPSC) has examined the
authors' claim that upper-limit estimates based on animal data
are too high (Cohn and Rock, 1986). The reanalysis by CPSC found
that extra cases predicted for the Kodak employees from animal
data were between 2.2 and 8.7, estimates which bordered the 4.8
excess of pancreatic cancers observed in Kodak employees in the
most recent update. Another agency, the California Department of
Health Services, prepared a report (1986) with an analysis of
more extensive dose-response data obtained pérsonally from the
authors of the Kodak study. In that analysis upper-limit unit
risk estimates were devloped based on both lung and pancreatic
cancers in the Kodak workers. The upper-limit estimates based on
pancreatic cancers are within a factor of plus or minus 2 of the
EPA's upper-limit estimates based on the NTP female mouse
bioassay, which is g} = 1.4 x 1072 (ppm)~l. These estimates are
presented in Table 8. |
One other analysis of the NTP mouse data, an internal Food
and Drug- Administration (FDA) memorandum dated May 4, 1985,
estimated a unit risk value réughiy 27.6 times less than EPA's.
There are also other analyses using epidemiologic data, including
the Dow study on DCM workers (U.S. EPA, 1985a). The bulk of
these analyses, however, discuss the epidemiologic studies in
terms of statistical power concepts, i.e., the probability qf‘A
detecting an increase in cancers if one is actually associated
with DCM exposure. While EPA has dealt with this.concept in a

previous document on DCM (U.S. EPA, 1985a) and other chemicals,
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the focus here will be on the analysis of actual risk estimation
based on the Kodak employee cohort, which is presented in the

following section.

6.3.2. OQuantitative Risk Estimation Based on the Study of Kodak
Employees

The following analysis provides maximum likelihood and 95%
upper-limit estimates of incremental cancer risk based on the
cancer death response in the lung and pancreas in the most fecent
update of the Kodak study (Hearne et al., 1987). Both additive
and relative risk models are used. This type of analysis has
been used previously with epidemielogic etudieS'in several EPA
docuﬁents;‘the HADs for nickel and cadmium are two recent
examples. It also follows closely the analysis used by the State
of California (1986), but the results differ--in some cases only
slightly, in others quite a bit—-because of an adjustment made
for latency. A description of the models follows.

6.3.2.1. Excess or Additive Rlsk Model—-Thls model follows the

assumption that the excess cause-age-specific death rate due to
DCM exposure, hj(t), is increased in an additiﬁe way by an amount
proportional to the cumulative exposure up to that age. In

mathematical terms, this is
hy(t) = BXt

where X¢ is the cumulative exposure up to age t, and B is the

prepqrtional increase. The total cause—age—specific rate h(t) is
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then additive to the background cause-specific rate hgo(t) as

follows:
h(t) = hgp(t) + hy ()

Under the assumptions of this model, the parameter B can be

estimated by summing the expected rates to yield
; Ej = on + BXjo

where Ej is the total number of expected cancer deaths in the
observation period from the group exposed to cumulative exposure
X4+ Epj is the expected number of cancer deaths due to
background causes; for‘the Kodak sﬁudy, expected deaths based on
both total Kodak employees and New York State cancer death rates
are availéble. The total Kodak emplojee death rates were used
since they eliminated the "healthy workerleffect," although, as
discussed in Section,s.zi, this control group may not be entirely
suitable. Wy is the number of person-years of observation for |
the jth exposure group, and the parameter B represents the sloéopé
of the dose-response model. To estimate B, the observed numbef
of cause-specific deaths, 04, is substituted fof Ej. Oy is |
assumed to be distributed as a Poisson random variable. The
parameter estimate, b, can be tested for being significanfly
greater than zero. A statistically significant result is

evidence of an additional cancer effect due to cumulative bcM
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exposure.
Under the above assumptions, the solution by maximum

- likelihood proceeds as follows: the likelihood equation is

o
[exp-(Egj + BX5W3)] [Egj + BXyWy] /041

j=1

where N = the number of separate exposure groups. The maximum
likelihood estimate (MLE) of the parameter B is obtained by

solving the equation

N ’ ‘
dinL = 3 [—ijj + OijWj) / (on + BXjo)==»0
dB J=1 ' ‘

for B.

The asymptotic variance for the parameter estimate b is

N 2 2

[ £ X4Wy / (Epj + bXyWy)]71

j=1

where b is the MLE. This variance can then be used td obtain
&ﬁpféximéte 95% upper and lower bounds for b. Lifetime
‘incremental cancer risk estimates for 1 ppm continuous exposure
are estimated by multiplying b by 70 if X is in units of lifetime
continuous exposure.

©6.3.2.2. Multiplicative or Relative Risk Model--This model .
follows the assumptionrthat the background cause-age-specific

rate at any age t is increased in a multiplicative way by an
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amount proportional to the cumulative dose up to that age. 1In

mathematical terms this is
h(t) = hg(t) (1 + BXg)

As above, summing over the observed and expected experience

yields, for each exposure group,
Ey/Epy = 1 + BXjy

Again, to estimate B, the observed number of cause-specific
deaths, 04, assumed to be a Poisson random variable, is
substituted for Ej. Following the same procedure as above, the

MLE, b, is the solution to

N , : §
dIlInl = 3 [-Eg4Xy + (0s4X4)/(1 + BX4)] = 0
3B =1 0j#j T (¥323)/74% T B4y

with asymptotic variance

[ .g (Eg3%X25)/(1 + bX4)171
j=1 .
Lifetime incremental risk estimates per ppm under this model are
obtained by multiplying b by the background lifeﬁime cause-
specific risk of death, Py, The values Py are derived using life
table methods and 1980 U.S. death rates. PFor lung and pancreas

cancers these are 0.037 and 0.008, respectively.
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6.3.2.3. Data--The data for the above modeis, preeentedvin
Tables 9 and 10, are derived from information supplied to the
State of california by Dr. Friedlander of Kodak and are
reproduced from the State of California's criteria document.
Table 9 presents the observed and expected deaths ffom lung
cancer and Table 10 presents the pancfeatic cancer death
experience by separate age end exposufe categories. Thefthree
career cumulativelexposure categories (<350, 350-749, agd’750+
ppm-years) are the same as theee presented in the Hearne‘et al.
(1987) update and are comprised of 350, 353, and 310 emﬁfoyees,
with mean exposure levels of 16, 22, and 42 ppm (8-~hour timef
weighted average) respectively. ‘Mean duration of'exposure (13,
26, and 29 years) and median latency (17, 31, and 37‘yeefs) also
increased for the higher level exposure categories. Thevmean
cunulative exposures were 153, 531, aﬁd ;212 ppm;years,
respectively. Lifetime continuous exposﬁre (LCE), as presented

in Tables 9 and 10, were calculated as follows:
LCE = X3 = 16 ppm X 8/24 x 240/365 x 13/70 = 0.65 ppm

For the two higher exposure categories, substitution of mean
expoeure levels 22 and 42 ppm, and mean,duration of 26 end‘29
yeers, respectively, leads fo‘LCEs ofj1.79 ppm and 3.81 ppm,‘
»'The Stete of California analeis>used all age and exposure
groups for every analysis. Here ei; egﬁerience prior to age 45

is eliminated, on the assumption of a 20-year latency and the
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observation that only 1110 person-years of observation occurred
before the age of 25. This implies that very few men started
work before the age of 25, so that all experience up to age 45
would be within a 20-year latency period. Overall, there were
29,364.4 person-years of experience among the 1013 men for an
average observation (or latency) of 29 years per man. Removing
the experience before age 45 takes away 9337 or 31.8% of the
person~years. However, there were no observed deaths and lesé
than one expected death for lung or pancreatic cancer in these
age groups. By comparing Tables 9 and 10, one can note that both
the person-years and the LCEs are the same in corresponding |
groups, and that for any age group (column), the ratio of
expected deaths from pancreatic cancer to expected deaths from
lung cancer is constant.

6.3.2.4. Results--The results of the analyses, presented in
Table 11, compare MLE and 95% lower- and upper-limit estimates
based on animal (both administered and metabolized dose) and
human cancer experience. As .can be seen, estimates based on the
human pancreatic cancer deaths are very close to those of the
female mouse based on administered dose. The MLE estimates, 1.2
x 10~2 (ppm)~Ll and 5.0 x 10™3 (ppm)~l, based on the additive and
nultiplicative models, respectively, are slightly higher thaﬁ the
MLE of 3.2 x 10~3 (ppm)~l based on combined lung and liver tumors
in the mouse. The 95% upper-limit estimates based on the Kodak
experience bound the upper-limit estimate of 1.4 x lo‘zl(ppm)"1

based on lung and liver tumors in the mouse.
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Table 11 also compares the results>of,the Kodak employees'
analyses with estimates based on the metabolized dose in animals.
It_dan readily be seen that the upper-limit risks predicted from
human lung cancers by either the additive or mﬁltiplicative model
are very close to those predicted using metabolized dose from the
animal data. Further, it can be seen that the upper-limit risk
predicted from human pancreatic cancer deaths ié greater than any
of the risks predicted from animal data using metabolized dose.

Also included in Table 11 are tests of significance of the
estimates based on the Kodak employees' experience. As can be
seen, the p-values based on pancreatic cancer are borderline
significant (p = 0.05) by the asymbtotic‘normal test. The
p-values based on the likelihood ratio test are p = 0.02 for the
relative risk model and p = 0.04 for the additive risk‘model.

