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Introduction
In 2011, the Integrated Risk Information 
System (IRIS) of the U.S. Environmental 
Protection Agency (EPA) released an updated 
Toxicological Review of Dichloromethane 
(Methylene Chloride) (U.S. EPA 2011). In 
this commentary, we summarize exposure 
sources and the major findings, advance-
ments, critical issues, and future research 
needs identified in the IRIS assessment, 
particularly with respect to the physiologically 
based pharmacokinetic (PBPK) model struc-
ture, approaches used to incorporate sensi-
tivity based on genotype, and other sources of 
variability in the human population.

Dichloromethane [CASRN (Chemical 
Abstract Services Registry Number) 75-09-2] 
(or methylene chloride) is an organic solvent 
that has been used extensively in industrial 
settings (e.g., as an extraction solvent and as a 
metal cleaner) and consumer products (e.g., 
paint removers). In 2012, according to the 
U.S. EPA’s Toxic Release Inventory (TRI) 
database (http://iaspub.epa.gov/triexplorer/
tri_release.chemical), a total of 3.4 million 
pounds of dichloromethane was released 
into the environment in the United States 
(U.S. EPA 2015). Because of its volatility, 
it is found mostly in air, and the predomi-
nant exposure for the general population 

occurs from inhalation (primarily from 
industrial emissions and consumer product 
use). In 1996, the national average concentra-
tion of dichloromethane in outdoor air was 
0.47 μg/m3 (U.S. EPA 2002). Indoor inhala-
tion exposures can result from using consumer 
products containing dichloromethane such 
as adhesives, spray shoe polishes, paint 
and adhesive removers [Agency for Toxic 
Substances and Disease Registry (ATSDR) 
2000], and building materials and furnish-
ings [California Environmental Protection 
Agency (CalEPA) 2000]. Average indoor 
air concentrations collected from urban, 
suburban, and rural residences between 1990 
(after the 1989 ban on hairspray) and 2005 
ranged from 0.4 to 3.5 μg/m3 (Dawson and 
McAlary 2009). Concentrations of dichloro-
methane in food and water are small compared 
to concentrations in air; thus, oral exposures 
are low. Drinking-water mean concentrations 
are generally less than one part per billion 
(ppb), which is below the 5 ppb maximum 
contaminant level (MCL) (CalEPA 2000). 
Dichloromethane releases to drinking-water 
sources are estimated to range between 0.3 
and 2.4% of total environmental releases, 
much lower than the 86–95% estimate for 
atmospheric releases, with releases to land 
accounting for 2–12% (CalEPA 2000). 

Dermal absorption of dichloromethane has 
been demonstrated in animals (McDougal 
et al. 1986) and in humans (Stewart and Dodd 
1964), making this pathway another potential 
exposure pathway of concern, particularly in 
occupational settings without adequate protec-
tive gear and with improper use of consumer 
products (e.g., paint strippers). High indoor 
air concentrations of dichloromethane have 
been reported in occupational settings, where 
the largest numbers of workers are potentially 
exposed to the chemical during metal cleaning, 
industrial paint stripping, and tasks using ink 
solvents (ATSDR 2000).

Metabolism of dichloromethane involves 
two primary pathways (see Supplemental 
Material Figure S1): an oxidative CYP2E1 
pathway that is predominant at low exposures, 
and a glutathione S-transferase (GST)–
catalyzed pathway that results in the conju-
gation of dichloromethane to glutathione 
(GSH) (Gargas et  al. 1986; Guengerich 
1997). The first step in the CYP2E1 (cyto-
chrome P450 2E1) pathway is the formation 
of formyl chloride, most (> 97%) of which 
is metabolized further to carbon monoxide 
(CO) (Watanabe and Guengerich 2006). 
The GST-catalyzed pathway results in the 
formation of a GSH conjugate that is even-
tually metabolized to carbon dioxide (CO2). 
The conjugation of dichloromethane to 
GSH results in formation of two reactive 
intermediates that have been proposed to 
be involved in dichloromethane toxicity, 
S-(chloromethyl) GSH and formalde-
hyde (Hashimi et al. 1994). Although both 
pathways are expected to operate at all expo-
sures, the CYP pathway predominates at lower 
exposure concentrations.

Methods
The toxicological review was developed 
according to the general risk assessment 
guidelines (National Research Council 
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1983, 1994). The literature search strategy 
was based on the CASRN (75-09-02) in 
addition to the common names dichloro-
methane and methylene chloride. The search 
was conducted in collaboration between the 
assessment team and a medical librarian. 
Primary, peer-reviewed literature identi-
fied through September 2011 was included; 
literature searches were conducted in several 
databases including Toxicology Literature 
Online (TOXLINE; http://toxnet.nlm.
nih.gov/newtoxnet/toxline.htm), PubMed 
(http://www.ncbi.nlm.nih.gov/pubmed/), 
and the Developmental and Reproductive 
Toxicology/Environmental Teratology 
Information Center (DART/ETIC) through 
TOXNET (Toxicology Data Network; 
http://toxnet.nlm.nih.gov/). Primary source 
studies examining any type of toxicity (e.g., 
reproductive, hepatic, cancer) in experimental 
animals and humans, in addition to toxico
kinetic and mechanistic data, were identified. 
Each set of studies pertaining to a type of 
outcome was then evaluated, considering the 
influence of exposure parameters (route, level, 
duration), population or test animal, speci-
ficity of effect measure, and other aspects of 
study methods (U.S. EPA 2011). The results 
of the search and evaluation process were 
reviewed by an external review panel as part 
of the assessment development process (see 
Appendix A in U.S. EPA 2011).

In addition, as described by Cooper et al. 
(2011), a more focused search for epidemi-
ology cancer studies was conducted using 
PubMed (last accessed on 30 March 2011) 
and additional search strategies focusing 
on related solvents. Studies with dichloro-
methane-specific results were selected for 
review; studies reporting estimated risks 
based on general categories of solvents 
were excluded. Information pertaining to 
participant characteristics, exposure assess-
ment methodology and exposure levels, 
outcome definition and data sources, and 
potential confounding was used in the 
interpretation and synthesis of the collec-
tion of the 18 identified epidemiological 
studies of cancer. Tables summarizing these 
studies can be found in the IRIS assessment 
(U.S. EPA 2011).

