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Abstract

Recent studies have indicated that exposures to methyl iodide (Mel) produce a number of effects in laboratory
animals, including fetal toxicity, neurotoxicity, and degeneration of the nasal epithelium. An understanding of
the mode of action by which the effects of Mel are produced is useful in guiding critical decisions used in risk
assessment. These decisions include the selection of the appropriate internal dose measure(s) calculated using
physiologically based pharmacokinetic (PBPK) modeling, and evaluating the relevance of the observations in
animals to human health. Modified Hill criteria were used to evaluate several possible mode(s) of action through
which Mel produces toxicity in animals. For each endpoint, the key studies were summarized and several possible
modes of action were compared to the modified Hill criteria. The available data best support the hypothesis that
the fetal effects were likely associated with modulation of the thyroid hormones by iodide during development.
This mode of action dictates the use of an internal dose measure in the risk assessment that is indicative of fetal
iodide status, such as cumulative iodide concentration (area-under-the-curve or AUC) for iodide in fetal blood.
The acute transient neurotoxicity observed in rats exposed to Mel is best supported by a mode of action involv-
ing modification of ion currents by the parent chemical in nerve cells. In the case of assessing the potential acute
neurotoxicity of Mel, the peak concentration of Mel in the brain would be the appropriate internal dose measure.
Finally, the nasal lesions associated with exposure to high concentrations of Mel in rats are best supported by a
mode of action that involves glutathione (GSH) depletion in the nasal epithelial tissue. The daily minimum GSH
level in olfactory epithelium is the most appropriate internal dose measure for use in risk assessment for this
endpoint. Confidence in these modes of action is considered low for the neurotoxic effects, medium for the nasal
effects, and high for the fetal effects.

I .
ntroduction internal dose measure(s) calculated using physiologically
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Recent studies have indicated that exposures to methyl
iodide (Mel) produce a number of effects in laboratory ani-
mals, including fetal toxicity, neurotoxicity, and degenera-
tion of the nasal epithelium. Through its proposed use as an
alternative to methyl bromide as a fumigant, there is potential
for human exposures to Mel. These exposures, however, are
expected to be acute in nature due to its intended use, which
involves soil fumigation at the beginning of the growing sea-
son, and its physical-chemical properties. For this reason,
a risk assessment is required to characterize the potential
for adverse health effects associated with acute exposures.
An understanding of the mode(s) of action by which these
effects are produced by Mel is important to guide criti-
cal decisions used in the acute exposure risk assessment.
These decisions include the selection of the appropriate

based pharmacokinetic (PBPK) modeling, and evaluat-
ing the relevance of the observations in animals to human
health. Adapted from US Environmental Protection Agency
guidelines (US EPA, 2005), the mode of action is defined
here as a sequence of key events and processes, starting
with exposure, proceeding through operational and ana-
tomical changes, and resulting in toxicity. The term “mode
of action” is contrasted with “mechanism of action,” which
implies a more detailed understanding and description of
events, often at the molecular level, than is meant by mode
of action. Because risk assessments are often conducted
with incomplete information, and because mode of action
is used to guide critical decisions, it is important to provide
risk managers with information regarding the level of confi-
dence in the mode of action.
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Methods

Modified Hill criteria, as described in the USEPA’s Guidelines

for carcinogen risk assessment (US EPA, 2005), were used
to evaluate the possible mode(s) of action through which
Mel produces three acute toxicity endpoints in animals:
(1) developmental toxicity; (2) neurotoxicity; and (3) nasal
lesions. Although the criteria were taken from guidelines
intended for cancer risk assessment, they are considered
to be equally applicable to evaluations made for the mode
of action of non-cancer risk endpoints. These criteria, and
questions associated with them, are listed below.

o Strength, consistency, and specificity of association. What
is the level of statistical and biological significance for
each event and for the adverse effect? Do independent
studies and different experimental hypothesis-testing
approaches produce the same associations? Does the
agent produce effects other than those hypothesized? Is
the key event associated with precursor lesions?

o Dose-response concordance. What are the correlations
among doses producing events and the adverse effect?
Are they observed in similar dose ranges?

o Temporal relationship. What is the ordering of events
that underlie the toxicological process? Is this ordering
consistent among independent studies? Is the mode of
action consistent with any windows of susceptibility
identified?

e Biological plausibility and coherence. Is the mode of
action consistent with what is known about toxicology
in general and for the case specifically? Are toxic effects
and events consistent across structural analogues? Is
the database on the agent internally consistent in sup-
porting the purported mode of action?

Using these criteria, the possible modes of action (MOA) for
Mel are discussed below with respect to acute developmen-
tal effects, neurological effects, and nasal effects. For each
endpoint, the key studies are summarized and the possible
modes of action are compared to the modified Hill criteria.
Upon identifying a mode of action that is best supported
by the available data, the internal dose measure and other
potential risk issues corresponding to the proposed mode of
action are recommended. In the absence of sufficient infor-
mation on mode of action, the use of the parent chemical in
target tissue is considered as an appropriate default internal
dose measure, by analogy to use of the external dose for the
parent chemical in risk assessments without PBPK mod-
eling. In light of this default assumption, the key questions
regarding internal dosimetry as it relates to MOA are: (1) Is
there sufficient information on the MOA to move away from
the default internal dose measure? and (2) If so, what is the
most appropriate internal dose measure?

Results

The proposed modes of action of the developmental, neu-
rological, and nasal effects of Mel are summarized below.

Proposed mode of action for the developmental effects of
Mel in rabbits

Key studies

Recent studies have shown that exposure of pregnant rabbits
to Mel during late-stage pregnancy produces fetal losses. In
a developmental toxicity study, groups of 24 pregnant New
Zealand White rabbits were exposed to concentrations of 0,
2, 10, or 20 ppm Mel for 6hours/day on days 6 through 28
of gestation (Nemec, 2002a). The number of fetuses, resorp-
tions, implantations, and corpora lutea was determined on
gestation day (GD) 29. An increased number of late resorp-
tions (5.2-5.6% vs. 1.7-1.8% in controls) and post-implanta-
tion losses, resulting in a reduced number of viable fetuses,
were observed in animals exposed to 20 ppm. This study
identified a NOAEL (no observed adverse effect level) and
LOAEL (lowest observed adverse effect level) of 10 and 20
ppm for the developmental effects of Mel.

A follow-up study was conducted in rabbits to identify
the “window of susceptibility” for the developmental effects
of Mel (Nemec, 2003). In this study, groups of 24 pregnant
New Zealand White rabbits were exposed to 20 ppm Mel for
6hours/day on GD 6 through 28, 6 through 14, 15 through
22, 23 through 24, 25 through 26, or 27 through 28. An
increased number of late resorptions were observed in ani-
mals exposed on gestation days 6-28, 23-24, and 25-26. An
increased number of post-implantation losses, decreased
number of viable fetuses, and decreased mean fetal weight
were observed in animals exposed on days 6-28 and 25-26 of
gestation. No signs of developmental toxicity were observed
in animals exposed on gestation days 6-14, 15-22, or 27-28.
This study identified GD 23-26 as the window of susceptibil-
ity for the developmental effects of Mel in rabbits.