For lung cancer, none of the p-values are statistically
significant, and in fact, the MLE dose-response estimates are
actually negative as might be expected from the data.
6.4. DISCUSSION |

| The above analysis shows that the estimates of incremental
unit cancer risk based on the NTP female mouse inhalation study
are~abou£ the same as thoée calculated from an analysis based on
pancreas cancer deaths in the Koaak employees. The larger
queétioﬁ remaining, however, is whether the pancreas cancer
féép&ﬁse is a true response. Two fgctors that appear signifidaﬁ%
are the concurrent decrease in colcn-rectum cancers and the

appearance of most of these pancreatic cancers between the last
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obser&ation date, 1977, and the current one, 1984. .The Batelle
.report (1986) suggests that in the earlier Friediandef et al.
(1978) report there was an excess of stomach and gastrointestinal
cancer deaths and that this excess miéht represent some
misdiagnosed pancreatic'cancer deaths. RegafdleSs,'Batelle
suggests that the current standardized mortality ratio (SMR) of
250 for pancreatic cancer in a healthy population,‘an apparent
rapid rise in the last 8 years of follow-up, plus the fact that
no other disease shows such an effect, is, at least, cause for
further investigation.

Hearne et al.'(1987) argue the opposite. They suggest that
when "a large number of non-hypothesized causes [are] evaluated,
it is likely tnat [a significant result might happen] by chance
alone." They point to "deficits of the same magnitude . . . for
such sites as colon—rectun (2 vs.l9.8) and prostate and bladder
(3 vs. 8. 0) " They also suggest five other issues which, they
‘claim, demonstrate the pancreatic cancer observation as a. chance
occurrence. K These are: (1) no dose-related effect; (2) no
evidence that DCM or its metabolites concentrate in the pancreas
or produce any other toxic pancreatic response; (3) the histology
for these cancers were adenocarcinomas, the most common
pathologic diagnosis for this sitef (4) potential concnrrent
exposure to suspected animal carcinogens 1, 2-dichloroethane and‘
1 2-d1chloropropane, and (5) each of the eight cases had one or
nore. non—occupatlonal risk factors [smoking (7), diabetes (2),

"and alcohol abuse (1)].
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While both sides have merit, the HRAC believes that the
above analysis, showing a statistically significant ‘
exposure~response trend for human pancreatic cancer of
0.01<p<0.05, based on either the additive or multiplicative
models, is suggestive of a real effect. Hearne et al. claim "no
dose~-related effect was observed (chi square trend = 0.02, p =
0.89) ," but they do not display enough data for their numbers to
be verified. From their data tables, it appears that their test
was based on comparing SMRs for the three career-exposure
categories. It is not clear how a chi sqguare trend test can be
successfully computed with these data. The HRAC believes that
the above analysis, based on modeling, makes maximum use and
weighting of the available data and, therefore, provides the
appropriate trend test.

Examination of theﬁliterature provides only a suggestion
that pancreatic cancer might be associated with the film-making
process. Milham (1976) reported an excess of four to nine
pancreatic cancer deaths and a risk ratio >2 ambng motion picture
projectionists in Washington State between 1950 and 1971.
However, the results were based on a highly unreliable
proportionate mortality analysis, and the study design allowed
for no additional analyses. Furthermore, there were no exposure
measurements. |

Finally, the argument of whether or not the pancreatic
- cancer response is a bona fide response has a bearing on the

quantitative risk estimation. If the evidence for pancreatic
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cancer in humans is considered limited and DCM is classified as a
Bl carcinogen according to EPA‘s_classificatibn scheme, then the
cancer risk estimate would be based on the MLE, 1.2 x 102
(ppm)"1 or 5.0 x 10-3 (ppm)~1 for the additive or multiplicative
model, respectively. Both of these estimates are slightly lower
than the upper-limit estimate based on the administered dose in
the NTP study. However, they are both slightly higher than the
upper-limit estimates based on the metabolized dose in the NTP
study. If the pancreatic cancer response is considered possibly
a chance occurrence and DCereceives a B2 classification, then
the study would be used only to get the 95% upper-limit estimate
on a negative-response study, and the risk estimates would be
even higher. Thus, whether DCM is classified as a Bl or a B2
affects the quantitative risk estimates but in an inverted
manner. This all, of course, assumes that the control population
of all Kodak houriy employees is a proper comparison group.
6.5. SUMMARY

‘A quantitative risk extrapolation bésed on pancreatic cancer
deaths in Eastman-~-Kodak employees exposed to an 8-hour‘time-
Wéightgd averagerof 30 to 125 ppm DCM yields 95% upper-limit‘
'eStimates in the range of 9.9 x 10~3 to 2.5 x 10~2 (ppm)“lt\ This
tapgét(Table 11) exceeds the proposed EPA upper-limit estimate
defi&ed froﬁ lung and liver tumors in the NTP female mouse
inhaiation study‘(based on metabélized dose). Furthermore, a
test for exposure—résponse‘trend yields borderline statistical

significance, additional evidence that the pancreatic cancer
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response in the Kodak employees 1s exposure~-related and not a
chance occurrence. At this ﬁime, however, the HRAC believes that
the evidence is not strong enough to determine if this response
is bonafide and can merely conclude that the estimates based on
animal cancers do not appear to overestimate the risk. Even if
pancreatic cancer deaths are discounted, the 95% upper-limit
estimates based on lung tumors from the epidemiologic analysis
(Table 11) would be between 1.1 x 10~3 and 2.7 x 10~3 (ppm)~1,
which are comparable to the upper-limit estimates derived from

the mouse metabolized dose data.
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7. SCALING RISK ACROSS SPECIES USING DELIVERED DOSE

7.1. INTRODUCTION

Using experimental animal exposures to pﬁtative carcinogens
as a means for estimating risk to humans relies on the general
similarity of mammalian species in anatomy, physidlogy, and
biochemistry. The biological procesées that underlie
carcinogenicity are not well understood, but it is reasonable to
suppose that they will operate in a more or less similar manner
in rodents and humans, at least in most cases. Although these
processes may:be suppoéed to be qualitatively similar, the rates
at which they proceed will vary among species,'leading to
differences in the carcinogenic‘potencyvof‘a substance.

Much of the variation in the rates of the underlying
processes will belthe result of the pronounced difference in
scale between humans and experimental aniﬁals. Humans are some
2000 times heavier than mice, they live about 35 times longer,
and their physiological processes operate at a generally slower
rate. The amount of a carcinogenic compound that engenders egqual
lifetime cancer risks in mice and humans clearly shouldvdepend on
such differences. If one can properly take into account
differences in scale, one can quantitatively predict human risks
from qbservations on the doses that produce certain risks in |
éhiméls. |

Much éontroversy exists over the scaling factor that ought
to;be‘applied; different factors are preferred by different
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federal regulatory agencies. FDA generally scales dqses by body
weight; doses are considered to be of equivalent lifetime
carcinogenicity when the daily rate of dosing is equal in units
of mg/kg. EPA and CPSC scale doses by body surface area. That
is, doses are equivalent in units of mg/kg2/3/day, since surface
area is proportional to (body weight)2/3, (Both of these factors
adjust for life span in. that equivalent lifetime risks are based
on daily exposure rates, even though humans are exposed for 35
times more days in a lifetime.)

The extrapolation of potencies of carcinogens using such
scaling factors has some empirical support. For some chemicals,
direct estimates of risk from defined exposures are available
from epidemiologic data. Such estimates agree (at least
generally) with projections based on scaling the potencies
estimated from animal studies (National Academy of Sciences,
1975). Crump et al. (1985) and Allen et al. (1986) have shown
for 23 %chemicals" (includiné industrial chemicals, drugs, and
cigarette smoke) that the directly observed human cancér risks
are well predicted from animal studies if the applied doses area
scaled by some measure of body size and life span. Their data
have insufficient resolution to clearly favor body weight or
surface area as a scaling factor, however. Two points of caution
should be noted. First, the chemicals in the comparison are ones
producing rather high human risk, high enough to be estimated in
epidemiologic studies. Thus, the extrapolation is from

experimental animals at high biocassay doses to humans usually at
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similarly high doses. Second, there is a good deal of variation
among chemicals which reflects on the accuracy of the
extrapolation; there is considerable room for improvement in
prediction, especially in the area of "explaining" the outliers
to the general pattern.‘ Nonetheless, these studies are
reassuring in their suggestion that current risk extrapolation
processes are not completely ill-founded.