Major Toxic Effects of 
Dichloromethane
Hepatic toxicity .  Hepatic effects  are 
commonly observed forms of toxicity 
following inhalation (Burek et  al. 1984; 
Nitschke et al. 1988) or oral (Serota et al. 
1986a) dichloromethane exposure in rodents. 
Changes observed in animals following 
dichloromethane exposure include liver foci/
areas of alteration, hepatocyte vacuolation 
(vacuolation of lipids in the hepatocyte), fatty 
liver, and necrosis, with effects seen beginning 

at 500 ppm (Burek et  al. 1984; Nitschke 
et al. 1988). Available human studies do not 
provide an adequate basis for evaluation of 
hepatic effects, particularly given the limi-
tations of serological measures of hepatic 
damage (Ott et al. 1983; Soden 1993). The 
mode of action and the causative agent(s) 
(i.e., parent compound, specific metabolite) 
for these noncancer effects are not known. 
However, dose–response analysis indicates 
that the correlation with the animal toxicity 
(hepatic vacuolation) was better for the liver-
specific rate of CYP metabolism than for 
parent concentration or rate of GST metabo-
lism. The lack of mode-of-action informa-
tion and correlation with CYP metabolism 
for hepatic vacuolation is in contrast with the 
mechanistic data and internal metric used for 
cancer (discussed in further detail below). The 
U.S. EPA (2011) assumed distinct mecha-
nisms for distinct end points, with different 
dose metrics applying. 

Neurotoxicity. Consistent with other 
chlorinated solvents such as trichloro
ethylene and tetrachloroethylene, exposure to 
dichloromethane results in decreased motor 
activity, impaired memory, and changes in 
responses to sensory stimuli in mice and rats 
(reviewed by Bale et al. 2011). These effects 
are similar to those of other solvents that 
have been more extensively studied, such as 
toluene. Results from experimental studies in 
humans indicate that acute neurobehavioral 
deficits—measured, for example, by psycho-
motor tasks, tests of hand–eye coordination, 
visual evoked response changes, and auditory 
vigilance—may occur at concentrations 
> 200 ppm with 4–8 hr of exposure (Bos 
et al. 2006; Putz et al. 1979). Fewer studies 
have examined neurological effects of chronic 
exposures, although there is some evidence 
of an increased prevalence of neurological 
symptoms among workers with average expo-
sures of 75–100 ppm (Cherry et al. 1981) 
and of long-term effects on some neurological 
measures (i.e., possible detriments in atten-
tion and reaction time in complex tasks) in 
workers whose past exposures were in the 
100–200 ppm range (Lash et al. 1991). The 
chronic exposure studies are limited in terms 
of sample size and power considerations. 
However, the study by Lash et al. (1991) is 
noteworthy because it evaluated neurotoxicity 
of aircraft maintenance workers examined 
a mean of 5  years after retirement, and 
it indicates effects lasting after cessation of 
exposure. Additional studies of the long-term 
neurotoxic effects of chronic exposure are 
warranted. A recent review of mechanistic 
data indicates that dichloromethane may act 
directly at specific sites in the brain such as 
ligand and voltage-gated ion channels; these 
pharmacodynamic modulations are similar 
to other chlorinated solvents including 

trichloroethylene and tetrachloroethylene 
(Bale et  al. 2011). Changes in glutamate, 
γ‑aminobutyric acid, dopamine, serotonin, 
acetylcholine, and other neurotransmitters 
have also been observed. Target areas include 
the caudate nucleus and hippocampus (associ-
ated with learning and memory) and the cere-
bellum (associated with motor activity and 
neuromuscular function). More comprehen-
sive studies specifically designed to determine 
the mode of action for dichloromethane-
induced impairment of neurological functions 
have not been conducted (Bale et al. 2011).

Cancer. The 2-year animal bioassay data 
for dichloromethane provide evidence of 
carcinogenicity at two sites (liver and lung) 
in male and female B6C3F1 mice with inhala-
tion exposure [National Toxicology Program 
(NTP) 1986] and at one site in male B6C3F1 
mice (liver) with drinking-water exposure 
(Hazleton Laboratories 1983; Serota et al. 
1986b). Exposure to inhalation concentra-
tions of 2,000 or 4,000  ppm dichloro
methane produced increased incidences 
of lung and liver tumors in B6C3F1 mice, 
with statistically significant trends observed 
in males and females at both sites (trend 
p-values ranged from <  0.001 to 0.013) 
(NTP 1986). In the oral exposure study, 
Serota et  al. (1986b) indicated that there 
was no dose-related trend and no signifi-
cant pair-wise differences with the controls. 
The analysis underlying these conclusions 
was not presented, but the statistical results 
presented in the full study report (Hazleton 
Laboratories 1983) support the interpreta-
tion of these data as indicative of a marginal 
trend (trend p-value = 0.058) with statistically 
significant increases in three of the four dose 
groups (p = 0.071, 0.023, 0.019, and 0.036 
for the 50, 125, 185, and 250 mg/kg/day 
dose groups, respectively).

Human studies have observed associations 
between occupational exposure to dichloro-
methane and increased risk for several specific 
cancers, including brain cancer, liver and 
biliary tract cancer, non-Hodgkin lymphoma, 
and multiple myeloma (Cooper et al. 2011). 
The available cohort studies do not provide 
an adequate basis for drawing conclusions 
because they are limited by low statistical 
power for the relatively rare cancers such as 
liver and brain cancer, limited information 
pertaining to classification of hematopoietic 
cancers (and use of mortality, rather than 
incidence data for these cancers), and, for 
some studies, missing work history data or 
inability to recreate an inception cohort (U.S. 
EPA 2011). The hematopoietic cancer case–
control studies are a relatively recent addition 
to the epidemiologic database, with seven 
large studies using relatively detailed exposure 
assessment procedures published since 2000 
(Barry et al. 2011; Costantini et al. 2008; 
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Gold et al. 2011; Infante-Rivard et al. 2005; 
Miligi et al. 2006; Seidler et al. 2007; Wang 
et al. 2009). The exposure assessments used 
a structured interview format, obtaining a 
lifetime job history with details on tasks and 
materials, with some studies including supple-
mental job-specific and industry-specific 
modules designed to obtain more detailed 
information pertaining to specific solvents. 
The four studies of incident non-Hodgkin 
lymphoma or multiple myeloma observed 
associations with dichloromethane exposure 
(ever exposed or highest category of exposure; 
odds ratios between 1.5 and 2.2) (Gold et al. 
2011; Miligi et al. 2006; Seidler et al. 2007; 
Wang et  al. 2009); these results indicate 
that a focus on these particular cancers is 
warranted in future research. Variability in 
GST metabolism has not been examined 
in relation to cancer risk in the epidemio-
logical studies, but an interaction between 
the TT genotype of CYP2E1 rs2076067 
(functional significance unknown), dichloro-
methane exposure, and risk of non-Hodgkin 
lymphoma was seen in one study (Barry et al. 
2011). Genetic variability in susceptibility 
to solvent exposure, specifically dichloro-
methane exposure, is another area of future 
research needs.