Possible modes of action

Four possible modes of action for the developmental effects
of Mel in rabbits were considered, as well as their implica-
tions for the internal dose measure used in the risk assess-
ment, and are summarized below.

o DNA methylation. The developmental effects of Mel
could be attributed to its ability to methylate DNA. DNA
adducts can cause miscoding or alter the expression
of DNA, which may contribute to the developmental
effects of Mel. This mode of action would dictate the use
of the parent chemical in fetal blood as an appropriate
internal dose measure for risk assessment.

o Glutathione (GSH) depletion. The developmental effects
of Mel could also be attributed to its ability to deplete
cellular GSH levels as a result of its metabolic conjuga-
tion with GSH (Di Simplicio et al., 1984; Chamberlain et
al., 1998a, 1998b, 1999). Once GSH is depleted below a
critical level, cells and tissues are vulnerable to damage
by oxidative stress. This could contribute to the devel-
opmental toxicity observed with Mel. A review of the lit-
erature has suggested that for extrahepatic tissues, tox-
icity may be observed when GSH levels fall below 50%
of their normal levels (Biaglow et al., 1986; Frederick et
al., 1992; Plopper et al., 2001; Lee et al., 2005). Because
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GSH depletion requires additional events (oxidative
stress) before toxicity is observed, it is considered to be
necessary but not sufficient for cytotoxicity. This mode
of action would dictate the use of the daily minimum
GSH concentrations in fetal blood or fetal tissues as an
appropriate internal dose measure for risk assessment.
o Thyroid hormone modulation. Alternatively, the devel-
opmental effects of Mel could be attributed to the
release of excess iodide as a result of its metabolism.
Excess iodide has been shown to alter thyroid hormone
synthesis (Wolff-Chaikoff effect). Thyroid hormones
are necessary for successful fetal development, and
therefore altered thyroid function may contribute to
the developmental toxicity of Mel. This mode of action
would dictate the use of the cumulative iodide concen-
tration (area-under-the-curve or AUC) for iodide in
fetal blood (as a surrogate for AUC in fetal thyroid) as an
appropriate internal dose measure for risk assessment.
o Reproductive hormone modulation. The developmental
effectsof MeIl maybe attributed to effects on reproductive
hormones (e.g. estradiol) that are required for success-
ful development of the fetus. In the absence of specific
information to implicate one of the metabolites of Mel
for this mode of action, a default internal dose measure
(parent chemical in blood) would be assumed as an
appropriate internal dose measure for risk assessment.

In addition, the possibility remains that the effects of Mel
are related to a combination of these modes of action, which
may operate at different concentrations and times, or to
other cellular events not yet considered. The four possible
modes of action described above are compared for causa-
tion using the modified Hill criteria and discussed below.
This information is also summarized in Table 1.

Strength/consistency/specificity of association

One of the key pieces of information that can be used to
discern between the possible modes of action is that rabbits
appear to be more sensitive to the developmental effects
of Mel than other species. With this observation in consid-
eration, each possible mode of action is assessed below with
respect to its strength, consistency, and specificity.

o DNA methylation. A single study was located in the pub-
lished literature that demonstrated that Mel could pro-
duce significant DNA methylation in rats following oral
and inhalation exposures (Bolt & Gansewendt, 1993).
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The extent of methylation is uncertain because a “major”
(unspecified) part of radiolabel was due to incorporation
via the single carbon pool rather than direct alkylation
(Gansewendt et al., 1991). However, Mel is considered to
be a very weak mutagen (Takahashi & Kawazoe, 1987).
Although it is expected to occur to some extent in all spe-
cies, no information was located to indicate that DNA
methylation occurs in rabbits, or that rabbits are more
sensitive to DNA methylation than other species.

GSH depletion. A number of studies have shown that
the conjugation of Mel with GSH can result in a deple-
tion of cellular GSH in vivo in several species, includ-
ing rabbits (Di Simplicio et al., 1984; Gandy et al., 1990;
Chamberlain et al., 1998a; Sloter et al., 2007) and in ani-
mal tissues in vitro (Chamberlain et al., 1998b, 1999).
Although a causal link between GSH depletion and fetal
resorptions has not been demonstrated, there are data
that suggest that the rabbit conceptus is more sensitive
than the rat conceptus to GSH depletion, as has been
observed for thalidomide in vitro (Hansen et al., 1999).
Thyroid hormone modulation. The levels of circulating
thyroid hormones (tri-iodothyronine/thyroxine, T3/
T4) are decreased in fetal and maternal blood of rab-
bits following exposure to Mel (Sloter et al., 2007). In
this study, circulating levels of thyroid stimulating hor-
mone (TSH) were increased, and Mel produced a com-
plete loss of colloid in the fetal thyroid. Another study
reported that exposures of pregnant rabbits to either
Mel by inhalation or to sodium iodide (Nal) by injection
resulted in decreased circulating T3 and T4 in maternal
blood (Sloter et al., 2007). Circulating levels of T4 in
fetal blood were decreased (nondetected in a number
of samples, particularly on GD 25), while the levels of T3
were variable (no change at some time points, an appar-
ent increase at other time points) in rabbits exposed
to Mel by inhalation or to Nal by injection (Sloter et
al., 2007). Exposure to either Mel or Nal produced an
increase in the ratio of T3:T4 in fetal rabbit blood, and
both chemicals produced a decrease in fetal thyroid
colloid. Decreases in circulating thyroid hormone
levels were reported for rats exposed to 25-100 ppm
Mel for 2 days (Himmelstein et al., 2005). Deiodinase
inhibition was observed in rats exposed to Mel, which
may also contribute to the effects on circulating thyroid
hormone levels (Farwell, 2005). The effects of excess
iodide on the thyroid have been well documented.
Excess iodide inhibits thyroid hormone synthesis by

Table 1. Comparison of possible modes of action for the developmental effects of Mel in rabbits using modified Hill criteria.

Possible modes of action

Thyroid hormone modulation Reproductive hormone

Criteria DNA methylation GSH depletion by iodide modulation
Strength, consistency, and specificity of association ? ? + +
Dose-response concordance + + + +
Temporal relationship - - + ?
Coherence and plausibility - - + ?

Note. +, data available to support mode of action; -, data available to refute mode of action; ?, data are equivocal.
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Figure 1. Effects of excess iodide on thyroid hormone synthesis and
release. Tgb, thyroglobulin; MIT, monoiodotyrosine; DIT, di-iodotyro-
sine; NADPH, reduced nicotinamide adenine dinucleotide phosphate.

the Wolff-Chaikoff effect (Figure 1), by acting at three
points in synthesis of the hormones: (1) inhibition of
thyroperoxidase activity; (2) inhibiting the hydrolysis of
T3/T4 from thyroglobulin; and (3) inhibiting the stimu-
latory effect of TSH receptor binding through cyclic
3’'5’-adenosine monophopsphate (cAMP). The fetal
rabbit may be uniquely sensitive to excess iodide due
to the absence of an autoregulatory capacity to limit the
effects of excess iodide (Price & Sherwin, 1986) and the
tendency of fetal rabbits to concentrate iodide relative
to the doe (Logothetopoulos & Scott, 1956). When sev-
eral species (rabbits, rats, hamsters, pigs) were exposed
to excess iodine in the diet (which is converted to iodide
in the body) at the end of pregnancy, rabbits were
determined to be uniquely sensitive to the lethal effects
of iodide on the developing fetus/neonate (Arrington
et al., 1965). Rabbit pup survival was most severely
decreased (0-4% surviving) when exposures occurred
5-10 days prior to parturition. The relative sensitivity
to the toxicity of iodine was reported as follows: rabbits
(severely affected) > rats (moderately affected) > ham-
sters (mildly affected) > pigs (unaffected) (Arrington et
al., 1965).

¢ Reproductive hormone modulation. Exposure of rabbits
to Mel produced a slight decrease of circulating levels of
estradiol (~15-16%), but this was not statistically signifi-
cant (Sloter et al., 2007). This observation may be related
to increased mobilization of cholesterol, which was
also observed in rabbits (Nemec, 2002a). Fetal resorp-
tions have been reported in rats following exposure to
an antiestrogen (centchroman) (Singh & Kamboj, 1992).
When pregnant rats and rabbits were exposed to a selec-
tive estrogen receptor modulator (lasofoxofene), post-

implantation loss was also increased in both species
(Ozolins & Gupta, 2004). Although response was greater
in the rat, the internal dose (maximal concentration
in plasma and AUC) received by the rabbit was much
smaller. This suggests that the rabbit may be more sensi-
tive for a given internal dose. In contrast, post-implan-
tation loss was unaffected in rats and rabbits exposed
to another selective estrogen receptor modulator
(raloxifene) during pregnancy (Byrd & Francis, 1998).