The question addressed in this chapter is how information on
the internal target-organ doses of a putative carcinogen should
affect the process of extrapolating risks observed in animals to
humans. Extrapolation on the basis of applied or external dose
can be criticized for failing to take into account species
differences in metabolism and disposition, as well as for
ignoring the changes in these factors from high doses to the low
levels of exposure for whichrhuman risk estimates are usually
~desired. If infoimation is available on internal doses in the
tissues subject to carcinogenic ihduction,<a dose measure.much
closer (in terms of the underlying causal processes)>to the
biological end point of concern can be examined. A discussion
about the relationship of such data to the scaling process
requires an examination of the scaling process as it is‘currently
used on applied doses. H
‘7.2. SCALING APPLIED DOSE TO EXTRAPOLATE RISK ACROSS SPECIES

' The applied dose basis for risk extrapolation makes no
expliCit attempt to specify the underlying biological |

processes/factors that mediate the relationship between the dose_ o
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and the ultimate response. The same set of underlying prodesées
is presumed to operate in experimental animals and in humans; the
scaling factor is employed to account for the alteration in
potency that results from the different values for factors
affecting the underlying processes in larger, longer-lived humans
compared to rodents. The scaling factor has to account for the
overall scaling of the whole relationship of applied dose to
response, even though that relationship comprises a large number
of components. These components include the pharmacokinetic
processes of absorption, distribution among the tissues,
netabolism, and excretion, all of which will affect thefaegreevto‘
which the internal dose at the site of action remains
proportional to the applied dose. Other components are those
that affect the tissue's sensitivity to this internal dose, and
include such factors as the cells’ ability to scavenge free
radicals, rates of DNA repair and cell tufnove£i the number of
cells at riék, immunosurveillance, and others. The general
empirical success of the scaling factors usually used by the
federal regulatory agencies, discussed previously, argues that
the combined effect of differences in all of the underlying
factors is well estimated in many cases. However, no single
factor can be identified as the key to explaining the
interspecies differences in a carcinogen's potency, nor is the
specific contribution of any one element to the overall scaling
effect identifiable.

If pharmacokinetic data on humans and animals were available
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on a number of the chemicals considered by Allen et al. (1986),
one could compare the ihtérﬁai'dose différénéés between species
to the observed differenées in the potency of carcinogens,
vielding an estimate of the contribution of differences in
pharmacokinetics to the scaling of potency across species. Such
data are not currently available, however. Information on this
question is being compiled by EPA with the hope of providing
insights that will aid in interspecies extrapolation.

In order for pharmacokinetic models or data on internal:
‘doses to alter the risk extrapolation based on applied dose, one
must replacé,the contribution of pharmacokinetics that has been
assumed as part of the general scaling across species with the
particular data for thé compound at hand. 1In order to do so, one
muét‘make explicit the assumptions about the contribution of
pﬁafmacokinetics to inferépeciesAscaling that one aséumes in the
applied dose extrapolation procedure. (Lacking data on the other .
eléments contributing to sensitivity differences among species,
one muét assume thatvtheir contribution is‘thg same as in the
applied dose extrapolation.) If other pharmacodynamic factors
are known or assumed based on appropriate evidence, the degree to
'which the data show that pharmacokinetic differénces between
humans and experimental animals do not follow the assumed pattern
is the factor by which the risk extrapolatlon should be altered.
élmply show1ng that species differences in pharmacokinetics éxiét
does not help in deciding how to change human risk predlctlons,

since the observed diffexencesvmay be in accord with the general
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scaling pattern between species that the applied dose scaling
factor already encompasses.

The process of apportioning expected species differences in
a carcinogen's potency between pharmacokinetic factors and other
pharmacodynamic factors is difficult, and is discussed in the
following section.

7.3. PHARMACODYNAMICS

Pharmacodynamics is "what the dose does to the body."
Although pharmacodynamics can be defined to include
pharmacokinetic considerations, it is defined for purposes of
this discussion as including the biological processes that govern
the target tissue's degree or probability of response to a given
delivered dose, which may or may not be proportional to that
delivered dose.

Our ignorance of pharmacodynamics is, if anything, greater
than our ignorance of pharmacokinetics, especially when cancer is
the end point. As in the case of pharmacokinetics, we ought to
consider how pharmacodynamic differences from high to low doses
and from species to species affect our ability to extrapolate
risk from animal bioassays to human experience. Generally, if a
carcinogen acts by enhancing or accelerating an ongoing
biological proceés involved in the production of “background"
tumors, we expect the carcinogenic potency of a delivered dose
(at least at low levels) to be directly proportional to (i.e., to
vary linearly with) that dose. However, a number of biological

processes can lead to marked nonlinearity in the curve of
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magnitude of effect against delivered dose. = For example, the
swambing of DNA repair at highgr doses of an agent could cause
the dose-effect curve to be convex (leading to lower than
expected risks when extrapolated to low delivered doses). A
carcinogen that must induce cytotoxicity to cause cancer' could
héve a very convex dose-effect curve; on the other hand, if low
doses of an agent fail to induce‘DNA repair enzymes, a somewhat
concave dose~effect curve would result, and low dose risks may be
underestimated. Although many possible nonlinear effect# can be
listed, their actual importance in real situations is'currently
lunknown. ‘ |

Clearly, different hypotheses about the mechanism of
carcinogenic action profoundly affect the process of high- to
low-dose extrapolation, even after pharmacokinetic non-
linearities are accounted for. One can make thé assumption (if
daté are lacking) that;within-species pharmacodynamics is linear;
that is, the effect is direcﬁly proportional to the delivered
dose. It is well to‘realize, however, that this assumption
introduces uncertainty, and‘could be somewhat anti-conservative
in some cases. On the other hand, risks from an epigenetic
carcinogen that has little effect below a ce:tain threshold will
be overestimated. | |
o The effect of pha;macodynamics on interspecies extrapolation
of risk is a good deal more problematica There are many factors
that differ between rodeﬁts and humans that can be expected to

influence the degree of toxic reaction to a given tissue-=level
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exposure. In the case of carcinogenicity, these include the
slower rate of cell turnover in humans, the greater cellular
defenses against free radicals and other highly reactive
compounds, and possible differences in the efficiency of DNA
repair. One major factor is that humans have many more cells in
any given organ than do rodents, each of which will be at equally
increased risk of carcinogenic transformation when exposed to a
given tissue-level concentration of carcinogen. Since only one
cell need be transformed to initiate a tumor, all else being
equal, humans ought to be many times more sensitive to a given
tissue concentration of a carcinogen than are rodents.

Clearly, all else is not equal. Interspecific factors that
tend to increase human susceptibility to carcinogens are to a
large degree balanced by other factors that tend to decrease
susceptibility. The key question for interspecies extrapolation
of carcinogenicity, which remains unanswered at the present time,
is exactly where this balance is struck in humans vis-a-vis
rodents. In other words, we do not yet know what to use for an
"interspecies pharmacodynamic correction factor" to account for
interspecific differences in the carcinogenic response of tissues
to a given delivered dose.

The foilowing section discusses the "surface area
correction" as a means of scaling doses for interspecies
extrapolation, in light of the uncertain contributions of
pharmacodynamics and pharmacokinetics to the overall scaling of

carcinogenic potency across species.
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7.4. PHARMACOKINETICS, PHARMACODYNAMICS, AND THE: SURFACE AREA

CORRECTION |

The surface area correction is the interspecies correction
factor by which human applied doses (in mg/kg/day) are modified
in order to be equivalent to animal doses (in the same units)
under the EPA and CPSC assumption that doses are of equalrrisk
when expressed in terms of mg/kg2/3/day. Humans have a smaller
surface area to volume ratio than do rodents, since surface area
is épproximétely proportional to the 2/3 power of body weight,
while volume is approximately prcoportional to weight. Hence, an
equal dose per kg2/3 will bé less per kg in humans. 1In
extrapolating from mice weighing 0.0345 kg [which mayybe used for
the weight of female mice in thé NTP (1985) inhalation biocassay
of DCM] to 70 kg humansz the human'doses in mg/kg are divided by
the cube foot of the ratio‘of body weights, or a factor of 12.7.

In general terms, the overallrinterspecies correétionifactor
for applied dose (F, which is equal to 12.7 in-this case) must
include the effects due both to interspecies pharmacokinetic
differences (PK) and to interspecies pharmacodynamic differences
(PD);, both of which are usually unknown. One can represent this

as a simple equation,
¥ = PK x PD

where F is the multiplicative factor that relates human risk to

mouse‘risk at the séme applied dose in mg/kg/day, PK is the
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factor that relates human delivered dose to mouse delivered dose
at a given applied dose, and PD is the factor that relates human
response at a given delivered dose to the mouse response at that
same delivered dose. (To the extent that PK and PD display
within-species nonlinearities, their values may change at
different levels of applied dose; this phenomenon is ignored for
the time being.)

When pharmacokinetic data are available, one must consider
replacing the assumed value of PK with an empirical determination

of this factor, PK* (where the "*" distinguishes an observed

value from the a priori assumption). The new interspecies

extrapolation factor F* (and hence the new estimate of potency in
humans) would thereby be altered by a factor PK#*/PK. The
question is, what is the assumed value of PK?
7.4.1. Assuming that the Surface Area Correction Accounts for
Pharmacokinetics

One approach is to take the case of the surface area
correction factor of 12.7 between mice and humans (and hence the
interspecies differences in a carcinogen's potency) as being
entirely due to differences in pharmacokinetics (i.e., assume
that PK = 12.7). A given tissue-concentration is taken to be
equally toxic in all species (i.e., PD = 1). The rationale for
this approach comes from the common pharmacokinetic observation
that the volume of distribution of a compoupd tends to scale
across species in ﬁroportion to bédy weight, while the rate at

which the compound is cleared from that volume (by metabolism
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and/or excretion) tends to scale as,surfacevarea.ﬁ,Asha>result,
£he concentration in the blobdiattenuaiésxmdfé slole,in larger
animais, resulting in a larger area under the concentration-time
curve, and presumably a larger biologica}_effect (e.g.., Dedrick
et al., 1970). This approach is commonly used in scaling‘up
doses‘of experimental drugs from mice to humans. Under this
vieﬁ, the reason that humans are assumed to be 12.7 times more
sensitive than mice to a dose in mg/kg is that they experience an
internal dose (area under the curve) that is 12.7 times higher..