In contrast with hepatic vacuolation (a 
noncancer effect), mode-of-action data 
are available for dichloromethane-induced 
cancer. The database of dichloromethane-
induced chromosomal instability and DNA 
damage supports a mutagenic mode of 
carcinogenic action for dichloromethane, 
with a primary role for the GST metabolic 
pathway in carcinogenesis. This evidence 
includes a) in vivo evidence of chromosomal 
aberrations and micronuclei in mouse lung 
and peripheral red blood cells, tissues with 
a high availability of GST, without concur-
rent cytotoxicity (Allen et al. 1990), along 
with negative findings in bone marrow cells 
that have comparatively low availability of 
GST (Allen et al. 1990; Gocke et al. 1981; 
Sheldon et  al. 1987; Westbrook-Collins 
et al. 1990); b)  in vitro evidence of micro-
nuclei (Doherty et  al. 1996) and sister 
chromatid exchanges (Olvera-Bello et  al. 
2010) in human cells, mutation and DNA 
breaks in Chinese hamster ovary cells with 
GST-competent mouse liver cytosol (Graves 
and Green 1996), and mutation in bacterial 
strains that possess GST metabolic activity 
(in strains lacking GST, results were negative 
unless transfected with a mammalian GST 
gene) (DeMarini et al. 1997; Graves et al. 
1994a; Pegram et al. 1997; Thier et al. 1993); 
and c) in vivo and in vitro DNA damage indi-
cator assays, including the comet and sister 
chromatid exchange assays, with positive 
results in mouse red blood cells, liver, and 
lung, but not in bone marrow, where there is 

limited availability of GST (Allen et al. 1990; 
Graves et al. 1994b, 1995; Sasaki et al. 1998; 
Westbrook-Collins et al. 1990). This target-
tissue site specificity is a key consideration in 
the evaluation of the available data. In vivo 
mammalian studies demonstrate site-specific 
effects, including chromosomal aberrations 
(Allen et al. 1990), DNA–protein cross-links 
(Casanova et  al. 1992, 1996), DNA SSBs 
(single-strand breaks) (Graves et al. 1994b, 
1995), and sister chromatid exchanges 
(Allen et al. 1990) in liver and/or lung cells 
of B6C3F1 mice following acute inhalation 
exposure to concentrations that produce liver 
and lung tumors with chronic exposures, and 
DNA damage (detected by the comet assay) 
after dichloromethane exposure was enhanced 
in liver tissue, but not in sites with more 
limited GST metabolism (stomach, kidney, 
brain, or bone marrow) in CD-1 mice (Sasaki 
et al. 1998). Adding to the weight of evidence 
for a mutagenic mode of action for dichloro
methane are the observations that most 
positive results, both in vitro and in vivo, 
occurred at noncytotoxic doses; that several 
studies observed an increased incidence of 
genotoxicity with dose; and that in  vivo 
formation of DNA damage was observed 
within 24 hr of acute exposures (Graves and 
Green 1996; Graves et al. 1995; Hu et al. 
2006; Sasaki et al. 1998).

The relevance of the GST-mediated 
pathway versus the CYP-mediated pathway 
for cancer, at least in the liver, is also strongly 
supported by the PBPK model predictions. 
Between inhalation exposures to 2,000 and 
4,000  ppm there is a significant increase 
in the incidence of liver cancers (hepato
cellular carcinomas or adenomas) in both 
male and female mice (Mennear et al. 1988; 
NTP 1986), but the PBPK model predicts 
nearly complete saturation of hepatic CYP 
metabolism by 2,000  ppm. For example, 
in female mice, liver tumor incidence 
increases from 35% to 87% between these 
exposure levels, but the CYP-mediated 
liver-specific dose increases only from 3.1 to 
3.2 g metabolized/L liver tissue/day and the 
whole-body CYP dose from 132 to 136 mg 
metabolized/kg body weight/day. (This lack 
of correlation between CYP metabolism 
and cancer is clearly distinct from the good 
correlation seen between CYP metabolism 
and noncancer effects, described previously.) 
Application of these doses with the cancer 
responses results in unacceptable fits of the 
multistage cancer benchmark dose model.

The relevance of the bioassay studies 
of dichloromethane in mice to humans in 
low-exposure scenarios has been questioned 
based on the high exposure conditions of the 
genotoxicity studies and animal bioassays, the 
high background rates of liver cancer in male 
B6C3F1 mice, and the relatively high GST 

activity in mice (Green 1997). However, 
as described in the subsequent section, the 
variation in GST activity is directly incor-
porated into the PBPK modeling, and both 
pathways are expected to operate, even at 
low exposures. In addition, differences in 
the localization of GST-Theta (T)1 within 
cells, another source of interspecies varia-
tion, support the relevance of the mouse liver 
tumor bioassay data to humans. Localization 
is seen in the mouse nuclei of hepatocytes 
and bile-duct epithelium, but a preferential 
nuclear localization of GSTT1 is not seen in 
the rat (Mainwaring et al. 1996). In human 
liver tissue, however, nuclear localization of 
GSTT1 has been seen in some hepatocytes 
and in nuclei of bile duct epithelial cells 
(Sherratt et al. 2002).

