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CHRONIC TOXICITY SUMMARY

METHYL ISOCYANATE

(MIC, CH3-N=C=0)
CASRegistry Number: 624-83-9

Chronic Toxicity Summary

Inhalation reference exposure level 1 pg/m?* (0.5 ppb)

Critical effects(s) Decreased weight gain and lung pathology at
cessation of exposurein rats
Hazard index target(s) Respiratory system; reproductive system

. Chemical Property Summary (HSDB, 1995; CRC, 1994)

Description Colorlessliquid

Molecular formula C,H3NO

Molecular weight 57.06 g/moal

Boiling point 39.5°C

Melting point -45°C

Vapor pressure 348 torr @ 20°C, 600 torr @ 30°C (Varma and
Guest, 1993)

Solubility 10 percent in water @ 15°C

Conversion factor 2.3 ny/m° per ppb at 25°C

[11.  Major Usesand Sources (Dave, 1985; U.S. EPA, 1986; HSDB, 1995)

Methylisocyanate (MIC) is prepared industrially by reacting methylamine with phosgene,
oxidizing monomethylformamide at high temperatures (> 550°C), or heating metal
methylisocyanates. Because of its high reactivity, MIC is used as an intermediate in organic
synthesis, most notably in the production of carbamate based pesticides. Tobacco smoke from
some brands of cigarettes also contains MIC (about 4 g per cigarette). Workers exposed to the
MIC 8-hour threshold limit value of 0.02 ppm (46 pg/m®) are exposed to approximately 460 ngy
MIC in aworkday. Based on the most recent inventory, the annual statewide industrial
emissions from facilities reporting under the Air Toxics Hot Spots Act in Californiawere
negligible (CARB, 2000). This does not include estimates of emissions of breakdown products
from the use of metam sodium in agricultural applications. Use of metam sodium averaged
15,400,000 pounds/year from 1995 to 1999.
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V. Effectsof Human Exposure

Although occupational exposures to MI1C have been documented (Varma, 1986), few known
exposures to the general public have occurred. A major exposure occurred in Bhopal, Indiain
December 1984. Because of the sudden, short-term release (30-45 minutes), no measurements
occurred, but the air concentration was estimated as 13 ppm (Dave, 1985) to 100 ppm (Varma,
1986).

The chemical identity of the ultimate toxicant has not been unequivocally determined and may
consist of more than one chemical species. Although the chemistry of MIC suggests that
hydrolysis to methylamine and dimethylureais rapid, such hydrolysisin moist air is probably
slow, and the reaction with photochemically produced hydroxyl radical is also slow (chemical
Ty, about 3 months) (U.S. EPA, 1986). Brown et al. (1987) have shown that the
alkylisocyanates (e.g., MIC) arerelatively resistant (compared to the arylisocyanates) to
hydrolysisin water. Hence, despite the high water reactivity of MIC, this compound could
possibly persist in the environment for many days after an initial release.

Within 5 days of the initial exposure to MIC at Bhopal, more than 2,000 deaths occurred (Dave,
1985), while 4,000 more deaths were documented during the following decade (L epkowski,
1994). Theinitial symptoms among the population living near the MIC plant were irritation and
difficulty in breathing (Varma, 1986). Blindness occurred in more than 10,000 exposed persons
but later resolved in most cases (Andersson et al., 1990). The acute damage that led to death was
mainly to the respiratory system, most likely pulmonary edema, bronchospasm, and electrolyte
imbalance (Varma, 1986). However extrapulmonary damage, including tissue anoxia,
gastrointestinal symptoms, and muscular weakness, were also observed (Dave, 1985). Withina
year of the exposure, survivors continued to exhibit damage to the lung and eyes. Fibrosis of the
lungs was seen in 30 percent of this group (Dave, 1985).

Reproductive toxicity was observed among women exposed to MIC in Bhopal. Varma (1987)
reported 43 percent unsuccessful pregnancies among 865 women who were pregnant at the time
of the MIC release. Among the live births, 14 percent of the infants died within 30 days,
whereas a death rate of only 3 percent for the same interval was recorded 2 years prior to the
release. Bhandari et al. (1990) reported increased spontaneous abortions and neonatal deaths
among exposed women who were pregnant at the time of exposure compared to a control group
in another city. Inthelatter study, stillbirths and congenital malformations were similar in the
exposed and non-exposed groups.