Of the possible modes of action considered, the devel-
opmental effects of Mel in rabbits are best explained by
thyroid hormone modulation with respect to the strength,
consistency, and specificity of the association. The data also
suggest that rabbits may be more sensitive to these effects
than other species.

Dose-response concordance

As summarized above, the developmental effects of Mel in
rabbits were observed following short-term exposures to 20
or 25 ppm, but not at 2-10 ppm (Nemec, 2002a, 2003; Sloter
et al., 2005). The dose-response concordance of each mode
of action is discussed below.

o DNA methylation. Although there are no data regarding
DNA methylation in rabbits following exposure to Mel,
limited data are available for other species. Exposures
reported to produce DNA methylation in rats are simi-
lar to those associated with developmental effects in
rabbits. DNA methylation was observed in a wide range
of tissues in rats following exposures to 28.6-44.4 pmol/
kg Mel via inhalation (approximately 3-5 ppm, which is
slightly lower than the concentrations producing devel-
opmental effects, assuming default breathing rates,
body weights, and a 6-hour exposure duration) (Bolt
& Gansewendt, 1993). Similar results were observed
when rats were exposed to a structural analogue, methyl
bromide, at equivalent concentrations, but not when
exposed to methyl chloride (Bolt & Gansewendt, 1993).

o GSH depletion. Exposures of pregnant rabbits to 25 ppm
Mel for 6 hours/day on GD 23 through 24 or 23 through
26 resulted in relatively little change in maternal GSH
levels, except in nasal respiratory epithelia where the
response was highly varied (0-60% decrease) (Sloter
et al., 2007). Although GSH levels in fetal blood were
decreased by up to 40%, there were no decreases in
GSH levels in fetal liver.

o Thyroid hormone modulation. Exposures of pregnant
rabbits to 25 ppm Mel for 6 hours/day on GD 23 through
24 or 23 through 26 resulted in maternal T3 and T4 lev-
els that were decreased by 11-24% (Sloter et al., 2007).
The effects of 25 ppm Mel exposure on fetal T3 ranged
from no change to a 50% reduction, and decreased
T4 by approximately 40-80%. This exposure level also
produced a complete loss of colloid in fetal thyroid.
Exposures of pregnant rabbits to 25 ppm Mel by inha-
lation or injection of an approximate equivalent of Nal
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resulted in altered thyroid hormones in both maternal
and fetal blood (Sloter et al., 2007).

e Reproductive hormone modulation. Changes in estra-
diol concentrations were reported in rabbits following
short-term exposure to 25 ppm Mel (Nemec, 2002a).

All of the possible modes of action are generally consistent
with the dose range observed for developmental effects of
Mel. Therefore, dose-response concordance cannot be used
to discern between the modes of action considered.

Temporal relationship

As summarized above, the developmental effects of Mel in
rabbits were observed following a short-term exposure dur-
ing a narrow and specific window of susceptibility (GD 23
through 26) (Nemec, 2002a, 2003). With this observation in
consideration, the temporal relationship concordance of
each potential mode of action is discussed below.

o DNA methylation. DNA methylation is observed shortly
following exposure to Mel (Bolt & Gansewendt, 1993),
and it is likely that this endpoint can occur during
the defined window of susceptibility. However, DNA
methylation would also be expected to occur through-
out the gestation period with similar intensity. DNA
methylation, therefore, does not explain the temporal
relationship observed for the developmental effects of
Mel in rabbits. As such, a mode of action involving DNA
methylation in fetal tissues is unlikely to only cause the
late-stage resorptions observed for Mel.

o GSH depletion. GSH depletion also occurs relatively
quickly, with minimum GSH levels achieved in rab-
bit or rat tissues within 6hours of exposure to Mel
(Himmelstein et al., 2005; Sloter et al., 2007). Therefore,
GSH depletion is also expected to occur during the
defined window of susceptibility. However, like DNA
methylation, GSH depletion would also occur through-
outthe gestation period with similarintensity. Therefore,
GSH depletion also does not explain the temporal rela-
tionship observed for the developmental effects of Mel
in rabbits. Although Mel is capable of depleting GSH in
fetal tissues, any oxidative damage produced as a result
of a compromised defense capability would produce
fetal toxicity throughout the pregnancy, and is unlikely
to be related to the late-stage resorptions observed for
Mel.

o Thyroid hormone modulation. Circulating levels of
thyroid hormones are reduced in maternal and fetal
rabbits shortly following exposure to Mel (Sloter et al.,
2007). In addition, the fetal thyroid showed a complete
loss of colloid during the window of susceptibility in this
study. The window of susceptibility identified for devel-
opmental effects in rabbits corresponds well to the time
(GD 22 through 26) at which the fetal thyroid begins to
function on its own in preparation for birth.

e Reproductive hormone modulation. Estrogen levels
are normally low at the beginning of pregnancy and
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gradually increase to maximal levels during the late
stages of pregnancy. Therefore, a reduction of estra-
diol during the late stages of pregnancy is theoretically
consistent with the temporal relationship observed for
Mel. Data for other chemicals suggest that alterations
in estrogen status during pregnancy can result in fetal
resorptions. For example, exposure of rats to an anties-
trogen (centchroman) on GD 5 of pregnancy produced
dose-dependent resorptions (Singh & Kamboj, 1992).

Of the four possible modes of action considered, the devel-
opmental effects of Mel in rabbits are best explained by
thyroid hormone modulation with respect to temporal
relationship.

Coherence and plausibility
The coherence and plausibility of each mode of action is
discussed below.

o DNA methylation. DNA methylation has been observed
for MeI'’s structural analogue, methyl bromide, but not
for methyl chloride (Bolt & Gansewendt, 1993). This
pattern corresponds with that observed for the nonen-
zymatic cleavage of the carbon-halide bond, resulting
in methylation, which occurs with Mel and methyl bro-
mide, but not methyl chloride. However, methyl bro-
mide exposure is not associated with fetal resorptions.
Fetal toxicity or teratogenicity were also not observed
in rats or rabbits exposed to methyl bromide at 30 and
10mg/kg/day, respectively (Kaneda et al., 1998), sug-
gesting that DNA methylation is not involved in the
developmental effects of Mel.

e GSH depletion. Glutathione depletion has been
observed with structural analogues, methyl bromide
and methyl chloride (Landry et al., 1983; Kornbrust &
Bus, 1984; Chellman et al., 1986; Davenport et al., 1992).
Although no developmental effects were observed in
animals exposed to methyl bromide (Kaneda et al.,
1993, 1998), some developmental effects have been
observed for methyl chloride. High concentrations of
methyl chloride (3000 ppm) produced dominant lethal
mutations in rats, whereas lower concentrations of 1000
ppm methyl chloride were without effect (Working et
al., 1985). Methyl chloride was also teratogenic in mice
exposed to 500 ppm, but not to 100 ppm (Wolkowski-
Tyl et al., 1983). While GSH depletion may be an impor-
tant event for some developmental effects, no reports
of late-stage fetal resorptions were located for either
methyl bromide or methyl chloride, suggesting that
GSH depletion is not involved.