PBPK Modeling
Dichloromethane metabolism occurs primarily 
in the liver but also in lung tissues, particu-
larly in mice. The PBPK model structure for 
dichloromethane traces back to one origi-
nally developed by Gargas et al. (1986) (see 
Supplemental Material, Figure S2). This basic 
structure has remained mostly unchanged 
through numerous revisions published since 
then (e.g., Andersen et al. 1987; David et al. 
2006). The model version used includes tissue 
compartments for the liver, fat, and slowly and 
rapidly perfused tissue groups, with metabo-
lism by two pathways representing oxidative 
metabolism primarily via CYP2E1 and conju-
gation via GST in both the liver and lung 
tissue compartments.

As described above, the best (most likely) 
estimator of cancer risk for dichloromethane 
continues to be GST-mediated metabolism, 
so confidence in human cancer risk predic-
tions based on the PBPK model depends on 
its ability to accurately predict the fraction 
of CYP- versus GST-mediated metabolism. 
A feature of the internal dosimetry predicted 
by the PBPK model is that as exposure level 
increases and the CYP-mediated pathway 
becomes saturated, a higher fraction of 
dichloromethane is metabolized by the 
GST-mediated pathway. Viewed in the 
other direction, going from high to low 
exposure levels, as the CYP pathway becomes 
nonsaturated, the fraction metabolized by 
the GST pathway is attenuated. CYP and 
GST effectively compete for the available 
dichloromethane, and at low exposure levels 
CYP metabolism in humans is predicted to 
predominate. The PBPK model integrates the 
competition between the two pathways with 
the physiological determinants of internal 
dose to predict the nonlinear exposure–dose 
relationship for both pathways. At low 
exposures, the GST metabolic rate remains 
nonzero, has a positive slope versus exposure 
level, and hence is consistent with the 
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standard assumption of low-dose linearity 
for carcinogens.

Probabilistic modeling of the human 
population. The human dichloromethane 
PBPK model by David et al. (2006) specifi-
cally used a probabilistic description of model 
parameters such as body weight, cardiac 
output, and metabolic rates to describe a 
distribution of dosimetry among humans. 
David et al. (2006) used Bayesian analysis to 
update prior (initial assumed) distributions 
for the various metabolic parameters to match 
a variety of human pharmacokinetic data, 
while also using but not updating distribu-
tions for physiological parameters, because 
the latter are not expected to be identifiable 
based on such data and are quite well known 
already. To validate the statistical results, the 
U.S. EPA (2011) reproduced the Bayesian 
analysis and obtained essentially identical 
posterior distributions for the fitted param-
eters. (Small differences are inevitable given 
the probabilistic methodology.)

David et al. (2006) expanded the vari-
ability for a key parameter in the human 
population from that estimated by Bayesian 
analysis for the study populations from 
which the pharmacokinetic data were 
derived. In particular, some individuals carry 
one or two null alleles for the key enzyme, 
GSTT1, and the frequency of the double-
null (–/–) allele varies between 62% in Asian 
Americans and only 10% among Hispanics 
(Haber et al. 2002). The analysis conducted 
by David et  al. (2006) and the U.S. EPA 
(2011) used the average frequency of the 
three genotypes (+/+, +/–, and –/–) based 
on the percentage of these ethnic groups in 
the United States and the frequency of the 
genotypes within each group. David et al. 
(2006) and the U.S.  EPA (2011) then 
assumed a normal distribution for GSTT1 
activity among GSTT1+/+ individuals derived 
from the results of Warholm et al. (1994) 
who measured GSTT1 activity in human red 
blood cells, with the mean activity being a 
fitted parameter. The distribution of activity 
among heterozygous (+/–) GSTT1 individ-
uals was assumed to be one-half that of the 
+/+ population, and the activity was assumed 
to be zero in –/– individuals.

The physiological parameter distribu-
tions used by David et al. (2006), however, 
represent a segment of the adult population 
ranging from approximately 20 to 40 years of 
age, rather than the population as a whole. In 
addition, David et al. (2006) did not incor-
porate a more representative distribution of 
CYP2E1. Although CYP2E1 activity is not 
known to vary with ethnicity, its variability 
has been measured and described using data 
from tissue donors (Lipscomb et al. 2003). 
Therefore, we updated the human physio
logical distributions based on data from a 

number of sources of demographic, physio
logical, and metabolic data to describe the 
expected distribution for all individuals from 
6 months to 80 years of age, and incorporated 
CYP2E1 distribution data (see Supplemental 
Material, “Structure of Human Physiological 
Distributions”). Supplemental Material, 
Figures S3A, S3B, and S3C, respectively, 
depict the age distributions, age-specific sex 
distribution, and body weight distribution 
used in this analysis.

The PBPK model was then used to inte-
grate the information on various physiological 
and metabolic distributions to predict distri-
butions for several internal dose metrics in the 
population as a whole as well as some popula-
tion segments. Resulting internal dose distri-
butions for GST-mediated metabolism due 
to inhalation exposure to 1 mg/m3 dichloro
methane, corresponding to the presumed 
carcinogenic mode of action, are shown 
in Figure 1. The distributions for 70-year-
old men and women are shown to differ 
very little from the population as a whole, 
although 70-year-old women are less likely to 
receive doses in the higher end of the range. 
For example, the frequency for doses between 
9.5 and 10 ng GST metabolites/L liver/day 
is predicted to be 0.024 in the general popu-
lation and 70-year-old men, but 0.014 in 
70-year-old women. In contrast, the distribu-
tion for 1-year-old children is shown to be 
significantly broader than the population as 
a whole, with a larger proportion receiving 
higher doses. For example, 60% of 1-year-
olds, but only 8.5% of the general popula-
tion, are predicted to receive doses > 10 ng/L 
liver/day. Young children in particular are 
expected to receive a higher internal dose 
because the respiration rate per kilogram 
body weight is much higher for them than for 
adults. The much wider distribution width for 
1-year-olds compared with adults is thought 
to occur because with high respiration rates 
other physiological and metabolic parameters 
become more rate-limiting, so the shape of 
the dose distribution will depend on their 
underlying distributions.