If actual pharmacokinetic data for a certain compound éhowed
that, contrarﬁ to this expeétation, human internal doses were,
say, oné»half as large as in mige,following_equal applied doses
(i.e., PK* is observed to be 0.5), owing perhaps tpAsqme |
idiosyncracies of the compound'sAmétabolism in humans, then this
khowledge should prompt the lowering of the estimated human risk
by a factor of 12.7/0.5 = 25.4. | - ’ .

There are reasons-tb question whether the baSis:cited for
this view of the surface afea‘correction (the Qolume of
distribution versus cleafance argument) applies toyéarcinogené,
however.. Many gafcinogens seem to requirevmétabolic activatién
from a éomparatively innocuous parenﬁ compound to a highly
reactive métabolite. Thus, the concentration of parent compound
and the rate of its clearance from the body may not be directly»
relevant to carcinogenic potency. For exaﬁple, if the two means
6f ciearance of a parent compouﬁé from the body, excretion and

metaboliém, both scale between species in proportion to surface
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area, their ratio would be fairly similar in rodents and humans.
Although human metabolism may be slower, the loss of parent
compound by excretion is also slower to about the same degree.
In other words, the same proportion of the dose may be
metabolized for the compound in mice and humans, albeit over a
longer time scale in humans. In this case, rather than 12.7, PK
would be 1.0 between mice and humans, that is, the applied dose
and internal dose are in the same proportion in different
species. Of course, if metabolism and non-metabolic clearance do
not remain in the same proportion, PK would assume some other
value (for example, CEFIC studies are interpreted by the authors
as showing that mice metabolize DCM by the GST pathway at least
60, rather than 12.7, times as fast as humans).
7.4.2. Assuming that the Surface Area Correction Accounts for
Pharmacodynamics

If internal doses are assumed, as in the above example, to
be generally proportional to applied doses, even across species,
and if the overall extrapolation factor F is still assumed to be
given by the surface area correction of 12.7, then the correction
is being assumed to be due solely to species differences in the
sensitivity of the tissues to carcinogenic transformation by a
given internal dose, i.e., PD is assumed to be 12.7. A possible
explanation for sensitivity scaling as surface area could be that
gome of the components of variation in tissue sensitivity, such
as cell division and turnover rates, DNA repair rates, scavenging

of free radicals, and so on, are related to tissue aging rates
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and to life span. Boxenbaum (1983, 1984) relates life span and
aging to different scales of ﬁphysiolegical‘ﬁime" among species,
which teﬁds-to vary in proportion to body surface area. On the
other hand; factors such as number of cells at. risk would not
scale in this fashion. A further complication is how to
interpret the effect of a‘number_of components each possibly
scaling by surface area. Taken together,(all of the components
could lead to a factor of 12.7; alternatively, a multiplicative
solution might be needed. For example, if each of the three
components just listed caused a 12.7-fold effect, the net effect
would be 12.7*12.7%12.7, but if number of cells caused an
opposite effect of 12.7*%12.7, the result would be a 12.7-fold
effect. Obviously, the value of PD for any compound is subjeet
to many consideratioﬁs°

If, however, it‘is assumed that the surface area correction
is applied in this way (PD = 12.7), it is a correction not on
dose, but on risk from a given internal dose. The hypothetical
compound mentioned above, for which pharmacokinetic data showed
PK* = 0.5, would, under this method, have only half of the
pharmacokinetic difference expected by this view of the surface
area correction to applied dose. Thus, the risk estimate would
bellowered by a factor of 1/0.5 % 2 (instead of by a factor of
24.5, as in the original example). When the surface area
correction is viewed as a correction for tissue sensitivity‘
differences across species, internal doses must be adjusted by

the surface area correction just as applied doses are, because
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the difference in sensitivity of the tissues between species is
not addressed by pharmacokinetics.
7.4.3. Other Possible Assumptions for PD and PK

If there is an unusual pharmacokinetic pattern for a
compound (i.e., PK* is shown to be different from its expected
value, but PD retains the appropriate expected value), correction
for species~-to-species extrapolation should be made. A study of
many compounds for which there are animal and human risk data,
the purpose of which is to obtain estimates of PK¥*, may lead to
clues regarding the values of PK and PD for this spectrum of
compounds. If pharmacokinetics, for example, seems to always
lower risks using 12.7 for PD as in the above example, the
empirical success of applied dose scaling (which places some
constraint on PK x PD) suggests that human sensitivity, PD, is
perhaps being underestimated by the surface area correction.

One could start from a different éet of assumptions about PK
and PD. One cannot regard the use of pharmacokinetic information
as replacing the need for assumptions about the "usual" scaling |
across species, since the scaling can always be determined
enpirically. This can only be done if a value of PD, the
sensitivity differences between species, can be settled on. It
is important to note that if one makes the decision to use
pharmacokinetic data for species-to-species extrapolation, one
cannot extrapolate across species using internal dose without
making an assumption as to the value of PD. The approach

described above is one attempt to show a derivation for PD.
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Obviously, there is a large uncertainty in its value for a given
chemical, and PD may vary coﬁsiderablfvfér oﬁher chemicals. When
comparing risks extrapolated to humans on the basié of applied

dose to risks extrapolated using internal or delivered dose, one
must use the same value of PD (unless independerit information on
the biolocgical basis of PD is also adduced to suggest that it too

should be changed).

7.4.4. High-~ to Iow~Dose Extrapolation

The preceding discussion focussed on the interspeéies
extrapolation, temporarily ignoring the fact that both PK and PD
can change as a function of doée level. ‘In the case of the
pharmacodynamic factor, PD, the changés of response withrinternal
dose are estimated by fitting a dose-response curvé. The methods
for doing this, and the assﬁmptions that must be made, are
essentially the same as when the dose measure is applied dose
(the principal difference is that any influence of
pharmacokinetic nonlinearities on the applied dose versus
response curve is not falsely ascribed to pharmacodynamic.
differences with dose). These basic risk assessment methods are
well discussed in federal.reguiatéry agency risk assessment
documents.

- The relationship between the externally applied doée and‘the
subsequent internal dose at the site of toxic action can vary
wiﬁh dose level because of saturation of metabolism, action of
different biochemical pathways at different substrate

concentrations, nonlinear patterns of binding of the compound,
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and other factors. The assumption made by the applied dose
procedure that similar biological processes underlie the action
at low doses of a compound in animals and humans may be violated
because the experimental animals are exposed to much higher dose
levels.‘ The equation describing the component assumptions of the

applied dose extrapolation can be modified to
F = (PK x HL) x PD,

where the new factor, HL (for "high-to-low"), is the changé in
the ratio of human applied dose to internal dose between high
doses (as high as rodents in the bioassay) and the low doses
usually characteristic of the human exposures for which risk
estimatgs are desired. In the applied dose procedure, HL is
assumed to be 1; i.e., the possibility of such changes is

ignored.

As a general principle, even very nonlinear pharmacokinetic

systems usually approach linearity at low doses, below the level
at which saturation effects are important. [The model used by
Andersen et al. (1986, 1987) for instance, predicts GST
metabolism that varies almost linearly with applied dose below
about 10 ppm.] This is important because it means that the high-
to low-dose extrapolation is the same for most exposure levels of
concern (since they are all in the low-dose region), allowing a
unit risk to be used in risk calculation. In other words, it is

possible to calculate an observed value for the high- to low-

118




dose corréction, HL*, which can replace the assumed value of
HL = 1. Whether or not species—to—species extrapolation is
employed, the HRAC agrees that nonlinearities in the dose~
response curve due to pharmacokinetic differences must be
accounted for in the risk assessment process, if the pertinent
data are available.

HL is separable from PK and PD, and unlike the latter,. has
an assumed value for high- to low-dose extrapolation in the |
applied dose procedure--it is clearly assumed to be equal to one.
Therefore, it is possible to incorporate pharmacokinetic
informatién relating oﬁly to dose level into quantitative risk
assessment. This‘method holdé that the current‘lack of
understanding of interspecies differences in tissue sensitivity
(PD) precludes using internal doses to extrapolate across
species, but assumes that the results of pharmacokinetic.
investigations can be used for high- to low-dose extrapolation;
the pharmacodynamic factor is held constant within humans.

The extrapolation between species is done using the applied
dose method. PK and PD need not be individually specified, only
their product is fixed by whatever assumption the risk assessor
has traditionally used (e.g., mg/kg/day or surface area
correction). This method relies on the empirical success of
applied dose extrapolation (Crump et al., 1985; Allen et al.,
1986) discussed previously. These papers examine extrapolation
bnly;to high human doses, and in such cases the applied dose

scaling factors work fairly well. The pharmacokinetic
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information on humans is then used to define an observed non-
proportionality (HL*) of applied and internal doses when high.
doses are compared to low doses. The extrapolation factor F is
then adjusted to equal PK x PD x HL*. This method accounts for
nonlinearities in internal dose across exposure levels that arise
from dose-dependent changes in absorption, disposition,
excretion, and saturation or other changes in metabolism.
However, it forgoes modifying the interspecies component of
extrapolation on the basis of pharmacokinetics. New data
changing the estimate of interspecies pharmécokinetic
differences, PK¥*, will not result in différent‘risks under this
procedure.