o Thyroid hormone modulation. Normal thyroid function
is critical to a successful pregnancy outcome since thy-
roid hormones play a critical role in the normal growth
and maturation of several organ systems (Devaskar et
al., 1986). Development of the fetal lung (Ballard et al.,
1980), mechanisms involved in normal thermogen-
esis (Steele & Wekstein, 1972), and glucose homeostasis

RIGHTS LI N Kdx



Inhalation Toxicology Downloaded from informaheal thcare.com by CDC Information Center on 07/06/12
For personal use only

542 Christopher R. Kirman et al.

(Klein et al., 1981) are especially influenced by thyroid
hormonal status. Proper maturation of these homeo-
static mechanisms is essential for independent extrau-
terine survival since thyroid dysfunction as indicated
by perturbation of maternal or fetal thyroid hormonal
status has been associated with both fetal and neonatal
morbidity and mortality (Pennington, 1990). Both Mel
and Nal were shown to produce similar effects on cir-
culating rabbit fetal thyroid hormones (decreased T4;
varied impact on T3; increased T3:T4 ratios) (Sloter et
al., 2007). Clear species differences have been reported
for the effects of excess iodine (converted to iodide) dur-
ing pregnancy (Arrington et al., 1965). Because thyroid
hormone levels were not measured in this study, the
possibility that the effects were related to toxic effects
of iodide unrelated to effects on the thyroid (which
would also require the use of iodide in fetal blood as an
internal dose measure) cannot be excluded. The effects
observed with excess dietary iodine (Arrington et al.,
1965) and injected Nal (Sloter et al., 2007) are similar
in nature to those observed for Mel (Nemec, 2002a,
2003). Furthermore, the species differences in sensitiv-
ity to excess iodine (Arrington et al., 1965) correspond
well to the species differences in the relative importance
of nonshivering thermogenesis (NST) in neonates for
maintaining body temperature after birth, for which the
following has been reported: rabbits (rely exclusively on
NST) > rats > hamsters > pigs (lack NST) (Slebodzinski,
1988). Since Mel exhibits substantial effects on the levels
of thyroid hormones (increased T3:T4 ratio) in a man-
ner that has been associated with acute lethality in adult
rabbits (Ghosh & Bhattacharya, 1992), an association
between the reported fetal resorptions in rabbits and the
disruption of the thyroid hormones is well supported.

e Reproductive hormone modulation. Although circulating
estradiol levels are reduced in pregnant rabbits (Sloter
et al., 2007), this reduction is relatively small (~15%),
particularly when contrasted with the dramatic changes
in the fetal thyroid. The reduction in estradiol is may be
secondary to changes in lipid metabolism (e.g. increased
mobilization of cholesterol) (Matsui et al., 1982; Sloter
et al., 2007), rather than a direct antiestrogenic effect of
Mel. For these reasons, this mode of action appears less
likely than the thyroid hormone effects to be responsible
for the fetal resorptions in rabbits.

Based upon a consideration of the overall coherence in the
possible modes of action, modulation of thyroid hormone
levels is considered to be the most consistent with the avail-
able information.

Conclusions for developmental effects of Mel

A comparison of the possible modes of action to the modi-
fied Hill criteria indicates that there is sufficient information
available to support a role for thyroid hormone modulation
in the developmental effects of Mel. This mode of action
supports the use of the cumulative iodide concentration

(area-under-the-curve or AUC) for iodide in fetal blood or
fetal thyroid as an appropriate internal dose measure used
in risk assessment.

With respect to relevance to human health, data are
available to suggest that there are important species dif-
ferences in thyroid hormone modulation that should be
considered in the risk assessment. Logothetopoulos and
Scott (1956) demonstrated active transport of *'I across
the placenta of the guinea pig, rabbit, and to a lesser extent,
the rat. Depending on the gestation day, Logothetopoulos
and Scott (1956) found that the fetal/maternal blood con-
centration ratios were as high as 4-5-fold for guinea pigs
and up to six-fold for rabbits. In this study the rats did
not seem to concentrate iodide in their fetuses. In stud-
ies using 'l in pregnant rabbits, Crone and Waago (1961)
found that maternal serum and the maternal portion of the
placenta had similar levels of iodide. Likewise, fetal serum
and the fetal portion of the placenta had similar levels of
iodide; however, the fetal portion of the placenta had 2-6
times higher concentrations of iodide than the maternal
portion of the placenta (consistent with Logothetopoulos
& Scott, 1956). Roti et al. (1983) also describe studies that
demonstrate the concentrating of iodide in the fetuses of
sheep (4-5-fold compared to maternal blood) and rabbits
(5-9-fold compared to maternal blood), suggesting that
the placenta of certain animals likely possesses an active
mechanism for transporting iodide from mother to fetus
(this is most likely what we now call the sodium/iodide
symporter).

More recent studies with rabbits and rats have con-
firmed the fetal/maternal iodide blood concentration ratios
described in the preceding paragraph. The fetuses from
pregnant rabbits dosed intravenously with Nal or exposed
via inhalation to 20 ppm Mel had fetal plasma iodide levels
that were about 2-3-fold higher than the maternal plasma
levels (Morris et al., 2005; Sloter et al., 2007) during exposure
or shortly after injection, and roughly 4-7-fold higher during
the clearance phase of the plasma concentration curves. In
addition, the fetuses from unexposed control pregnant rab-
bits in the GD 23-26 timeframe had plasma iodide concen-
trations that were about 8-10-fold higher than those of their
respective mothers (Sloter et al., 2007). Pregnant rats, on
the other hand, have blood iodides that are slightly higher
than or equal to those measured in their fetuses at GD 20
when dosed intravenously with a tracer dose of radiolabeled
iodide (see Clewell et al., 2003).

The rabbit has been shown to be more sensitive with
regard to fetal viability than the rat, hamster, and swine
when dosed with KI or Nal in feed at certain times during
gestation (Arrington et al., 1965). A rough comparison shows
that the rabbit is about 10 times more sensitive than the rat
based on iodide concentration in the feed. The concentrat-
ing of iodide in the rabbit fetus likely explains the increased
sensitivity of rabbits to iodide toxicity compared to the rat.
A two-generation study of rats exposed by inhalation to Mel
reported increased postnatal loss following exposure to 50
ppm (Nemec, 2002b). Predicted fetal iodide levels for the
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two-generation rat study with 50 ppm Mel (LOAEL dose,
early postnatal loss as the endpoint) using a PBPK pregnant
rat model were similar to those measured in rabbits exposed
to 20 ppm Mel (Sweeney et al., unpublished results). This
provides additional information to support the judgment
that fetal plasma iodide concentration is a good dose metric
to evaluate the developmental effects produced by exposure
to Mel and is consistent with the rabbit as a more sensitive
species to iodide toxicity in the fetus compared to the rat.
The pregnant rat Mel model was developed by modifying
the male rat Mel model (Sweeney et al., 2005) to account
for physiological differences (e.g. blood flow to placenta,
reduced fractional blood flow to other tissues) and inclusion
of the validated pregnant rat iodide submodel per Clewell et
al. (2003).

The key developmental risk assessment issue is whether
the human fetal iodide concentrations following exposure
to Mel (or iodide) are equal to, less than, or greater than
those measured in their respective mothers. In other words,
is a human fetus more like a rat fetus or a rabbit fetus with
regard to fetal/maternal plasma iodide concentration ratio?
Paired human maternal and fetal plasma iodide concen-
trations in unexposed subjects were measured in a recent
study by Rayburn et al. (2007) to provide the necessary
data to reduce the uncertainty in the human fetal/maternal
iodide ratio. The maternal and cord serum inorganic iodide
levels reported by Rayburn et al. (2007) were consistent with
previous reports of average serum inorganic iodide levels
during human pregnancy (Liberman et al., 1998) and term
cord blood inorganic iodide (Herve et al., 1997).