Development of cancer risk values based 
on sensitive genotype. As described above, the 
capacity for GST metabolism varies in the 
human population according to the presence 
of a relatively common “null” allele: the 
homozygous GSTT1 null (–/–) and active 
(+/+) genotypes are found in approximately 
20% and 32%, respectively, of the U.S. 
population (Haber et  al. 2002), with the 
heterozygous genotype representing 48% of 
the population. The hypothesized carcino
genic mode of action identifies metabolism 
by GSTT1 as a causative step, and the cancer 
risk is presumed to vary in direct propor-
tion to the rate of GSTT1 metabolism. 
Although this rate also depends on other 

physiological and biochemical factors, the 
risk for GSTT1+/+ individuals will be roughly 
twice that for GSTT1+/– individuals, whereas 
GSTT1–/– individuals are expected to have 
zero risk (Warholm et al. 1994). The U.S. 
EPA IRIS assessment of dichloromethane 
derived a cancer risk estimate specifically for 
the presumed susceptible (high-risk) genotype 
by addressing the variability in GST activity 
through the PBPK modeling. To calculate the 
human cancer risk for the sensitive subpopu-
lation (GSTT1+/+), the human GSTT1 
activity in the PBPK model was sampled from 
the +/+ group distribution. The estimated 
GSTT1 activity for this sensitive subpopula-
tion was then used with the cancer risk per 
internal dose obtained from modeling the 
animal cancer data to estimate the human 
cancer risk.

Issues and future research pertaining to 
model structure. The additional model feature 
that has had the greatest influence on subse-
quent modeling is the description of CO 
kinetics by Gargas et al. (1986) and Andersen 
et al. (1991). Because CO is produced from 
oxidative metabolism, tracking this metabolite 
should allow for a more accurate description 
of the split between oxidative and conjuga-
tive metabolism. Hence, inclusion of the CO 
model is critical in allaying model uncer-
tainty, because it assures that the amount of 
metabolism predicted to occur via the satu-
rable pathway is compared with a metabolic 
product specific to that pathway.

However, the CO model and subsequent 
comparison to observed CO levels depends 
on an assumed 1:1 stoichiometric conversion 
of dichloromethane to CO via this pathway, 
as was done by Gargas et al. (1986), or fitting 
a yield factor as was done by Andersen et al. 
(1991), and assuming 100% bioavailability 
of CO in the blood. This assumption is not 
supported, however, by the study of Cho 

Figure 1. Plots of the population fraction (y-axis) 
predicted to receive various levels of the liver-
specif ic dose of GST metabolism (ng GST 
metabolites/L liver/day) for the general population 
(0.5- to 80-year-old males and females), 1-year-old 
children, 70-year-old men, and 70-year-old women, 
within the population of GSTT1+/+ genotypes, given 
a continuous inhalation exposure to 1  mg/m3 
dichloromethane.

0.25

0.20

0.15

0.10

0.05

0

Fr
eq

ue
nc

y 
de

ns
ity

ng GST metabolites/L liver/day

0 10 20

Internal dose distribution,
GSTT1+/+ population
1 mg/m3 inhalation

30 40

1-year-old children
70-year-old men
70-year-old women
General population



Schlosser et al.

118	 volume 123 | number 2 | February 2015  •  Environmental Health Perspectives

et al. (2001), in which a significant distribu-
tion of CO into the limb tissue (muscle) was 
seen using an isolated rat hind-limb perfu-
sion of CO (fractional recovery of only 45%). 
Therefore, the observations of CO produced 
from dichloromethane metabolism put only 
a lower bound on the amount of metabo-
lism occurring via the oxidative pathway. It 
is possible that a greater fraction of dichloro-
methane metabolism is CYP-mediated than 
the current model predicts; the rate constant 
currently associated with that pathway is 
determined only by indirect observation of 
total dichloromethane pharmacokinetics with 
a given model structure.

Various experiments could be consid-
ered to help address this uncertainty; the 
first and likely simplest is a reexamination of 
the oxidative metabolism in vitro, but with 
concentrations spanning submicromolar to 
millimolar quantities. This span is needed to 
resolve the discrepancy in the values for Km 
for the oxidative pathway, with values ranging 
from < 10 μM (micromolar) based on fitting 
the model structure to empirical pharmaco
kinetic data to approximately 1 mM based 
on in vitro studies (Reitz et al. 1989). The 
low end of the range would support or refute 
the assignment of the in vivo μM Km to CYP 
metabolism that occurs with the current 
PBPK model, and the high end of the range 
could confirm the observations of Reitz et al. 
(1989), which might be associated with a 
second CYP also being active, or possibly a 
second binding site on CYP2E1 as suggested 
by Evans and Caldwell (2010). This differ-
ence of two orders of magnitude has never 
been adequately resolved, to our knowledge, 
and it calls into question the assumption that 
all metabolism associated with the empiri-
cally fitted linear pathway is GSH conjuga-
tion (to carcinogenic metabolites), and the 
remaining metabolism via the fitted saturable 
pathway is not.

Conclusion
In summary, the IRIS Toxicological Review 
of Dichloromethane (U.S. EPA 2011) devel-
oped noncancer reference dose values for oral 
and inhalation exposures from the currently 
available data based on hepatotoxicity in rats 
and mice; the potential for neurologic effects, 
including long-term effects lasting after cessa-
tion of chronic exposure, is also a concern. 
Dichloromethane was classified as “likely to 
be carcinogenic to humans,” based primarily 
on evidence of carcinogenicity at two sites 
(liver and lung) in male and female B6C3F1 
mice (inhalation exposure) and at one site 
(liver) in male B6C3F1 mice (drinking-water 
exposure), and supported by an association 
between occupational exposures and brain, 
liver, and hematopoietic cancers in humans. 
Additional epidemiological and mechanistic 

research pertaining to lympho-hematopoietic 
cancers, including studies examining genetic 
variability in response to specific solvent 
exposures, could add to our understanding 
of the carcinogenic potential of dichlo-
romethane. Although there are gaps in the 
database for dichloromethane genotoxicity 
(i.e., DNA adduct formation and gene muta-
tions in target tissues in vivo), a mutagenic 
mode of action was determined for carcino-
genesis based on the available evidence of 
chromosomal aberrations, micronuclei, and 
DNA damage in vitro and in vivo that corre-
lated with tissue and/or species availability 
of functional GST metabolic activity, the 
key activation pathway for dichloromethane-
induced cancer. GSTT1 expression has 
been detected, at low levels, in a variety of 
sites in addition to liver and lung, including 
mammary and brain tissue (Juronen et al. 
1996; Lehmann and Wagner 2008). The 
PBPK approach used to estimate cancer risk 
in the dichloromethane assessment represents 
some significant advancements, for example 
through the focus on a specific high risk 
genotype (GSTT1+/+, representing approxi-
mately 30% of the U.S. population), and 
incorporation of human physiological distri-
butions for all individuals from 6 months 
to 80  years of age. Additional research 
addressing the prediction of the fraction of 
metabolism that occurs by the CYP versus 
GST pathways could address uncertainties in 
what is considered at this time to be the best 
available PBPK model, which is used as the 
foundation for the risk quantification.