The preceding pages have laid an extensive‘groundwork on the
various factors that must be borne in mind when usihg
pharmacokinetic information in the extrapolations inherent in
quantitative risk assessment. The practical value of drawing the
distinctions outlined above will be demonstrated in the next
section, in which an analysis is presented of the interpretation
by Andersen et al. (1986) of the results of their pharmacokinetic
"model for DCM vis-a-vis the EPA (1985b) and CPSC (1985) risk
assessments.

7.5. THE PHARMACOKINETIC MODEL USED BY ANDERSEN ET AL. FOR DCM

Andersen et al. (1986) submitted to EPA and CPSC a report
(which was subsequently published in 1987) on a physiologically
based pharmacokinetic model along with interpretations of its

results that, according’to these authors, show the two agencies!'
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risk assessments to overestimate human risks from inhalation by
167~-fold for liver tiséué éna'144~fold‘fof lung tissue. The
model used by Andersen et al. (1986, 1987) is a modification of
an earlier model developed to describe the disposition of styrene
(Ramsey and Andersen, 1984). The model, its merits, and its
shortcomings have been discussed in Chapter 2. Here the intgpt
is to analyze the contention of great overestimation of riéks_
when extrapolation from mice to humans is done on the_basisJof»
applied dose instead of on internal doseé as provided by the
model. The model is used as presented by Andersen et al; (1986).

The HRAC finds that the differences between risk‘estimates
derived from EPA/CPSC's applied dose method and from using
internal doses from the model may be interpreted as being_much
smaller, only a few fold. The disagreement stems from two
factors: (a) breathing rates, and (b) the appropriate _
application of the surface érea correction to dose, as diécussed
previously.

7.5.1. Breathing Rates

In EPA's Addendum to the Health Assessment Document fo oleilt
(1985b), and CPSC's risk assessmeﬁt (1985), applied doses are
calculated as the amoﬁnt of DCM breathed in per kg of body weight
per day, estimated using empirically-based bréathing rates
(m3/day) and assuming 100% absorption. Because larger animals
breathe less air per unit of body weight, humans receive a
smaller applied dqsé from a given exposure to a certain vapdrl

concentration than do mice. The model used by Andersen et al.
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(1986, 1987) incorporates the assumption that humans have a
smaller input of DCM per kg than mice, but the model uses a set
of breathing rates different from EPA's and CPSC's. The model's
vélue for human breathing rate (12.5 m3/day) was measured for a
man at rést, and is consequently much lower than EPA/CPSCfs
assumption (20 m3/day) based on average daily activity. When the
model is used in assessing risks from actual human exposures, its
parameters should reflect normal human activity levels. |

Furthermore, the modgl's breathing rate value for mice
(0.084 m3/day) is much higher than EPA/CPSC's assumption (0.043
m3/day). Andersen et al. (1986) compared the results of their
model to EPA's procedure without accounting for the fact that the
two methods use different breéthing rates, both for mice and for
humans. One may debate about which set of rates is most
appropriate, but the same set of values ought to be used when
comparing the two methods. Since the breathing rate values
appear both in the model and in the applied dose calculations,
using the model's rates throughout implies a smaller human
applied dose (and a bigger mouse applied dose) than the EPA/CPSC
procedure does, but these applied doses are the ones that are
truly associated with the model's estimates of interhal dose.
When the comparison is made in this way, using the Andersen et
al. breathing rates in both procedures, the non-proportionality
between applied dose and internal dose reported by Andersen et
al. (1986) is reduced by a factor of 3. 1, reflecting the

dlfferent assumptions in the model and in the EPA/CPSC procedure
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as to the ratio of mouse to human breathing rates. (The change
in breathing rates in the EPA/CPSC procedure lowers the applied
dose estimate, which is then less different from the model's
results. If the EPA/CPSC breathing rates are used in both the
médel and the applied dose calculations, however, the model's
results are not changed by 3.l-fold; but by a smaller amount,
especially in mice, owing to nonlinear effects within the model.
In a following section on developing a uni£ risk based on
internal dose, the EPA/CPSC rates are in fact used.)

When the same breathing rates are used, the difference
between the model and the applied dose.procedure are not 167-fold
and 144-fold for liver and lung, respectively, but rather 54-fold
and 46-fold. |
7.5.2. Using the Surface Area Correction

The seéond difference that the HRAC has with the analysis of
Andersen et al. (1936) is in the use bf the surface area |
correction on applied dose. Andersen et al. follow the first of
the two interpretations of the surface area correction, as
aié@ﬁSsed in the earlier section. That is, they attribute t&
EPA/CPSC the assumption that, since the overall scaling factor
for applied dose extrapolation across species is F = 12.7, thev
expected pharmacokinetic difference between mice and humané is
PK = 12.7 (with PD = 1).

The model ﬁsed(by Andersén et al. (1986, 1987), using their
"optimizéd" values for DCM kinetic constants (see previous

sections for a discussion of the sensitivity of this procedure),
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shows that the internal dose (metabolism by the GST pathway per
liter of tissue) is not 12.7-fold greater in humanslthan in mice
at the same applied dose, but is in fact somewhat lower in
humans. In terms of the notation developed previously, the.
observed difference in the ratio of applied to internal dose when
.comparing mice at high doses to humans at low doses is PK* x HL*
= 4,3 for liver tissue, while in lung tissue the value is 3.6.
[In liver, the interspecies extrapolation actually shows the
applied dose method to underestimate the internal dose somewhat
at 4000 ppm (PK* = 0.60), but HL* is 7.2, leading to a combined
interspecies and high- to low-dose comparison of 4.3-fold; in.
lung, PK* is about 1.6 and HL* is 2.2.]

If the observed deficit of internal dose in humans vis-a-vis
mice of 4.3-fold for liver is compared to the expectation of an
excess of 12.7~fold, then the applied dose procedure
overestimates internal dose (and therefore risk) by 12.7 x 4.3 =
54~fold. In lung the calculation is 12.7 x 3.6 = 46-fold. [If
one adds back in the 3.1-fold infiation due to comparing
different breathing rates, which is really extraneous to the
dotparison of applied to internal dose, then the factors are 187
and 144, as Andersen et al. (1986) originally reported them.]

If, on the other hand, one takeé a second interpretation of
the surface area correction--that the correction is to account
for interspecies differences in sensitivity of the tissues to the
internal dose as explained in the example above--then the assumed

values of PK and PD are not 12.7 and 1, but rather 1 and 12.7,
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respectively. The 4.3=fold deficit of internél dose in human
liver vis-a-vis high~dose mice is thus compared to an_expectation
of 1. The change in the risk calculations is thus not 54-fold,
but 4.3-fold, whgn internal doses are used in place of applied
doses. The factor for lung is 3.6-fold, by the same afgument.
Since PD is assumed to be 12.7, the surface area correction is
still applied to doses, even though they are internal doses, to
correct for the anticipated greater sensitivity to those doses in
humans compared to mice. If another value (other than 1.0 or K
12.7) is assumed for PD, results would vary accordingly--one,can
see how importantvah assumption for PD is.

If one does noﬁ assume PD,'but uses the high- to low-dose
informafion only for incorporation of pharmacokinetic data into
the risk assessment process, the difference between_the‘Andersen
et al. proposal and EPA/CPSC applied dose estimateé is 7.2 of 2.2
for liver and lung, réspectively (i.e., HL%*), |
. The comparison by Andersen et al. assumes that the sole
reason for applying the surface aﬁea correction factor of 12.7 to
applied doses when extrapolating across specieé is to adjust fo£
ahitidipated differences in pharmacokinetics between species. ﬁﬁé
HRAC feels that it is strongly arguable that the surface;afea
correction is not a correction on dose to allow for
pharmacokinetics; but rather a correction on risk to allow for
many factors, including pharmacodynamics. The HRAC's
interpretation of the results of the model used by Andersen et

al. (1986, 1987) is that, although it indicates some
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overestimation of internal dose of GST metabolism in humans °
compared to the level in mice in the NTP biocassay, this effect
can easily be only a few fold.