Rayburn et al. (2007) found that the cord plasma/
maternal plasma iodide ratio averaged approximately 0.9
in preterm deliveries and 1.2 in term deliveries. Additional
support for a fetal/maternal iodide ratio of about one
comes from the work of Cottino et al. (1972). Total iodine
was measured in serum of paired maternal and cord
blood at birth, 0.25-48 hrs after intramuscular injection of
iodomethylsparteine. The iodine in iodomethylsparteine is
ionic “with an ‘iodine’ behaviour in the biological sense.
Aboul-Khair et al. (1966) demonstrated that maternal
blood levels of organic compounds with incorporated radi-
olabeled iodine are not detectable until more than 12 hours
after administration of radiolabel. Although there is some
uncertainty regarding what the assay for total iodine is
measuring, it is reasonable to assume that for times up
to 12hours after administration, excess blood iodine in
women dosed with iodomethylsparteine is attributable to
free iodide. For women delivering <12 hrs after the injec-
tion, total serum iodide levels were, on average, 14-fold
higher at delivery than at discharge and cord blood levels
averaged 10-fold higher than neonatal levels at discharge.
For paired maternal and cord blood samples in Cottino et
al. (1972), the ratios were reported as group average mater-
nal/cord ratios, which we inverted to cord/maternal ratios
for consistency with the rest of this document. For times
of 0.25-1hour after injection, the average cord/maternal
blood iodine ratio was 0.6; 1.5-3 hrs after injection, the
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average ratio was 0.8; and 4-9 hrs after injection, the aver-
age ratio was 1.0. Because the excess iodine in the serum is
anticipated to be iodide, these data demonstrate a ratio for
paired mothers and neonates circa 1.

Unlike many animals (see description above for sheep
and rabbits from Roti), humans do not seem to have the same
ability to concentrate iodide in their fetuses via the placenta.
Hence, this attribute likely explains why the human fetus is
more prone to cretinism in geographic areas that produce
maternal dietary iodine deficiency, as the human fetus is not
capable of concentrating iodide.

Proposed mode of action for neurological effects

of Mel in rats

Key studies

Transient neurological effects have been observed in rats
following acute inhalation exposures to Mel. Groups of 24
Crl:CD(SD)IGS BR rats (12 males and 12 females in each)
were exposed to concentrations of 0, 27, 93, or 401 ppm
for 6hours (Schaefer, 2002). Clinical signs of neurological
effects included drooping eyelids, repetitive movement of
the mouth, abnormal gait, uncoordinated air-righting reflex,
and reduced rotorod performance in animals exposed to
97 or 401 ppm. In addition, body temperature was reduced
1 and 4°C in animals exposed to 97 and 401 ppm, respec-
tively. These effects were acute in nature. Clinical signs of
neurotoxicity were generally resolved by the following day,
with the exception of one animal that subsequently died on
day 5. In addition, all performance deficits were resolved
when retested on days 7 and 14. No treatment-related neu-
ropathological lesions were observed in animals exposed to
the highest concentration. No effects were observed in ani-
mals exposed to 27 ppm. This study identifies NOAEL and
LOAEL values of 27 and 93 ppm for the acute neurological
effects of Mel.

Case studies of accidental exposures to high concentra-
tions of methyl iodide indicate that neurological effects,
including histopathological changes, can occur in humans
(Hermouet et al., 1996). However, the exposures associated
with these effects are likely much higher than those reported
for the transient effects in rats, and are likely related to a dif-
ferent mode of action.

Possible modes of action

Four possible modes of action for the acute neurotoxic
effects of Mel, and their implications for the internal dose
measure used in the risk assessment, were considered and
are summarized below.

e Modification of ion currents in neurons. A wide variety
of solvents are known to produce anesthetic or seda-
tive effects in animals and humans by altering nerve
cell membrane properties (Snyder & Andrews, 1996).
Mel may depress spontaneous and evoked activity of
neurons in the brain, possibly through nonspecific
actions with the lipid matrix of the nerve membrane
or by a more specific action on the y-amino butyric
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acid (GABA,) receptor chloride channel, a major
mediator of inhibitory synaptic transmission (Trevor
& White, 2004). If this mode of action is correct, the
peak concentration of Mel in the brain should serve
as an appropriate internal dose measure for assessing
the risks of neurological effects from Mel exposure.
In addition, a recent in vitro study suggests that the
formation of S-methyl-cysteine may contribute to the
neurotoxicity of methyl halides, either by interact-
ing with the membrane or with the GABA receptor
(Pancetti et al., 2004). However, any contribution of
S-methyl-cysteine to neurotoxicity would also indi-
cate the use of peak Mel in the brain as an internal
dose surrogate.

o GSH depletion. The acute neurological effects of Mel
could be attributed to its ability to deplete cellular
GSH levels as a result of its metabolic conjugation
with GSH. Once depleted below critical levels of GSH,
cells and tissues are vulnerable to damage by oxidative
stress. This action may contribute to the neurotoxicity
of Mel. As noted above, a review of the literature has
suggested that for extrahepatic tissues, toxicity may be
observed when GSH levels fall below 50% of their nor-
mal levels. If correct, this mode of action would dictate
the use of the daily minimum GSH concentration in
the brain as an appropriate internal dose measure for
risk assessment.

e Hydrogen sulfide formation. The acute neurological
effects of Mel could also be attributed to its ability to
form hydrogen sulfide, which requires at least two
metabolic steps (GSH conjugation followed by oxida-
tion). Hydrogen sulfide is an inhibitor of cytochrome
¢ in mitochondria, and has been proposed as being
possibly responsible for some of the neurotoxicity
observed for Mel following exposure to high concen-
trations (Hermouet et al., 1996). If correct, this mode
of action would dictate the use of the amount of Mel
conjugated with glutathione as an appropriate internal
dose surrogate.

o lodide release. The acute neurological effects of Mel
could be associated with the release of iodide, which
occurs following conjugation with glutathione. Iodide
exposure has been shown to produce neurodevelop-
mental effects, secondary to thyroid effects, in rats
(Vorhees et al., 1984). If correct, this mode of action
would dictate the use of iodide in blood or thyroid as an
appropriate internal dose measure.

In addition, the possibility remains that the effects of Mel
are related to a combination of these modes of action, which
may operate at different concentrations and times, or to
other cellular events not yet considered. The four possible
modes of action described above are compared using modi-
fied Hill criteria for causation as summarized in Table 2 and
discussed below.

Strength/consistency/specificity of association

One of the important pieces of information from the key
study that can be used to discern between the possible
modes of action is that the neurological effects are revers-
ible. The three modes of action are discussed below with
respect to the strength, consistency, and specificity of an
association.

e Modification of ion currents in neurons. Although not
assessed specifically for Mel, many organic vapors
possess general anesthetic properties at high concen-
trations that are reversible upon cessation of exposure
(Richards et al., 1978; Pringle et al., 1981; Janoff & Miller,
1982; Franks & Lieb, 1987; Chiou et al., 1990; Curry et
al., 1990; Janes et al., 1992; Messaoudi et al., 1992;
Dickinson et al., 1993; Slater et al., 1993).

e GSH depletion. As noted above, a number of studies
have shown that the conjugation of Mel with GSH can
result in a depletion of cellular GSH. A role for GSH
depletion in nerve cell toxicity, particularly within the
mitochondria, is supported by observations made dur-
ing in vitro studies (Bonnefoi et al., 1991; Bonnefoi,
1992; Chamberlain et al., 1999). Depletion of GSH levels
would leave nerve cells or cell-fractions susceptible to
oxidative damage. Although some oxidative damage
may be repairable over time, it is expected that some
deficit in nerve cell function would persist if injury were
the result of oxidative damage.

e Hydrogen sulfide formation. Acute exposures to high
hydrogen sulfide concentrations are associated with
neurological effects in animals and humans. These
effects typically are only associated with concentra-
tions sufficiently large to result in loss of consciousness,
coma, and death (Warenycia et al., 1989; Snyder et al.,
1995; Dorman et al., 2002; Solnyshkova et al., 2004).
Since these cases often also result in persistent loss of
neurological performance in survivors, association of
Mel’s neurotoxicity with hydrogen sulfide would be
expected to demonstrate residual neurological deficits.