References

Allen J, Kligerman A, Campbell J, Westbrook-Collins B, 
Erexson G, Kari F, et al. 1990. Cytogenetic analyses 
of mice exposed to dichloromethane. Environ Mol 
Mutagen 15:221–228.

A n d e r s e n  M E ,  C l e w e l l  H J  I I I ,  G a r g a s  M L , 
MacNaughton MG, Reitz RH, Nolan RJ, et al. 1991. 
Physiologically based pharmacokinetic modeling 
with dichloromethane, its metabolite, carbon 
monoxide, and blood carboxyhemoglobin in rats 
and humans. Toxicol Appl Pharmacol 108:14–27.

Andersen ME, Clewell HJ III, Gargas ML, Smith FA, 
Reitz RH. 1987. Physiologically based pharmaco
kinetics and the risk assessment process for meth-
ylene chloride. Toxicol Appl Pharmacol 87:185–205.

ATSDR (Agency for Toxic Substances and Disease 
Registry). 2000. Toxicological Profile for Methylene 
Chloride. Atlanta, GA:ATSDR. Available: http://
www.atsdr.cdc.gov/toxprofiles/tp14.pdf [accessed 
17 March 2014].

Bale AS, Barone S Jr, Scott CS, Cooper GS. 2011. A 
review of potential neurotoxic mechanisms among 
three chlorinated organic solvents. Toxicol Appl 
Pharmacol 255:113–126.

Barry KH, Zhang Y, Lan Q, Zahm SH, Holford TR, 
Leaderer B, et al. 2011. Genetic variation in meta-
bolic genes, occupational solvent exposure, and 
risk of non-Hodgkin lymphoma. Am J Epidemiol 
173:404–413.

Bos PM, Zeilmaker MJ, van  Eijkeren JC. 2006. 

Application of physiologically based pharmaco
kinetic modeling in setting acute exposure guide-
line levels for methylene chloride. Toxicol Sci 
91:576–585.

Burek JD, Nitschke KD, Bell TJ, Wackerle DL, Childs RC, 
Beyer JE, et  al. 1984. Methylene chloride: a 
two-year inhalation toxicity and oncogenicity study 
in rats and hamsters. Fundam Appl Toxicol 4:30–47.

CalEPA (California Environmental Protection Agency). 
2000. Public Health Goals for Chemicals in Drinking 
Water: Dichloromethane (Methylene Chloride, 
DCM). Available: http://oehha.ca.gov/water/phg/
pdf/dcm.pdf [accessed 12 January 2012].

Casanova M, Conolly RB, Heck H. 1996. DNA–protein 
cross-links (DPX) and cell proliferation in B6C3F1 
mice but not Syrian golden hamsters exposed 
to dichloromethane: pharmacokinetics and risk 
assessment with DPX as dosimeter. Fundam Appl 
Toxicol 31:103–116.

Casanova M, Deyo DF, Heck H. 1992. Dichloromethane 
(methylene chloride): metabolism to formalde-
hyde and formation of DNA-protein cross-links in 
B6C3F1 mice and Syrian golden hamsters. Toxicol 
Appl Pharmacol 114:162–165.

Cherry N, Venables H, Waldron HA, Wells GG. 1981. 
Some observations on workers exposed to methy-
lene chloride. Br J Ind Med 38:351–355.

Cho CS, McLean AJ, Rivory LP, Gatenby PA, 
Hardman DT, Le Couteur DG. 2001. Carbon monoxide 
wash-in method to determine gas transfer in 
vascular beds: application to rat hindlimb. Am J 
Physiol Heart Circ Physiol 280:H1802–H1806.

Cooper GS, Scott CS, Bale AS. 2011. Insights from 
epidemiology into dichloromethane and cancer 
risk. Int J Environ Res Public Health 8:3380–3398.

Costantini AS, Benvenuti A, Vineis P, Kriebel D, 
Tumino R, Ramazzotti V, et  al. 2008. Risk of 
leukemia and multiple myeloma associated with 
exposure to benzene and other organic solvents: 
evidence from the Italian Multicenter Case–
control study. Am J Ind Med 51:803–811.

David RM, Clewell HJ, Gentry PR, Covington TR, 
Morgott DA, Marino DJ. 2006. Revised assessment 
of cancer risk to dichloromethane II. Application 
of probabilistic methods to cancer risk determina-
tions. Regul Toxicol Pharmacol 45:55–65.

Dawson HE, McAlary T. 2009. A Compilation of statis-
tics for VOCs from post-1990 indoor air concen-
tration studies in North American residences 
unaffected by subsurface vapor intrusion. Ground 
Water Monit Remediat 29:60–69.

DeMarini DM, Shelton ML, Warren SH, Ross TM, 
Shim JY, Richard AM, et  al. 1997. Glutathione 
S-transferase-mediated induction of GCAT transi-
tions by halomethanes in Salmonella. Environ Mol 
Mutagen 30:440–447.

Doherty AT, Ellard S, Parry EM, Parry JM. 1996. An 
investigation into the activation and deactivation 
of chlorinated hydrocarbons to genotoxins in meta-
bolically competent human cells. Mutagenesis 
11:247–274.

Evans MV, Caldwell JC. 2010. Evaluation of two different 
metabolic hypotheses for dichloromethane toxicity 
using physiologically based pharmacokinetic 
modeling for in vivo inhalation gas uptake data 
exposure in female B6C3F1 mice. Toxicol Appl 
Pharmacol 244:280–290.