Nonetheless, ;t is important to judge the impact of sﬁch
results on the DCM risk assessment process. The following
section develops a unit risk for DCM based on extrapolating risks
from mice to humans on the basis of GST metabolism in liver and
lung tissue. )

7.5.3. Developing a Unit Risk Based on Internal Dose:

Incorporation of High—~ to IL.ow-Dose Differences and

Species~to-Specieg Differences

This section outlines the development of a unit risk based
on the amount of metabolism by the GST pathway, as estimated by
the model used by Andersen et al. (1986, 1987). It was assumed
that PD = 12.7, as outlined in the above example, i.e., that the
carcinogenic potency of DCM in corresponding organs of mice and
humans is assumed to be equal when the daily amount of metabolism
by the GST pathway per liter of target organ tissue (the
"internal dose") is scaled by body weight to the 2/3 power, which
is proportional to the relative surface area to vdlume ratio of
mice and humans. This is accomplished by dividing the output of
the model for humans by a factor of 12.7 before risks are
calculated to account for a presumed difference between mice and
humans in tissue sensitivity to a given tissue-level dose.
(Surface area scaling could be baéed on organ weight rather than

on body weight, but as organ weights are nearly a constant
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proportion of body weight, this wouldemakevlittle difference in
the eventual unit risk, a difference}of only 3% greater for lung
and 8% greater for liver.) | |

Lung and 1iver do not generate equal amounts of metabolites
during exposure, so it is necessary to extrapolate risks for each
organ separately. (This exercise does not imply that the HRAC's
position is that humans and animals must respond at similar
eites. The HRAC provides this exaﬁple for methodological
illustration; this problem is discussed further below.) Separate
incidence rates of lung and liver tumors in female mice (the more
sensitive sex) were drawn from the.NTP (1985) biocassay. For
hepatocellulai adenomas and/or carcinomas the incidences of
tumor-bearing animals were: 3/45 in the control group, 16/46 in
the 2006 ppm group, and 40/46 in ﬁhe 4000 ppm group: for
aiveoiar-bronchiolar adenomas and/or carcinomas the incidences
were 3/45 amoﬁg controls,A30/46 at 2000 ppm, and 41/46 at 4000
ppm. Animalsrdying‘before the appearance of the first tumor
(which occurred in week 68 for both tumor types) have been
eliminated from the denominators, since the Capacity of these
individuals to develop tumors is not fully tested.

inﬁernai dosesvwere estimated using the model use& by
Aﬁﬁersen et al. éevpresented inlAnde:sep et al. (1986), with the
foiiowing exception: the HRAC feels fhat the federal regulatory
agencies' long-standing assumptions'about breathing rates better
vreflect the general activity levels of both mice and humans than

do the rates used in the model as presented. The mouse and human
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breathing rates used in the model were adjusted accordingly.
cardiac output was adjusted by the same proportion as the
breathing rates. These changes represent less a modification of
the model than a change in the assumption about the activity
level at which the model is to estimate internal doses.

The modified mouse pharmacokinetic model was used to
estimate internal doses under the exposure regime of the NTP
bioassay, that is, 6 hours a day at 2000 or 4000 ppm. The |
results showed that virtually no DCM remained in the body after
the 18 hours following one exposure and preceding the onset of
the next day's exposure, so accumulation of compound in the body
over time is not an issue in this case. The internal doses
resulting from a day's exposure were multiplied by 5/7 to provide
an average daily internal dose (since dosing was for 5 days per
week). The resulting values are 727.8 and 1670 mg/L for 1ivef
and 111.4 and 243.7 mg/L for lung in the low- and high-exposure
groups, respectively.

These internal doses, along with the corresponding tumor
incidences, were then used to construct dose-response curves
based on the multistage model procedure, using the computer
program GLOBALS6 (Howe et al., 1986). The liver data were £ittad
by a two-stage model, while a one~stage model was fitted to the
lung tumor data. (The number of stages was chosen as that number
from 1 to 6 leading to a model with the minimum g}, the 05% upper
bound on the estimated linear term. Since ai is used as the

basis for low-dose extrapolation, all alternative possibilities
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for the number of stages in the model would result in highervrisk
 estimates.) I

The extrapolation of the observed risks at high doses to
those estimated at low doses was accomplished using the 95% upper
bound on the fitted curve. This corresponds to choosing the
curve with the largest linear component (which will dominate the
low-dose shape of the curve) subject to the constraint that the
curve fits the data reasonably well in the observea range. This
process reflects thé difficulty in determining the shape of the
dose-response curvé at low doses. Most conceptions of the
carcinogenic processilead to the expectation that, at worst, risk
should decrease in direct proportion to decreasing dose at
sufficiéntly low dosés. If the true dose-response curve is
convex at low doses, actual low dose risks will be less, ﬁerhéps
much less, than those estimated by the upper-bound curve.

Next, the human pharmacokinetic model was used to estimate
the internal doses from a continuocus exposure to a low dose
[1 ppm, as used by Andersen et al. (1986)]. The rate of
metabolism by the GST pathway under such an exposure is 0.07011
ﬁé/ﬁ/day in liver and 0.008386 mg/L/day in lung. These interndl
d@ses were modified by the surface area scaling described |
previously, and the risks that result from such tissue-level
expoéures were‘estimated from the curve of internal dose versus
'fesponse developed from the female mouse tumor data. These risks
gi&e the lifetime probability of developing cancer from

continuous exposure to 1 ppm, under the stated set of
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assumptions. Because internal dose varies directly with vapor
concentration at such low exposure levels, and because (by
assumption) risk is taken to vary directly with internal dose,
the estimated risks at'l ppm can be used as unit (or incremental)
risks expressed in units of vapor concentration. When these unit
risks are converted to units of (ug/m3)~1l, they are 1.34 x 107
for liver and 3.33 x 10~7 for lung.

The risk based on mouse lung tumors is a bit over twice that
based on mouse liver tumors. In fact, however, the risk in lung
tissue per unit of internal dose is about 20-fold higher than for
liver tissue, but for any given exposure to DCM vapor, the liver
has a much higher internal dose, owing to its greater metabolic
activity, so that overall risks in the two tissues are nearly
comparable. Small errors in the mode;'s allocation of GST
metabolism between liver and lung could have large conseguences
on risk estimates, since metabolism in the lung evidently
engenders much more risk. |

The above phenomenon illustrates a difficulty that arises in
interspecies extrapolation when tissue-specific doses and risks
are calculated. If one expects strict site concordance across
species, then the liver and lung unit risks estimate the organ-

specific risks in humans. But the tissue-specific extrapolations

run into difficulty when they are used to predict an overall

level of human cancer risk, which may be manifested in_other
organs beside liver or lung. For example, it is problematic to

arrive at a prediction of possible risk to human pancreas, given
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that there is no internal dose estimate for this organ, nor any
information on tissue—sbecifid risk‘ffom a given internal dose
(which can vary considerably, as shown by the mice).

In mice, the occurrence of liver and lung tumors is |
independent; developing a tumor at one site does not affect the
'pfobability of developing a tumor at the other site. If this is
also true in humans, then overall estimates of total cancer risk
from DCM exposure are given by the sum of the liver- and lung-
based risk extrapolations. Thus, one can arrive at an overall
unit risk by simply'adding the tissue-specific unit risks.'
Adding the ihdividuai unit risks yields a human unit risk for
continuous inhalatibn exposure tb 1 mg/m3 of 4.7 x 10~7. This
unit risk is 8.8-fold lower than the EPA's (1985b) published unit
risk based on applied dose (4.1 x 107% per ug/m3), which is based
on the same bioasséy data. |

If it were decided that the surface area correction ought
not be applied to internal doses before risk calculation, the
proéedure would be the same as outlined abéve, with the sole
excaption that the division of human internal dose by 12.66
before risk calculation would not be done. Omitting this step
Cottesponds to the aésumpéion that corresponding human and notge
tlssues are equally sensitive to carcinogenic transformatlon by a
glven 1nternal dose. The unlt risk calculated in this way would
be lowered by 12.66-fold from that calculated above. It would
thus be 111-fold less than the unit risk in EPA's applied dose

analysis (U.S. EPA, 1985b). On the other hand, if PD turns out
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to be 100, there would be no difference in the applied versus
internal dose-based estimated risks.

Lifetime extra risks over background from continuous and
constant low-level exposure to DCM may be estimated by
multiplying the vapor concentration by the internal unit risk
value. The HRAC's analyses of the model used by Anderéen et al.
(1986, 1987) indicate that, so long as vapér concentrations
remain low (below 100 ppm), single exposures, intermittent
exposures, and exposures to varyiﬁg vapor concentrations, are all
nearly equivalent in the internal doses they produce to a
continuous exposure to DCM‘at the time-weighted average level.

In other words, noncontinuous and other-than-lifetime exposures
can be converted to lifetime average daily equivalent exposures
before risks are calculated.

If vapor concentrations exceed 100 ppm or so fof any part of
an exposure, substantial nonlinearities begin to appear that tend
to invalidate the assumptions allowing the unit risk to be used.
Under such conditions the MFO pathway begins to show saturation,
resulting in disproportionally more DCM being available to GST
metabolism, which results in disproportional increases in
internal dose. Exposures involving high vapor concentrations can
have estimated risks that are several-fold above the levels
implied by the "equivalent" time-weighted average exposure. The
reader is also reminded that the unit risk assumes a breathing
rate of 20 m3/day: Occupational exposures, or other exposures

occurring during more-strenuous-than~average activity, will
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consequently have risks somewhat underestimated.