Non-reproductive, non-pulmonary responses were evident in a group of exposed Bhopal
residents, 3-years following exposure to the MIC vapors. Loss of vision and loss of visual acuity
were more prominent among exposed residents than among unexposed people, and the losses
appeared to be dose-dependent (Andersson et al., 1990). In this study, the surrogate for dose was
extent of early deaths in ahousing cluster. Similarly, cataracts were reported more often among
the exposed than among the unexposed group.

The lesions associated with lung damage may be expressed as pulmonary edema for immediate
effects (Varma, 1986), and lesions associated with the bronchoalveolar area for long-term effects
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(Dave, 1985, Varma, 1986). Vijayan et al. (1995) studied cellular components of
bronchoalveolar lavage (BAL) and pulmonary function in Bhopal patients 1.3, 2.7, and 5.1 years
after exposureto MIC. All had lived within 3-miles of the factory and all experienced acute
respiratory and ophthalmic symptoms on the day of exposure. All were experiencing continued
respiratory symptoms. Among the exposed people, decrementsin forced vital capacity and
forced expiratory volume (at 1-minute) were observed. In general, the decrements ranged from
12 - 21 percent of predicted values, whereas the control group exhibited decrementsof 2 - 4
percent of the expected values. Analysisof the BAL revealed increasesin total cells (all exposed
groups), increased absolute numbers of macrophages (all exposure groups), decreased percentage
of lymphocytes (2.7 and 5.1 year groups), and increased numbers and percentage of neutrophils
(5.1 year group). These cell types are involved, through the secretion of various factors, in
inflammatory and immunologic processesin the lung (Reiser and Last, 1986). The Vijayan et al.
(1995) study thus suggests long term damage to lung parenchyma among people who survived
the initial acute effects of MIC exposure.

In summary, humans exposed acutely by inhalation to MIC may experience long-term (as well as
immediate) damage to pulmonary and extrapulmonary systems. The lung is probably the critical
target organ for long-term effects from acute exposure, although adverse effects on other organs
(e.0., eye, reproductive, and gastrointestinal) also exist. The late responses to the acute exposure
suggest an immunological component, which could involve several systemsincluding lung, eye,
liver, and kidney. The chemical identity of the ultimate toxicant is unknown and may be more
than one compound.

Avashiaet al. (1996) assessed pulmonary effects from long-term, low-level MIC for more than
400 workers at alarge chemical facility. Serial pulmonary function data, cigarette smoking
histories, and industrial-hygiene measurements were available. Jobs were classified according to
level of MIC exposure as none, low, moderate or high. Where work records were incomplete,
exposures were based on the ratings of supervisors and coworkers. The frequency of pulmonary
impairment was evaluated for the assumed four levels of exposure. No specific or consistent
pulmonary impairment was evident. Unfortunately the report gave no quantitative classification
of low, moderate or high MIC levels.

V. Effects of Animal Exposure

Experimental animal studies have been designed to address the experiences of the victims of the
Bhopal disaster, in which the exposure has been described as acute because of the short duration
(30-45 min). No studies were found that described exposure duration greater than 10 days.
However, a chronic component to MIC exposure may exist as aresult of slower rates of
hydrolysisin air (compared to water), the presence of carbamylated hemoglobin in M1C-exposed
people, and the change from edematous to inflammatory and/or fibrotic lesions with time.
Further, a glutathione-dependent reversible MIC transport system has been suggested in
experimental animals (see below).

MIC is absorbed through the respiratory tract and distributed to non-respiratory organsin
experimental animals. In an acute (30 min) inhalation exposure to a dose of **C-MIC (labeled in
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the isocyanate moiety) equivalent to one-L Csp (23 mg/L), rats accumulated protein-bound
radioactivity (including carbamylated proteins) in brain, liver, kidney, and lung, but not in blood
(Bhattacharya et al., 1988). Ferguson et al. (1988) exposed guinea pigs by inhalation to 0.47
ppm **C-MIC (methyl group) for 6-hours. At the end of exposure, the label was found in arterial
and venous blood, bile, and urine. At 2.7 days post-exposure, the label decreased to 2-7 percent.
MIC was retained in the nasal-laryngeal area of the guinea pigs.