Gargas ML, Clewell HJ III, Andersen ME. 1986. 
Metabolism of inhaled dihalomethanes in  vivo: 
differentiation of kinetic constants for two indepen-
dent pathways. Toxicol Appl Pharmacol 82:211–223.

Gocke E, King MT, Eckhardt K, Wild D. 1981. 
Mutagenicity of cosmetics ingredients licensed by 
the European communities. Mutat Res 90:91–109.



U.S. EPA’s Toxicological Review of Dichloromethane

Environmental Health Perspectives  •  volume 123 | number 2 | February 2015	 119

Gold LS, Stewart PA, Milliken K, Purdue M, Severson R, 
Seixas N, et  al. 2011. The relationship between 
multiple myeloma and occupational exposure to six 
chlorinated solvents. Occup Environ Med 68:391–399.

Graves RJ, Callander RD, Green T. 1994a. The role of 
formaldehyde and S-chloromethylglutathione in 
the bacterial mutagenicity of methylene chloride. 
Mutat Res 320:235–243.

Graves RJ, Coutts C, Eyton-Jones H, Green T. 1994b. 
Relationship between hepatic DNA damage and 
methylene chloride-induced hepatocarcinogenicity 
in B6C3F1 mice. Carcinogenesis 15:991–996.

Graves RJ, Coutts C, Green T. 1995. Methylene 
chloride-induced DNA damage: an interspecies 
comparison. Carcinogenesis 16:1919–1926.

Graves RJ, Green T. 1996. Mouse liver glutathione 
S-transferase mediated metabolism of methylene 
chloride to a mutagen in the CHO/HPRT assay. 
Mutat Res 367:143–150.

Green T. 1997. Methylene chloride induced mouse 
liver and lung tumours: an overview of the role of 
mechanistic studies in human safety assessment. 
Hum Exp Toxicol 16:3–13.

Guengerich FP. 1997. Mechanisms of mutagenicity of 
DNA adducts derived from alkyl and vinyl halides. 
Jpn J Toxicol Environ Health 43:69–82.

Haber LT, Maier A, Gentry PR, Clewell HJ, Dourson ML. 
2002. Genetic polymorphisms in assessing inter
individual variability in delivered dose. Regul 
Toxicol Pharmacol 35:177–197.

Hashimi M, Dechert S, Dekant W, Anders MW. 1994. 
Bioactivation of [13C]dichloromethane in mouse, 
rat, and human liver cytosol: 13C nuclear magnetic 
resonance spectroscopic studies. Chem Res 
Toxicol 7:291–296.

Hazleton Laboratories. 1983. 24-Month Oncogenicity 
Study of Methylene Chloride in Mice: Final Report. 
Report 45-8303005. Rockville, MD:Hazleton 
Laboratories America Inc. Available: https://
ntrl.ntis.gov/NTRL/dashboard/searchResults.
xhtml?searchQuery=OTS0505606 [accessed 
14 May 2014].

Hu Y,  Kabler SL, Tennant AH, Townsend AJ, 
Kligerman AD. 2006. Induction of DNA–protein 
crosslinks by dichloromethane in a V79 cell line 
transfected with the murine glutathione-S-trans-
ferase theta 1 gene. Mutat Res 607:231–239.

Infante-Rivard C, Siemiatycki J, Lakhani R, Nadon L. 
2005. Maternal exposure to occupational solvents 
and childhood leukemia. Environ Health Perspect 
113:787–792; doi:10.1289/ehp.7707.

Juronen E, Tasa G, Uusküla M, Pooga M, Mikelsaar AV. 
1996. Purification, characterization and tissue 
distribution of human class theta glutathione 
S-transferase T1-1. Biochem Mol Biol Int 39:21–29.

Lash AA, Becker CE, So Y, Shore M. 1991. Neurotoxic 
effects of methylene chloride: are they long lasting 
in humans? Br J Ind Med 48:418–426.

Lehmann A, Wagner J. 2008. Gene expression of 
17β-estradiol-metabolizing isozymes: comparison 
of normal human mammary gland to normal 
human liver and to cultured human breast adeno-
carcinoma cells. Adv Exp Med Biol 617:617–624.

Lipscomb JC, Teuschler LK, Swartout J, Popken D, 
Cox T, Kedderis GL. 2003. The impact of cytochrome 
P450 2E1-dependent metabolic variance on a risk-
relevant pharmacokinetic outcome in humans. Risk 
Anal 23:1221–1238.

Mainwaring GW, Williams SM, Foster JR, Tugwood J, 
Green T. 1996. The distribution of theta-class 
glutathione S-transferases in the liver and 

lung of mouse, rat and human. Biochem J 
318(pt 1):297–303.

McDougal  JN,  Jepson GW,  C lewel l  HJ  I I I , 
MacNaughton MG, Andersen ME. 1986. A physio-
logical pharmacokinetic model for dermal absorp-
tion of vapors in the rat. Toxicol Appl Pharmacol 
85:286–294.

Mennear J, McConnell E, Huff J, Renne R, Giddens E. 
1988. Inhalation toxicology and carcinogenesis 
studies of methylene chloride (dichloromethane) 
in F344/N rats and B6C3F1 mice. Ann NY Acad Sci 
534:343–351.

Miligi L, Costantini AS, Benvenuti A, Kriebel D, 
Bolejack V, Tumino R, et al. 2006. Occupational 
exposure to solvents and the risk of lymphomas. 
Epidemiology 17:552–561.

National Research Council. 1983. Risk Assessment 
in the Federal Government: Managing the 
Process. Washington, DC:National Academies 
Press. Available: http://www.nap.edu/openbook.
php?record_id=366 [accessed 14 May 2014].

National Research Council. 1994. Science and 
Judgment in Risk Assessment. Washington, 
DC:National Academies Press. Available: http://
www.nap.edu/openbook.php?isbn=030904894X 
[accessed 14 May 2014].

Nitschke KD, Burek JD, Bell TJ, Kociba RJ, Rampy LW, 
McKenna MJ. 1988. Methylene chloride: a 2-year 
inhalation toxicity and oncogenicity study in rats. 
Fundam Appl Toxicol 11:48–59.