7.5.4. Developing a Unit Risk Based on Internal Dose:
Incorporation of Only High- to Low-Dose Differences
Because of the current lack of data bearing on the question
of interspecies differences in tissue sensitivity to carcinogens,
it is exceedingly difficult to construct a sound argument as to
why a particuiar value of PD should be settled upon. Not only is
it difficult to argue for a PD value of 12.7 versus 1, as
outlined above, but other more widely ranging values are possible
as well, constrained'only by the limited data showing that the
product F = PK x PD is in the neighbbrhood of bétween surface
area scaling of dose and body weight scaling of dose (Allen et
al., 198s6). |
Furthermo:e, there is a great deal of uncertainty in the
eétimates of internal dose genefated by the model used by |
Andefsen et al. (1986, 1987), as discussed earlier in this
document.' In view of these uncertainties, it is wise to take
careful account of the metabolism data from all séurceg, and.to
define a set‘ofvconclusions that seem the most robust despite the
ﬁﬁaVGidabie uncertainties. Then, the extrapolation of risk from
high-dosed mice to humans can be examined in the light of what
can be concluded from these findings, from the viewpoint 6f uéing
those pharmacokinetic data which, due to a strong weight—of—
evidence indication, the HRAC feels should at a minimun be
incorporated into assessments of risk for DCM. The following

section reviews the data and weight of evidence, and then
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develops an extrapolation of risk to humans that uses the most
robust conclusions about pharmacokinetics to extrapolate from
high human doses to low doses, accounting forrthe‘effedt of
saturation of the MFO pathway at high exposure levels;  

7.5.4.1. Review of Metabolism Data-~As diécuSsedvpfeviously, DCM
is metabolized by two known pathways: the MFO pathwayxleading to
carbon monoxide as an end product; and hypothesized by some to .
lead to carbon dioxide as well, and the GST pathway, leading to
carbon dioxide as the end product. The available data, as
thoroughly discussed in previous chapters, indicate that the MFO
pathway is saturable in animais at levels below the tested
inhalation levels in the NTP bioassay. Based on the exhaustive
data base in animals and what little human data are now
available, it is likely that this pathway saturates in humans as
well. The available data, however, indicate that the GST pathway
is not saturated, even at the highest levels tested in the NTP
biocassay (the term "non-saturating® applies up to this exposure
level; obviously, the pathway will saturate at much higher
levels). Based on new in vitro data just submitted to HRAC, this
would seem to be the case in humans as well. At higher levels,
ofice the MFO pathway saturates, whatever output occurs from tﬁé
GST pathway for any dose increment is likely to be linearly dose
dependent, due to the projected first order kinetics of the GST
pathway even at high dose levels; this approach would not be
inconsistent with the applied‘dose method at high doses (both are

linear at high doses in the case of DCM). However, at lower
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doses, where the MFO pathway is not saturated, the amount of
parent compound available to the GST pathway, relative to applied
dose, would be less than that at MFO--saturating levels--for the
obvious reason that for any dose increment, the MFO pathway
removes some of the parent compound that would otherwise be
available to the GST pathway. Thus, given that the MFO pathway
saturates, a nonlinear output from the GST pathway is expected at
low (noh-saturating) doses relative to higher (saturating) doses.

It is thus important to elucidate the role of these two
Apaﬁhways with regard to the carcinogenic potential of DCM. 1In
doing so several possibilities must be considered:

(1) The GST pathwaylis reéponsible for the carcinogenic response
(2) The MFO pathway results in the production of carbon monoxide
and possibly (hypothesized) in the production of carbon
dioxide. One or the other of these routes (or both) is

responsible for the carcinogenic response.
(3) The parent‘compound is responsible for the carcinogenic
résponse. | | |
(4) Some combination of the above is responsible for the
| ' response. |
The saturation of the MFO pathway is based on results
looking for carbon monoxide generation. According'to the 
recently availablé DCM data for model input, and PBPK models
deVeloped for DCM, this portion of the MFO pathway is expected to
be saturated not only in the NTP inhalation bioaséay at éll dose

levels in mice, but also in the National Coffee Association (NCA)
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drinking water study at the highest dose level in mice.
[According to the model used by Andersen et al. (1986, 1987), MFO
pathway output is an average of 2550 and 3200 mg DCM
metabolized/liter of tissue/day for the NTP low dose and NCA high
dose, respectively.] If the carbon monoxide portion of the MFO
pathway were of primary importance, a response similar in
magnitude to that observed in the NTP biocassay would have been
expected at the highest dose of the NCA study, since the output
of this saturable pathway is estimated to be approximately the
same in these two cases. However, this was not observéd; the
response in the NCA study was nonsignificantly elevated, much
smaller than the NTP response, but of a magnitude consistent with
a linear extrapolation from the higher NTP doses. Also, a dose-
response relationship for lung and liver would not be expected to
be as readily apparent as seen in the NTP bioassay, if the MFO
pathway was of primary importance, since again this pathway is
expected to be saturated, with a similar output, at both doses.
[The model used by Ande&sen et al. (1986, 1987) predicts MFO
output as an average of 2550 and zssd mg DCM metabolized/liter of
tissue/day for the NTP low and high doses, respectivglyk] This
argument does not eliminate the MFO pathway from consideration
with regard to a role in the carcinogenic response of DCM, but it
does indicate that some other pathway or chemical species is
likely to be of greater importance.

This leads to the likelihood that the GST pathway is of

primary importance for the carcinogenic response. The GST
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pathway intermediates are easily envisioned as being able to
interact with the genetic material, supporting an important role
for this pathway. Short-term tests indicate that DCM itself must
be metabolized before genotoxic effects are observed; although
this does not eliminate thé-parentvcompound from having a role,
it emphasizes a potential role for GST metabolites. In this
case, estimated risks at lower. doses, especiélly those below the
point at which the MFO pathway saturates, would reflect the
nonlinear output of the GST pathway as described in the beginning
of this section, since they are based on observed risks at higher
doses.

However, even if there is a nonsaturable portion to the MFO
pathway (e.g., leading to carbon dioxide) which has a role in.
carcinogenesis, or if the parent compound has avrole; the effect
on. these would belsimilar in concept as described above for the
GST pathway (i.e., the effects of a saturable system regarding
high=- to low-dose differences on other nonsaturable systems).
Again, it should be remembered that some or all of the
lntermedlates of the various pathways, or tﬁe parent compournd ;
may contribute to the carc1nogenlc process.

Thus, the HRAC believes that, based on the weight of
eﬁidence; some adjustment using pharmacokinetic data should be
made when extrapolatlng from high to low dose. As explained
preV1ously 1n this sectlon, however, the HRAC at this time lS
unsure about how to‘use pharmacokinetic data that indicate

metabolic differences between species. This is because
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extrapolation between speeies involves many factors, one of Which
is metabolism/pharmacokinetics. The ability to elucidate one
component of a species difference does not necesgarily indicate
what, if any, adjustments should be made; it does not provide
more certainty than the empirical process currently used. Thus,
in the following section the HRAC performs an analysis of héw
high- to low-dose effects on metabolism may affect ultimate risk.
7.5.4.2. Robustness of Model Output--In the case of DCM, the
HRAC has examined the effects on GST output in the lung and
liver, using the model used by Andersen et al. (1986, 1987),
relative to dose. As explalned elsewhere in this document the
model is generally able to estimate levels of DCM in various
situations, such as chamber disappearance, blood levels, etc.
Thus, the model is viewed to be reasonably able to predict levels
of DCM in tissues such as blood, lung, and liver. As explained
elsewhere as well, the model seems to be sensitive to changes in
the metabolic constants kp, Ky, and Vyay.

At the values that Andersen et al. (1986, 1987) estimated
for these three constants in humans (kp, 0.53; Ky, 0.58; Vpays
118.9), the nonlinear contribution to the projected human doge«
response curve due to consideration of DCM pharmacokinetic data
iz 2.2 for the lung and 7.2 for the liver. Thése numbers are
derived by dividing the outputs of the model used by Andersen et
al. [RISK2L or RISKZP:. measures oflthe output of the GST
pathway; the 2 stands for the GST pathway, and the L or P stands

for liver or lung (pulmonary), respéctively] at 4000 ppm by
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RISK2L or RISK2P at 1 ppm; and then dividing that by 4000 to get
the difference relative to dose. |

Having established that some correction, i.e., HL%*, to
"target" dose levels due to‘high- tb low-dose extrépolation (the
factors‘z.z and 7.2 are examples 6f such a correction) is
nedessary, it is‘important to determine the sensitivity of these
ratios as the underlying métabolic constants input into the model
are varied. In other words, even though the absolute output of
the model is sensitivé to’métabolic constant variation, the
relative output (e.g., factors such as 2.2 and 7.2) may not be.
This is important in thé determination of the magnitude of the
corfection the HRAC recommends to be applied on the basis of
pharmacokinetic data.

Table 12 displaYs the reéults of a sensitivity analysis for
kp basedvoﬁ‘vérying the méfébolic constants input into the model
used by‘Ande¥sen et ai. (1986, 1987)'for DCM. The ratio is,
again, RISK2L or RiSKZP at 4000 ppn di&ided by RISK2L or RISK2P
at .1 ppm, and then divided by 4000 to get a ratio relative to
dose. The ratio is relatively insensitive to the value of ky,
the GST pathway metabolic constant. Thus, even if‘kF is off by
more than an ofder of magnitude, no real change in the ratio is
expédted. (The value of 4—fold,was chosen based on the
sénéiﬁivity analysis‘perfqrmed on kp elsewhere in this document;
the value ofllo—fold to look at order. of magnitude differences,v
and the vaiue of 53-fold lower to approximate the possible

reduction in kp based on the CEFIC data; see previous sections
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for a review of these data.)