MIC, like reactive isocyanates in general, can react with biological molecules containing amino,
acohol, or sulfhydryl groups, aswell as with water. While hydrolysisin an agueous
environment, such as the lung, is theoretically possible, measurements show that alkyl
isocyanates are relatively resistant (compared to arylisocyanates) to such hydrolysis (Brown et
al. 1987). The absence of arole for MIC hydrolytic products, methylamine (MA) or
dimethylurea (DMU), is also suggested by the work of Jeevaratnam and Sriramachari (1994) and
Sriramachari et al. (1994). Inhalation (30 min) or subcutaneous exposure of rats to either
hydrolytic product at levels equivalent to the LCsg or LDsp did not result in death. Similarly,
neither methylamine nor dimethylurea duplicated the acute effects of respiratory necrosis and
congestion. However, exposure to these hydrolytic products did lead to interstitial pneumonitis,
an observation that suggests MA and/or DMU could lead to subsequent inflammatory responses
if sufficient amounts are present.

A role for methylamine in reproductive/devel opmental toxicity was investigated by Guest and
Varma (1991). In amouse study, pregnant dams were exposed to varying doses (intraperitoneal)
of methylamine (as well as the di- and trimethyl compounds). Reproductive toxicity was not
observed for methylamines. However, in cultured embryo experiments, decrements in crown-
rump length, yolk-sac diameter, head length, and embryo survival were observed. The
concentrations were high (>0.75 mM) and the interpretation of the biological activity of
methylamine in terms of inhalation exposure is difficult.

MIC is a carbamylating intermediate; thisis the basis for its use in the manufacture of carbamate
based pesticides. In the same way, MIC should react with the appropriate functional groups of
proteins, peptides, and nucleic acids. However, in vitro studies with cholinesterases show that
such areaction is not efficient (Brown et al., 1987), an observation which may be explained by
the presence of protonated amino groups at physiological pH (Baillie and Slatter, 1991).

A transport system for MIC viareduced glutathione (GSH) has been suggested by the discovery
of the MIC-adduct, S-(N-methylcarbamoyl)glutathione (SMG), in the bile and the M1C-adduct
of N-acetylcysteine (mercapturic acid, AMCC) in the urine of rats exposed to MIC by non-
inhalation routes (Pearson et al., 1990; Slatter et al., 1991). The reaction of MIC with GSH and
with cysteineis reversible, and can provide a source of free MIC in the tissues (Baille and
Slatter, 1991). Similar studiesin experimental animals exposed to MIC by inhalation have not
been reported. However, humans exposed by inhalation to N,N-dimethylformamide (H-C-(=0)-
N(CH3),) excrete AMCC in urine (Mraz and Nohova, 1992). Hence areversible MIC-transport
system in animals, including humans, is possible, and the presence of high levels of GSH in
human lavage fluid (Cantin et al., 1987) would permit the initiation of this mechanism.
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The toxicity of the adduct SMG was tested in mouse embryo culture (Guest et al., 1992). Mouse
embryos, at day 8 of gestation in vivo, were removed from their dams and cultured in the
presence (and absence) of SMG. Dose-dependent (0.25 - 2 mM) decrements were observed for
yolk sac diameter, crown-rump length, somite number, and protein content. Delayed DNA
synthesisin the embryos and in yolk-sacs occurred in the presence of 0.25 mM SMG. Similar to
the results obtained with methylamine, the SMG concentrations were high and the exposures
were not by inhalation. However, the data show that a M1C metabolite, SMG, has toxic
properties. Inthe presence of GSH (1 or 3 mM), the extent of the SMG-dependent toxicities was
decreased. Such data demonstrate the reversibility of the binding between MIC and GSH.