Table 2. Comparison of possible modes of action for the acute neurotoxic effects of Mel in rats using modified Hill criteria.

Possible modes of action

Cell membrane

Criteria disruption GSH depletion = Hydrogen sulfide formation Iodide release
Strength, consistency, and specificity of association + ? ? ?
Dose-response concordance + + - -
Temporal relationship + - - -
Coherence and plausibility + - - -

Note. +, data available to support mode of action; -, data available to refute mode of action; ?, data are equivocal.
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o lodide release. No studies were located which reported
neurotoxicity following acute exposures to iodide.
However, potassium iodide exposure produced neu-
rodevelopmental effects (delayed auditory startle,
delayed olfactory orientation to the home-cage scent,
decreased running-wheel activity) in rats following
repeated exposures via the diet prior to, during, and
post-pregnancy (Vorhees et al.,, 1984). These effects
differ from the neurological effects observed for Mel in
that they are delayed in onset, not reversible, and asso-
ciated with repeated exposures, and therefore are not
considered to be directly relevant.

The acute, transient neurological effects of Mel are best
explained by the cell membrane disruption mode of action
with respect to the strength, consistency, and specificity of
the association.

Dose-response concordance

In the key study neurological effects were observed follow-
ing acute exposure to 97-401 ppm Mel (Schaefer, 2002). The
dose-response concordance for each mode of action is dis-
cussed below.

e Modification of ion currents in neurons. Although there
are no specific data regarding the concentrations of Mel
producing membrane disruption, the anesthetic or nar-
cotic effects of lipophilic organic vapors are generally
observed at high concentrations sufficient to disrupt
membrane excitability. For a structurally related chemi-
cal, acute exposures of rats to a similar range of concen-
tration (188-250 ppm) of methyl bromide resulted in
a reduced locomotor activity, which also was resolved
within 24hours of exposure without residual effects
(Honma et al., 1985).

o Glutathione depletion. In rats exposed to 100 ppm Mel,
thebrainlevels of GSHwere reduced by 20-30%, and rats
showed no signs of a neurological effect (Chamberlain
et al., 1998). When rats were pretreated with phorone/
buthionine sulfoximine (GSH depletors), marked signs
of CNS neurotoxicity were observed. Because the pre-
treatment did not result in substantially lower brain
GSH levels, the authors attributed the neurotoxicity
to an increased delivery of the parent chemical to the
brain by decreasing a first-pass metabolic effect for
Mel due to its conjugation with GSH in other tissues
(Chamberlain et al., 1998).

e Hydrogen sulfide formation. Acute exposures of rats to 30
ppm or higher hydrogen sulfide produces an inhibition
of cytochrome oxidase, which is the primary biochemi-
cal biomarker associated with lethal exposures, in respi-
ratory tissues, but cytochrome oxidase was increased in
liver tissue (Dorman et al., 2002). In this study, the sulfide
levels in the brain of exposed animals were unaffected.
For this mode of action to be relevant, a significant frac-
tion (>30%) of absorbed Mel would need to be converted
to hydrogen sulfide in a relatively short period of time.
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o lodide release. Neurodevelopmental effects were
observed in rats following repeated exposures to
0.025-0.1% potassium iodide in the diet (correspond-
ing to approximately 12.5-50mg/kg/day) (Vorhees et
al., 1984). However, the cumulative dose of iodide to
which rats were exposed to in this study is much larger
than the acute dose of iodide received by rats from Mel
in the key study.

Based upon a consideration of the dose-response concord-
ance, the cell membrane disruption and glutathione deple-
tion modes of action are best supported by the available
data.

Temporal relationship

One of the important pieces of information reported in the
key study is that the neurological effects of Mel in rats were
observed soon after the beginning of the exposure period,
and resolved shortly after exposure ended. With this obser-
vation in consideration, each of the possible modes of action
is assessed below.

e Modification of ion currents in neurons. Although
no specific information was located regarding the
temporal relationship for Mel and ion current modi-
fication, this effect for organic vapors in general is
expected to be transient in nature, and becomes
resolved once the tissue levels for the parent chemi-
cal are reduced due to metabolism and excretion
after exposure ends.

o Glutathione depletion. Although GSH depletion may
occur quickly, any oxidative damage that accumu-
lates during this time is expected to be only slowly
resolved, if at all. Neurological damage that might
occur would, therefore, be expected to persist for some
time after exposure ceases. For this reason, GSH deple-
tion does not provide concordance with the temporal
relationship.

e Hydrogen sulfide formation. Although no specific
information was located regarding the temporal rela-
tionship for hydrogen sulfide formation by Mel], its for-
mation requires several metabolic steps. Peak tissue
levels for hydrogen sulfide formation may be delayed
and only occur after exposure. If this is the case, this
mode of action does not provide concordance with the
observed temporal relationship for the neurological
effects of Mel.

o lodide release. Because the neurodevelopmental effects
were observed in rats following subchronic exposure
to potassium iodide rather than acute exposure, this
mode of action does not provide concordance with the
observed temporal relationship for the acute neurologi-
cal effects of Mel.

Based upon a consideration of the temporal relationship, the
cell membrane disruption mode of action is best supported
by the available data.
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Coherence and plausibility
The coherence and plausibility of the possible modes of
action for Mel neurological effects are discussed below.

e Modification of ion currents in neurons. A mode of
action involving nerve cell ion current modification
by the parent chemical is consistent with observations
made for a wide variety of organic vapors and solvents
(Richards et al., 1978; Pringle et al., 1981; Janoff & Miller,
1982; Franks & Lieb, 1987; Chiou et al., 1990; Curryetal.,
1990; Janesetal., 1992; Messaoudi etal., 1992; Dickinson
et al., 1993; Slater et al., 1993), including those that are
structurally similar to Mel (Honma et al., 1985).

o Glutathione depletion. Although Mel is clearly capable
of depleting cellular glutathione in the brain and other
tissues, the type of damage expected for this mode of
action would be more persistent and severe than the
transient effects observed in the key study. A potential
role for GSH depletion cannot be ruled out as a mode
of action for the more severe neurological effects asso-
ciated with high concentrations or repeated exposures,
but it is unlikely to play an important role in the tran-
sient effects observed in the key study.

e Hydrogen sulfide formation. This mode of action would
require a significant fraction of the absorbed dose of
Mel to be converted to hydrogen sulfide. However,
there is no evidence that this conversion would occur
or would occur preferentially in the brain. In addition,
the relative persistence and severity of the neurologi-
cal effects associated with high-dose hydrogen sulfide
exposure are inconsistent with the transient nature
of the neurological effects of Mel observed in the key
study. Therefore, this mode of action is not supported
based upon a lack of coherence and plausibility.

o lIodide release. Because the only reports of neurotoxic-
ity of iodide are secondary to effects on the thyroid fol-
lowing repeated exposures during development, this
mode of action is not supported by available informa-
tion. Although the reduced body temperature in rats
exposed to Mel might at first glance suggest a potential
role for decreased thermogenesis, an important role of
the thyroid, the fact that similar effects (central nervous
system (CNS) depression, decreased body temperature)
have been reported in rats acutely exposed to methyl
bromide (Honma et al., 1985), which is not iodogenic,
suggests that iodide release is not responsible for the
acute neurotoxicity of Mel.