TABLE 12. SENSITIVITY ANALYSIS FOR kp

kg Kym Vnax Comments Lung Liver
0.01 0.58 118.9 krp decreased 53-fold 2.3 7.6
0.053 0.58 118.9 kp decreased 10-fold 2.3 7.4
0.13 0.58 118.9 kg decreased 4-fold 2.3 7.4
0:53 0.58 118.9 Model values ) 2.2 7.2
2.12 0.58 118.9 krp increased 4-fold 2.1 6.5
5.3 0.58 118.9 kg increased 10-fold 1.9 . 5.5

Tables 13 and 14 look at similar analyses for Vpay and Ky,
the MFO pathway metabolic constants. Again, the lung ratios are
not too dissimilar from the ratio using the Andersen et al.
values when varied by an order of magnitude (only at a 10-fold
decrease does the ratio start to épproach no difference as

opposed to an approximate 2-fold difference); the liver values

TABLE 13. SENSITIVITY ANALYSIS FOR Vpay

Ratio
kg Ky Vinax Comments ' Lung Liver
0.53 0.58 11.89 Vnax decreased 10-fold 1.4 1.7
0.53 0.58 29.70 Vnax decreased 4-fold 1.7 2.7
0.53 0.58 118.9 Model values 2.2 7.2
0.53 0.58 475.6 Vmax increased 4-fold 2.2 20
0.53 0.58 1189 Vpax increased 10-fold 1.8 32
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TABLE 14. SENSITIVITY ANALYSIS FOR Ky

Ratio
kp Ky Vmax Comments Lung ~ Liver
5.3 0.058 118.9 Ky decreased 10-fold 2.7 63
5.3 0.145 = 118.9 Ky decreased 4-fold 2.6 26
5.3 0.58 118.9 Model values 2.2 7.2
5.3 2.32 118.9 Ky increased 4-fold l.6 2.5
5.3 5.8 118.9 Ky increased 10-fold 1.3 1.6

vary more considerably, but interestingiy,xthe ratieﬁdoes'nct‘
fall much below two over this 100-fold rangefj A B | |

A final‘analysis (Table 15) 160ks‘at changes in both Ky and
Vmaxr but‘altering them simultahebusly by the same*magnitﬁde
(looking at the sensitivity of the ratio of Vi3 /Kym) . ‘The ratio
is much 1less sensitive to simultaneous changes in Vyay/Ky than to
either variable alone. Censideration of this type of analysis is
important in cases where Ky is large enough that the rate of
response for the MFO pathway is essentially proportional to
Vmax/Km, in effect;_a first-order fate constant somewhat like kyp
[&ince forha‘saturating system, rate is related to Vpay*C/(Ky+C),
whereic is concentration; at high Ky relative to C, the equation
can'be approximated as Vyay*C/Ky, and thus the rate at various i
concentrations is essentially reiated to Vpax/Xum]- |

The HRAC interprets the above analysis to indicate that even
if the Andersen et ai. constants are in error by an order of
magnitude in either direcﬁieh, the ratio of metabolism by the GST

'pe;hway at low versus high dose, relative to dose, will always be
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TABLE 15. SENSITIVITY ANALYSIS FOR Vpay/Ku

Ratio
kg Ky Vnax Comments Lung Liver
5.3 0.058 11.89  Vpa,/Ky decreased 10-fold 2.4 7.8
5.3 0.58 118.9 Model values 2.2 7.2
5.3 2.32 475.6  Vyay/Ky increased 4-fold 1.9 5.7
5.3 5.8 1189 Vpax/Ky increased 10-fold 1.6 4.1

decreased by a factor of, at least, approximately two for either
lung or liver. Furthermore, the analysis may be able to tolerate
even more error. The ratio is least sensitive to kyp; variation
of this constant by nearly two orders of magnitude results in
little variation of the ratio. The value, kg, according to
Andersen et al. (1986), is the only constant that was truly
optimized and scaled for humans; Vyay and Ky were based on human
data (which are currently being analyzed by the HRAC), which

ostensibly are subject to less error.

7.5.4.3. Using Pharmacokinetics for High- to lLow-Dose

Extrapolation-~Given the above sensitivity analysis, the HRAC has
developed the following procedure for the calculation of humaii
risk due to exposure to DCM.

;(l) Calculate human doses to be input into a risk assessment
model from animal dose data by whatever species-to-gspecies
conversion factor has been conventionally used (e.g.,
ng/kg/day, surface area correction).

(2) Modify these human doses by dividing the applied dose by the

appropriate factor derived from human lung GST metabolism
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model from animal dose data by whatever species~to-species
conversion factor has beéﬁ;conveﬁﬁicnally used (e.q.,
‘mg/kg/day, surface area correction).

(2) Modify these human doses by dividing the applied dose by the
appropriate factor derived from human lung GST meiabolism‘
according to the model used by Andersen et al. (1986, 1987).

The equation to derive the factor for a given dose X is:
Factor = RISK2P4000 * X / (RISK2PX * 4000)

where RISK2P4000 ié:RISKzP at 4000 ppm and RISK2PX is RISK2P
at X ppm.

(3) Use these doses, and the animal responses, for input into
the matheméticai extrabolation model. When using the output
of the mathematical ex?rapOIation model to calculate risk
for a specific'appliéd environmental dose, apply the above
factor to the environmental dose before using the model to
predict a risk for that dose. Realize that the .
pharmacokinetic model should be run to account fo&’ﬁuratian
of exposure. | |

(4) All other calculations, such as proportion of lifetime
exposed, remain unchanged.

This procedure allows the incorporation of a factor, due to
consideration of highf to low-dose pharmacokinetic differences in
the ¢ase of DCM, of between 1.0-fold (at high doses) and about

2.2-fold (at low doses). The factor may indeed be greater,vbut
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the HRAC does not recommend that this procedure, for a minimum
pharmacokinetic-based adjustment, go beyond the limits of the
data as currently available. However, the weight of evidence
does justify, in the opinion of the HRAC, reducing the upper
bound or ahy other DCM risk estimate based on applied dose by the
aforementioned factor, at minimum. Furthermore, the HRAC
realizes that if some other tissue, such as the pancreas, is a
target, the above rationale would still hold since saturation of
the MFO pathway is still a very likely hypothesis for any tissue,
and the GST pathway is found in many tissues, including the
pancreas (Mukhtar et al., 1981). Finally, as in the approach
assuming PD = 12.7, HL*'s can be calculated if no exposure is
above 100 ppm, and thus lifetime average daily equivalent
exposures can, in such situations, be calculated before
mathematical risk assessment models are employed.
7.6. CONCLUSIONS

It is clear that, once estimates or measurements of internal
dose at the sites of toxic action are obtained, there are still
many difficult issues to be faced in deciding how to use such
data in the extrapolation of risk from experimental animals &
humans.! The problem is not confined to DCM, nor does it result
from faults in the information on pharmacokinetics for this
compound. It is a general problem, reflecting the lack of
understanding of the pharmacodynamics of carcinogenesis.

The use of pharmacokinetics only for high- to low-dose

extrapolation, outlined above, has the advantage that it is quite
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insensitive to the major uncertainties in the pharmacokinetic
data. This method accounts for the nonlinearities in internal
dose across exposure levels that arise from dose-dependent
changes in absorption, distribution, excretion, and saturation of
metabolism. The principal effect is the nonlinearity of GST
metabolism between high and low doses as a result of saturation
of the competing MFO pathway, which is relatively well
characterized. The method forgoes using pharmacokinetics for
interspecies extrapolation, due to uncertainty in assessing the
impact of a given internal dose difference in view of the lack of
knowledge of sensitivity differences. It thereby avoids the
questioh of ﬁhe relative contribution of pharmacokinetics and
pharmacodynamics‘to interspecies scalingvof carcinogenic potency,
bﬁt,it assumes that the combined effect of these (the product PK
x PD) is more or less :eliably given by cross species
extrapolation based on applied dose. This method results in a
minimum lowering of the implied risk to humans that seems
necessary in view of the data. If data became available
indi¢ating that human GST metabolism is much lower than
previously estimated, the risk calculation by this method would
not}change, since the interspecies differencé in potency is not
informed by metabolic differences between species (although such
differences clearly have an effect on potency, the method assumes
that the effect canno£ be estimated). |

The use of pharmacokinetics for interspecies extrapolation

as' well as high- to low-dose extrapolation, discussed earlier in
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this chapter, does incorporate interspecies différeﬁces in
metabolism, and changes in this comparison will change the
estimates of human risk accordingly. The evident importance of
differences in metabolism among rats, mice, and hamsters to DCM's
carcinogenic potency in these species makes the use of metabolic
differences desirable, at least provisionally, in the estimation
of human risk. To make the interspecies extrapolation, however,
this method must make a further assumption about the relative
differences in tissue sensitivity to internal doses between '
experimental animals and humans. That is, one must make an
assumption about the valﬁe of PD, and not just about the product
PK x PD. Uncertainty in the propef value for species differences
in pharmacodynamics leads to widely divergent risk estimates.
This method is also more sensitive to errors in the
pharmacokinetic model revolving around the determination of kp
(see previous sectionsi.

Both methods must assume that the relationship of internal
dose to risk within species is adequately characterized by the
process of fitting dose-response curves and extrapolating them to
low doses. The shape of the dose-response curve at low doses
depefids heavily on the mechanism of action involved in DCM's
carcinogenicity. This mechanism is very poofly understood, and
the uncertainties 'about low-dose extrapolation of pharmaéo-“Y 
dynamics probably greatly exceed those about interspecies

extrapolation of potency.
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