Three inhalation studies were identified in which experimental animals were exposed to more
than one dose of MIC. Among these studies, two used exposure durations for more than one day
(Dodd and Fowler, 1986; Mitsumori et al., 1987). Rats and mice were exposed by inhalation to
0, 1.1, and 2.8 (female) or 3.0 (male) ppm MIC for 6 hr/day for atotal of 4 days, and then
followed during a 91-day post-exposure interval (Mitsumori et al., 1987). Among the rats, post-
exposure deaths occurred by 49 days (male) and 14 days (female) at the high dose. Among the
mice, only 1 male mouse died at 16 days post-exposure. Reduced weight gain was observed
among the female and male rats in the high dose group, prior to death, although the absolute
weights were not different from the unexposed rats one day before the end of exposure. Among
the mice, a slowed weight gain was observed at 3- and 6-days post exposure (male) and 1 day
post exposure (female) at the high dose, but normal weight gain returned by 1 week following
cessation of exposure. At 7 days post-exposure, microscopic changes were observed in the
respiratory system among the high dose rats of both sexes. Between 8- and 27 days post-
exposure, increased lesions in the respiratory tract and aso in liver, thymus, spleen, heart, and
brain were observed at the high dose. Similar lesions were not observed in rats exposed to 1.1
ppm MIC and followed to the 8-27 day post-exposure. Among survivors, the incidence of
lesions decreased to control values by 91 days. Among the mice, treatment related changesin
the respiratory tract were observed at the high dose at 7 days post-exposure. Between 28 and 91
days, the lesions associated with the upper respiratory tract disappeared, whereas those
associated with the major bronchi remained, although somewhat attenuated. These data suggest
that the rat is more sensitive than the mouse to the effects of MIC. A LOAEL of 2.9 ppmis
indicated, based on post-exposure decreased weight gain and respiratory tract changesin rats.

Dodd and Fowler (1986) exposed ratsto 0, 0.15, 0.6, and 3.1 ppm MIC for two 4-day sessions at
6-hours/day and examined the animals within 1-day following exposure. The 2-cycle exposure
included a 2-day recess from exposure. No deaths occurred at any MIC concentration during the
exposure. Lesser weight gain occurred for ratsin the 3.1 ppm groups, whereas weight among the
ratsin the 0.15 and 0.6 ppm MIC groups was indistinguishable from the air-exposed control
animals. On exposure days 3 and 8, mean food consumption values in the high dose group were
below those for the non-exposed group. At the time of termination, male rats exposed to 3.1
ppm MIC exhibited a 38 percent increase in hemoglobin concentration and a 26 percent decrease
(p<0.001) in oxygen saturation, compared to the unexposed rats (p<0.001). Such changeswere
not observed for the female rats exposed to 3.1 ppm or for rats of either sex exposed to 0.15 or
0.6 ppm MIC. Absolute lung weights increased (p<0.001) in both sexes after exposureto 3.1
ppm, compared to the control rats. Decreasesin liver, kidney and testes absol ute weights were
observed in this exposure group, but the authors interpreted these data as a reflection of the body
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weight losses. No weight changes were observed in rats exposed to 0.15 or 0.60 ppm MIC.
Gross and microscopic lesions were observed in rats (female and male) exposed to 3.1 ppm, but
not in rats exposed to 0, 0.15, or 0.6 ppm MIC. The microscopic lesions occurred in the
respiratory tract and consisted of inflammation, epithelial necrosis, squamous metaplasia, and
epithelial hyperplasia. These lesions extended into the bronchioles. These data suggest a
NOAEL of 0.6 ppm MIC, based on weight gain loss, absolute lung weight, and lung
histopathology in rats, immediately following cessation of exposure.

Post-exposure changes in lung pathology also occurred in the rats surviving 3.1 ppm in the Dodd
and Fowler (1986) study. The early lesions associated with inflammation, epithelia necrosis,
squamous metaplasia, and epithelial hyperplasia extending to the bronchioles either decreased in
severity or receded toward the upper respiratory tract by 85-days post-exposure. In males, the
intraluminal and submucosal fibroplasia changed in appearance during thisinterval, duein part
to the maturation of fibroustissue. Mucous plugs were also seen in the terminal bronchioles and
alveoli in somerats. The importance of this observation is the progressive character of MIC
induced lung disease. Such progression may be difficult to follow at lower doses, if the times
involved are of insufficient duration.