Based upon a consideration of the overall coherence, the
cell membrane disruption mode of action is best supported
by the available information.

Conclusions for the neurological effects of Mel

Based on a comparison of the possible modes of action to
the modified Hill criteria, there is limited information to sup-
port a role for modification of ion currents in neurons in the
acute neurotoxicity of Mel. This mode of action supports the

use of the peak concentration of methyl iodide in the brain
as an appropriate internal dose measure used in risk assess-
ment, which, although is based upon limited information,
corresponds to the default internal dose measure for CNS
effects. With respect to relevance to human health, no data
were located to suggest that species differences exist for the
proposed mode of action for the neurological effects, and
therefore the relevance to human health is assumed.

Proposed mode of action for the nasal

effects of Mel in rats

Key studies

Groups of 40 rats (20 males and 20 females) were exposed
to concentrations of 0, 5, 21, and 70 ppm Mel for 6 hours/
day, 5 days/week for up to 13 weeks (Kirkpatrick, 2002). Ten
animals per sex per group were sacrificed after 4 weeks. No
treatment-related effects were observed in animals exposed
to 5 or 21 ppm. Degeneration of the olfactory epithelium and
respiratory epithelial metaplasia were observed in animals
of both sexes exposed to 70 ppm at both 4 and 13 weeks.
This study identifies NOAEL and LOAEL values of 21 and 70
ppm for repeated exposures to Mel. This study is supported
by similar observations made in rats exposed to 50 ppm,
but not 20 ppm, in a two-generation reproductive toxicity
study (Nemec, 2002b); in rats exposed to 60 ppm, but not
20 ppm, in a chronic toxicity study (1-year interim sacrifice)
(Kirkpatrick, 2003); and in rats exposed to 100 ppm Mel in
an acute study (Chamberlain et al., 1998a).

Possible modes of action

Three possible modes of action, as well as their implications
to the internal dose measure used in the risk assessment,
were considered and are summarized below.

o Glutathione depletion. The nasal effects of Mel could be
attributed to its ability to deplete cellular GSH levels as a
result of its conjugation with GSH. Once GSH becomes
significantly depleted, cells and tissues are vulnerable
to damage by oxidative stress, which may contribute to
point-of-contact nasal lesions seen with Mel. As noted
above, a review of the literature has suggested that for
extrahepatic tissues, toxicity may be observed when
GSH levels fall below 50% of their normal levels. If cor-
rect, this mode of action would dictate the use of the
daily minimum GSH concentration in olfactory epithe-
lium as an appropriate internal dose measure for risk
assessment.

o Methylation of macromolecules. The nasal effects of Mel
could also be attributed to its ability to methylate macro-
molecules. These macromolecular adducts could cause
altered function of key proteins, which may contribute
to the nasal lesions seen with Mel. If correct, this mode
of action would dictate the use of the parent chemical
in olfactory epithelium as an appropriate internal dose
measure for risk assessment.

o Formaldehyde production. Under this mode of action,
the nasal lesions of Mel would be attributed to the
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Table 3. Comparison of possible modes of action for nasal effects of Mel in rats using modified Hill criteria.

Possible modes of action

Criteria GSH depletion Macromolecule methylation Formaldehyde formation
Strength, consistency, and specificity of association ? - -
Dose-response concordance + + -
Temporal relationship + + -

Coherence and plausibility

+ - -

Note. +, data available to support mode of action; -, data available to refute mode of action; ?, data are equivocal.

metabolic formation of the reactive formaldehyde
molecule. The effects of formaldehyde on nasal tissue
have been attributed to its ability to form DNA-protein
crosslinks (Conolly et al., 2000). If correct, this mode of
action would dictate the use of formaldehyde in olfac-
tory epithelium as an appropriate internal dose meas-
ure for risk assessment.

In addition, the possibility remains that the effects of Mel
are related to a combination of these modes of action, which
may operate at different concentrations and times, or to
other cellular events not yet considered. The three possible
modes of action described above are compared using modi-
fied Hill criteria for causation as summarized in Table 3 and
discussed below.

Strength/consistency/specificity of association

One of the key pieces of information regarding the nasal
effects of Mel that can be used to discern between the modes
of action is that the effects are predominantly in the olfactory
epithelium rather than the respiratory epithelium (Reed et
al., 1995; Kirkpatrick, 2002), and not in the lower respiratory
tract. The strength, consistency, and specificity of each mode
of action are discussed below.

o GSH depletion. As previously noted, a number of studies
have shown that the conjugation of Mel with GSH can
result in a depletion of cellular GSH. In rats, pretreat-
ment with an isopropyl ester of GSH to increase tissue
GSH levels offered protection against the nasal effects of
Mel, while pretreatment with phorone and buthionine
sulfoximine to deplete GSH tissue levels potentiated
the nasal effects of Mel (Chamberlain et al., 1998b). In
addition, glutathione-S-transferase (GST) activity was
reported to be four-fold higher in olfactory epithelium
when compared to respiratory epithelium, although
both show significant depletion of GSH following Mel
exposure (Chamberlain et al., 1998). This observation is
consistent with the conclusion that local bioactivation
is important to the distribution of nasal lesions in rats
exposed to Mel (Robinson et al., 2003).

o Methylation of macromolecules. Protein binding was
observed in intact nasal turbinates following incuba-
tion with radiolabeled Mel (Chamberlain et al., 1998).
However, the rates of protein methylation in olfactory
and respiratory epithelium were similar. Therefore, this
mode of action does not explain the relative tissue-
sensitivity of the effects of Mel.

o Formaldehyde production. The formation of formalde-
hyde from cytochrome P450-dependent oxidation was
specifically evaluated in microsomes from rat nasal
olfactory tissue, but was not observed (Chamberlain et
al., 1998a, 1998b). In addition, the toxicity of formalde-
hyde appears with similar dose-response relationships
in several tissues of the respiratory tract (nasal, tracheal,
and lung) suggesting that, unlike the observations made
for Mel, the nasal tissue is not uniquely sensitive to for-
maldehyde (Roemer et al., 1993).

Of the possible modes of action, the nasal effects of Mel are
best supported by GSH depletion with respect to strength,
consistency, and specificity.

Dose-response concordance

In the key study, nasal lesions were observed in rats follow-
ing repeated exposure to 70 ppm, but not to 21 ppm Mel
(Kirkpatrick, 2002).

e GSH depletion. In rats exposed to Mel, nasal lesions
were observed with exposure levels (100 ppm>2hrs)
that resulted in GSH depletion in the olfactory epithe-
lium of about 20-40% of control values, but were absent
with exposure levels (25 ppm up to 6 hrs or 100 ppm for
<2hrs) that resulted in GSH depletion in the olfactory
epithelium to about 60% of control values (Reed et al.,
1995; Himmelstein et al., 2005). Nasal tissue GSH levels
in general were also affected to a greater degree (40-80%
depletion) in rats exposed to 25 or 100 ppm than in other
tissues (10-40%) (Himmelstein et al., 2005).

e Methylation of macromolecules. In rats exposed to 25 or
233 ppm radiolabeled Mel, a concentration-dependent
increase in radiolabel binding was observed in nasal
tissue, which declined slowly after exposure out to
168 hours (Kirkpatrick, 2002). Mel exposures reported
to produce DNA methylation in rats are lower than
those reported for nasal lesions. DNA methylation
was observed in a wide range of tissues in rats follow-
ing exposure to 28.6-44.4 umol/kg Mel via inhalation
(approximately 3-5 ppm, assuming default breathing
rates, body weights, and a 6-hour exposure duration)
(Bolt & Gansewendt, 1993).

o Formaldehyde production. A significant increase in
nasal cell proliferation, hyperplasia, and metaplasiawas
observed in rats acutely exposed to concentrations of 2
ppm or more formaldehyde (Zwart et al., 1988; Roemer
et al., 1993). However, the dose-response concordance
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of this mode of action is plausible only if a fraction of
the inhaled Mel is rapidly converted to formaldehyde,
which is not supported by the metabolic capacity of rat
nasal tissue (Chamberlain et al., 1998a, 1998b).