Sethi et al. (1989) exposed rats by inhalation to 0, 0.21, 0.26, and 0.35 ppm MIC for 6 days at
0.5 hr/day. Statistical evaluation was not presented. No post-exposure deaths were reported,
although lethality was recorded for rats exposed to 3.5 and 35 ppm for only 10 minutes.
Following the 0.5 hr © 6-day exposure, the weight gain declined in proportion to the exposure
dose. At thelowest dose (0.21 ppm) the weight gain was 111 g after 91 days post-exposure,
compared to aweight gain of 218 g during the same interval among the non-exposed rats. The
absolute weights of the rats at the end of the exposure were not given. According to the
narrative, inflammatory lesions of bronchopulmonary tissue were present; their extent increased
with dose. A dose-response increase in markers of lung infection was present and suggests that
the M1C exposed rats were more prone to infectious agents than were the unexposed animals.
Non-specific lesionsin liver and kidneys were also observed and appeared to be dose dependent,
but the authors suggested that these effects could be a result of the lung infections.

Fetotoxicity was observed in two experimental animal studies (Schwetz et al., 1987; Varma,
1987). Among female mice exposed to 0, 1, or 3 ppm MIC during gestation days 14 - 17 for 6
hr/day, an increased incidence of fetal deaths was observed at 1 ppm (Schwetz et al., 1987). At 3
ppm, the average number of pupg/litter decreased relative to the air-exposed controls. The dams
were unaffected in terms of survival, body weight, or length of gestation. Non-gestational
exposure (6 hr/day, 4 days) did not affect the number of pregnancies or the live litter sizes,
suggesting that the fetotoxic effect may be specific to the female reproductive tract rather than a
genera attribute of systemic toxicity. Similarly, female mice exposed for 3 hours on gestation
day 8t0 0, 2, 6, 9 or 15 ppm MIC gave birth to pups with decreased body weights at the lowest
dose, although a good dose-response was not observed (Varma, 1987). At 9 or 15 ppm MIC, the
surviving dams lost 75 - 80 percent of their fetuses. Maternal mortality and decreased skel etal
lengths were also observed at 9 and 15 ppm. A distinction between maternally induced
fetotoxicity and a direct effect on fetal health could not be made. Because the inhaation
exposure to the dams occurred for only 3 hrs on one day, a chronic LOAEL is not suggested.
Exposure of male rats to one dose of 3.2 mg/L for 8 minutes resulted in a 21 percent fertility rate
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among the cohabited female rats within the day 8-14 period post-exposure compared to afertility
rate of 40% for controls, however, the rates increased after 15 days post-exposure (Agarwal and
Bose, 1992). There was no evidence of fetotoxicity among the dams impregnated by the MIC-
exposed malerats. Exposure of male and female miceto 0, 1, or 3 ppm MIC did not result in
altered body weights, fertility, or litter size (Schwetz et al, 1987). The results suggest that
exposures to MIC at doses that are not toxic to adult male or female (pregestational) mice or rats

do not result in adverse reproductive outcomes.

VI.

Derivation of Chronic Reference Exposure Level (REL)

Sudy

Sudy populations
Exposure method
Critical effects

LOAEL
NOAEL
Exposure continuity

Exposure duration
Average experimental exposure

Human equivalent factor

LOAEL uncertainty factor
Subchronic uncertainty factor

I nter species uncertainty factor
I ntraspeci es uncertainty factor
Cumulative uncertainty factor

Inhalation reference exposure level

Dodd and Fowler (1986)

F344 rats

Inhalation (0, 0.15, 0.6, or 3.1 ppm)

Decreased weight gain and lung pathol ogy
immediately after cessation of exposure

3.1 ppm

0.6 ppm

6 hours/day, 8 days/10 day experiment (2-cycles,
with one 2-day recess from exposure)

10 days

0.12 ppm for the NOAEL group

(0.6 x 8/10 x 6/24)

0.15 ppm for the NOAEL group (gas with
pulmonary respiratory effects, RGDR = 1.23,
based on BW =152 g, MV =0.12 L/min, SA
= 225 cm?)