Based upon a consideration of the dose-response con-
cordance, either glutathione depletion or methylation of
macromolecules is supported by the available data.

Temporal relationship

The nasal lesions of Mel are observed following repeated
exposures to Me], including at both 4 and 13 weeks of expo-
sure (Kirkpatrick, 2002), in a two-generation reproductive
toxicity study (Nemec, 2002b), and following repeated expo-
sures to Mel for 1 year (Kirkpatrick, 2003).

o GSH depletion. GSH depletion occurs relatively quickly,
with the minimum GSH levels achieved in rat tissues at
the end of the 6-hour exposure to Mel (Himmelstein et
al., 2005; Sloter et al., 2007). Therefore, GSH depletion
meets the requirements of a potential precursor lesion
in that it is expected to occur well in advance of the for-
mation of nasal lesions.

e Methylation of macromolecules. The methylation of
macromolecules is also observed shortly following
exposure to Mel (Bolt & Gansewendt, 1993). Therefore,
it is likely that this endpoint would also occur prior to
the development of nasal lesions.

o Formaldehyde production. Because formaldehyde was
notobserved with the metabolism of Mel in microsomes
prepared from rat nasal tissue, a temporal relationship
between formaldehyde formation and nasal lesions is
not supported.

Based upon a consideration of the temporal relationship,
either glutathione depletion or methylation of macromol-
ecules is supported by the available data.

Coherence and plausibility
The overall coherence and plausibility of each possible mode
of action is discussed below.

e GSH depletion. As noted above, GSH depletion has
been observed with structural analogues of Mel. The
structural analogue methyl bromide, which also pro-
duces GSH depletion, has been reported to produce
nasal lesions in rodents (Eustis et al., 1988; National
Toxicology Program, 1992).

e Methylation of macromolecules. As noted above, mac-
romolecule methylation has been observed for the Mel
structural analogue, methyl bromide, which produceds
nasal lesions, but not for methyl chloride. However,
exposure of rats to another methylating agent (dimethyl
sulfate) produced greater methylation of macromol-
ecules in respiratory epithelium compared to olfactory
epithelium (Mathison et al., 1995). Therefore, this mode
of action is not well supported.

o Formaldehyde production. Although formaldehyde is
capable of producing nasal lesions in animals, the lack
of detectable levels formed in microsomal preparations
from rat nasal epithelium suggests that this mode of
action is not applicable to Mel.

Based upon a consideration of the overall coherence,
either GSH depletion or methylation of macromolecules is
supported by the available information.

Conclusions for the nasal effects of Mel
Based on a comparison of the three possible modes of
action to modified Hill criteria, there is sufficient informa-
tion available to support a role for GSH depletion in the
nasal effects of Mel. This mode of action supports the use
of the daily minimum GSH level in olfactory epithelium as
an appropriate internal dose measure in risk assessment.
With respect to relevance to human health, limited data
are available that indicate there may be important species
differences that should be considered in the risk assessment.
Background levels of GSH in nasal tissue appear lower in
humans (Westerveld et al., 1997; Frederick et al., 2002) than
in rats (Himmelstein et al., 2005), which would suggest
that humans may be more sensitive than rats to the GSH-
depleting effects of Mel. However, there are two additional
factors that suggest that this may not necessarily be the case.
First, GST activity in human nasal tissue is expected to be
much lower than in rat nasal tissue, suggesting that the rate
of GSH depletion would be slower in human tissue than
in rodent tissue, and thereby allowing for GSH repletion
pathways to maintain GSH levels. Like other halomethanes
(methyl chloride, methyl bromide) (Thier et al., 1999; Muller
et al., 2001), Mel conjugation with GSH is catalyzed by
glutathione-S-transferase isozyme theta-1 (GST-T1) (Hallier
et al., 1994; Chamberlain et al., 1998). The levels of GST-T1
in human nasal tissue have not been directly measured,
but are likely to be low, and possibly negligible, based upon
observations made for this isozyme in the respiratory tract
(lung), and this represents an important species difference
with respect to relative susceptibility to halomethane toxic-
ity (Sherratt et al., 1997, 2002). Human GST-T1 is expected to
be substantially less efficient at catalyzing MeI-GSH conju-
gation based on findings with a GST mutant (Shokeer et al.,
2005). Low/negligible levels of GST-T1 in human nasal tissue
are consistent with reports for a lack of detectable conjuga-
tion of cumene hydroperoxide (an indicator substrate for
GST-T1 activity) in human nasal tissue (Aceto et al., 1989).
Secondly, human nasal tissue possesses additional anti-
oxidants which may be important for Mel. Specifically, uric
acid has been identified as a major antioxidant in human
nasal airway secretions. Although methylation of uric acid
has not been measured in nasal tissue, this can be inferred
from Mel’s ability to methylate DNA (uric acid is structur-
ally similar to DNA bases). Furthermore, Mel is used in the
formation of methylated derivatives of uric acid (Maruyama
et al., 2000). Interestingly, methylated derivatives are them-
selves excellent antioxidants (Nishida, 1991), suggesting that
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conjugation of Mel to uric acid would not leave tissues sus-
ceptible to oxidative damage.

Discussion and conclusions

Based on the results of Mel toxicity studies, three endpoints
of concern were identified: late-stage fetal resorption (rab-
bit), acute neurotoxicity (rat), and nasal lesions (rat). In
reviewing potential modes of action for these endpoints,
the available data suggested that the late-stage fetal resorp-
tions were likely associated with modulation of the thyroid
hormones by iodide during development (although con-
tributions of general iodide toxicity on the fetus cannot be
excluded). This mode of action is best evaluated using the
cumulative iodide concentration (area-under-the-curve
or AUC) for iodide in fetal blood as an appropriate internal
dose measure. The acute transient neurotoxicity observed
in rats exposed to Mel was felt to be due to a generalized
modification of ion currents in nerve cells that is associated
with high concentrations of many chemicals. In the case of
assessing the potential acute neurotoxicity of Mel, the peak
concentration of methyl iodide in the brain would be the
appropriate internal dose measure. Finally, the nasal lesions
associated with exposure to high concentrations of Mel in
rats were supported as being associated with GSH depletion
in the nasal epithelial tissue. The daily minimum GSH level
in olfactory epithelium is the most appropriate internal dose
measure for use in risk assessment for this endpoint.

Confidencein the proposed modes of action differs for each
of the three endpoints considered, based upon the quality and
quantity of information available to support it. Confidence in
the proposed mode of action for the developmental effects of
Melis considered high becauseitis well supported by focused,
mechanistic studies. Confidence in the proposed mode of
action for the nasal effects of Mel is considered medium.
Confidence in the proposed mode of action for the neuro-
logical effects is considered low, because mechanistic studies
for this endpoint are not available. Although confidence in
this mode of action is low, the impact to the risk assessment
is minimal since the endpoint is assumed to be relevant to
human health, and the proposed internal dose measure is
equivalent to the default dose measure (parent chemical in
target tissue). The higher confidence levels attributed to the
modes of action for developmental and nasal effects of Mel
permit the use of internal dose measures in the risk assess-
ment that depart from the default dose measure (iodide in
fetal blood and minimum GSH, respectively). Additionally,
although potential species differences are identified for the
developmental and nasal effects of Mel, these endpoints are
also considered to be relevant to human health.
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