1

10

3

10

300

0.5 ppb (1 pg/m°)

Although the exposure was for only 10 days, the Dodd and Fowler (1986) study includes the
longest exposure duration of the available investigations and also uses some of the lower
exposure levels (down to 0.15 ppm). The microscopic findings of the respiratory tract were
statistically analyzed, although an observation of the tabulated data at the four doses (0, 0.15,

0.6, and 3.1 ppm) clearly shows a NOAEL of 0.6 ppm. Other endpoints with the same NOAEL
were increased hemoglobin and increased absolute lung weights. The symptomatic ramifications
of the increased hemoglobin are unknown, although similar increases were reported for humans
exposed to MIC in Bhopal (Srivastavaet al., 1988). The lung weight gain may be a reflection of
the pathological changes seen in the microscopic studies.

Decreased body weight gain was also seen in the experimental 4 day rat inhalation study of
Mitsumori et al. (1987) (NOAEL = 1.1 ppm), except that the decrease in the latter study did not
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occur until 1 and 3 days (female and male, respectively) post-exposure. The apparent
discrepancy could be explained, in part, on the basis of the length of exposure, which was twice
aslong in the Dodd and Fowler (1986) study. However, the weight gain loss in the Dodd and
Fowler (1986) study was initiated within one day of the start of exposure.

The MIC chronic REL of 0.5 ppb is based on endpoints observed within 1 day of cessation of
exposure. Post-exposure evaluation showed that, at a higher exposure level (3.1 ppm),
progressive changes, including death, occurred. Post-exposure observations, however, were not
reported at the 0.15 and 0.6 ppm MIC levels. The attribute of delayed MIC inhalation toxicity
has al so been observed in other experimental animals studies (Dodd and Fowler, 1986,
Mitsumori et al., 1987). In the case of the human MIC exposure in Bhopal, India, death did not
occur during the immediate 30 - 45 minute exposure, but exhibited alag phase. A few deaths
occurred during the first few hours, the maximum occurred at 2 - 3 days, and by the end of a
week about 2500 deaths were documented (Dave, 1985; Varma, 1986; Varmaand Guest , 1993),
although Varma (1986) suggests that the immediate number may be closer to 5,000. One report
suggests that during the intervening decade as many as 6,000 deaths may be attributed to the
initial exposure in Bhopal (Lepkowski, 1994). Such information suggests that the presence of an
adverse effect at the NOAEL of 0.6 ppm (Dodd and Fowler, 1986) might be possible if the rats
were observed during an extended post-exposure interval. Experimental evidence is needed to
test this hypothesis.

Only one study was identified in which post-exposure observations were made on experimental
animals exposed subchronically by inhalation to multiple doses of MIC. Mitsumori et al. (1987)
exposed ratsto 0, 1.1, and 2.8 (females) or 3.0 (males) ppm MIC for 6 hr/day for 4 days and
observed the rats for 91 days. No deaths and no weight gain loss (in contrast to Dodd and
Fowler, 1986) were present until the post-exposure period and were mainly observed in animals
exposed at the high dose. Using aNOAEL of 1.1 ppm MIC, achronic REL of 1.1 ppb (2.6
ng/m®) was derived. The REL based on the Mitsumori et al. (1987) study is similar to the REL
based on immediate effects (Dodd and Fowler, 1986), and may indicate that the time of
occurrence of exposure related effects may not be as important as the MIC air concentration.

VII. Data Strengthsand Limitationsfor Development of the REL

The strengths of the inhalation REL for MIC include the availability of controlled exposure
inhalation studies in multiple species at multiple exposure concentrations and with adequate
histopathogical analysis and the observation of aNOAEL. Magjor areas of uncertainty are the
lack of adequate human exposure data and the lack of chronic inhalation exposure studies.

VIII. Potential for Differential Impactson Children's Health

Since exposuresto MIC at levels that are not toxic to adult male or female (pregestational) mice
or rats do not result in adverse reproductive outcomes, the chronic REL of 1 ng/m?® should
adequately protect infants and children. MIC isarespiratory irritant and the developing
respiratory system is more sensitive than that of adults. However, thereis no direct evidencein
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the literature to quantify a differential effect of MIC on the respiratory system of infants and
children.
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