NTP (National Toxicology Program). 1986. NTP 
Toxicology and Carcinogenesis Studies of 
Dichloromethane (Methylene Chloride) (CAS No. 
75-09-2) in F344/N Rats and B6C3F1 Mice (Inhalation 
Studies). National Toxicology Program, Technical 
Report Series, No. 306. Available: http://ntp.niehs.
nih.gov/ntp/htdocs/lt_rpts/tr306.pdf [accessed 
14 May 2014].

Olvera-Bello AE, Estrada-Muñiz E, Elizondo G, Vega L. 
2010. Susceptibility to the cytogenetic effects 
of dichloromethane is related to the glutathione 
S-transferase theta phenotype. Toxicol Lett 
199:218–224.

Ott MG, Skory LK, Holder BB, Bronson JM, Williams PR. 
1983. Health evaluation of employees occupation-
ally exposed to methylene chloride: metabolism 
data and oxygen half-saturation pressures. Scand J 
Work Environ Health 9:31–38.

Pegram RA, Andersen ME, Warren SH, Ross TM, 
Claxton LD. 1997. Glutathione S-transferase-
mediated mutagenicity of trihalomethanes in 
Salmonella typhimurium: contrasting results with 
bromodichloromethane off chloroform. Toxicol 
Appl Pharmacol 144:183–188.

Putz VR, Johnson BL, Setzer JV. 1979. A comparative 
study of the effects of carbon monoxide and meth-
ylene chloride on human performance. J Environ 
Pathol Toxicol 2:97–112.

Reitz RH, Mendrala AL, Guengerich FP. 1989. In vitro 
metabolism of methylene chloride in human and 
animal tissues: use in physiologically based 
pharmacokinetic models. Toxicol Appl Pharmacol 
97:230–246.

Sasaki YF, Saga A, Akasaka M, Ishibashi S, Yoshida K, 
Su YQ, et al. 1998. Detection of in vivo genotox-
icity of haloalkanes and haloalkenes carcinogenic 
to rodents by the alkaline single cell gel electro-
phoresis (comet) assay in multiple mouse organs. 
Mutat Res 419:13–20.

Seidler A, Möhner M, Berger J, Mester B, Deeg E, 
Elsner  G, et  al. 2007. Solvent exposure and 

malignant lymphoma: a population-based case-
control study in Germany. J Occup Med Toxicol 
2:2; doi:10.1186/1745-6673-2-2.

Serota DG, Thakur AK, Ulland BM, Kirschman  JC, 
Brown NM, Coots RH, et al. 1986a. A two-year 
drinking-water study of dichloromethane in 
rodents. I. Rats. Food Chem Toxicol 24:951–958.

Serota DG, Thakur AK, Ulland BM, Kirschman  JC, 
Brown NM, Coots RH, et al. 1986b. A two-year 
drinking-water study of dichloromethane in 
rodents. II. Mice. Food Chem Toxicol 24:959–963.

Sheldon T, Richardson CR, Elliott BM. 1987. Inactivity 
of methylene chloride in the mouse bone marrow 
micronucleus assay. Mutagenesis 2:57–59.

Sherratt PJ, Williams S, Foster J, Kernohan N, Green T, 
Hayes JD. 2002. Direct comparison of the nature of 
mouse and human GST T1-1 and the implications 
on dichloromethane carcinogenicity. Toxicol Appl 
Pharmacol 179:89–97.

Soden KJ. 1993. An evaluation of chronic methylene 
chloride exposure. J Occup Med 35:282–286.

Stewart RD, Dodd HC. 1964. Absorption of carbon tetra-
chloride, trichloroethylene, tetrachloroethylene, 
methylene chloride, and 1,1,1-trichloroethane 
through the human skin. Am Ind Hyg Assoc  J 
25:439–446.

Thier R, Taylor JB, Pemble SE, Humphreys WG, 
Persmark M, Ketterer B, et al. 1993. Expression 
of mammalian glutathione S-transferase 5-5 in 
Salmonella typhimurium TA1535 leads to base-pair 
mutations upon exposure to dihalomethanes. Proc 
Natl Acad Sci USA 90:8576–8580.

U.S. EPA (U.S. Environmental Protection Agency). 
2002. 1996 Modeled Ambient Concentration for 
Methylene Chloride (CAS# 75092). Washington, 
DC:U.S. EPA. Available: http://www.epa.gov/ttn/
atw/nata/pdf/meth_chlor_conc.pdf [accessed 
14 January 2015].

U.S. EPA (U.S. Environmental Protection Agency). 
2011. Toxicological Review of Dichloromethane 
(Methylene Chloride) (CAS No. 75-09-2) in Support 
of Summary Information on the Integrated 
Risk Information System (IRIS). EPA/635/R-
10/003F. Available: http://www.epa.gov/iris/
toxreviews/0070tr.pdf [accessed 6 March 2012].

U.S. EPA (U.S. Environmental Protection Agency). 
2015. TRI Explorer (2012 Data Update released 
March 2014) [Internet database]. Available: http://
iaspub.epa.gov/triexplorer/release_chem?p_
view=USCH&trilib=TRIQ2&sort=_VIEW_&sort_fmt=
1&state=All+states&county=All+counties&ch
emical=000075092&industry=ALL&year=2012
&tab_rpt=1&fld=RELLBY&fld=TSFDSP [accessed 
12 January 2015].

Wang, R, Zhang Y, Lan Q, Holford TR, Leaderer B, 
Zahm SH, et al. 2009. Occupational exposure to 
solvents and risk of non-Hodgkin lymphoma in 
Connecticut women. Am J Epidemiol 169:176–185.

Warholm M, Alexandrie AK, Högberg J, Sigvardsson K, 
Rannug A. 1994. Polymorphic distribution of gluta-
thione transferase activity with methyl chloride in 
human blood. Pharmacogenetics 4:307–311.

Watanabe K, Guengerich FP. 2006. Limited reactivity of 
formyl chloride with glutathione and relevance to 
metabolism and toxicity of dichloromethane. Chem 
Res Toxicol 19:1091–1096.

Westbrook-Collins B, Allen JW, Sharief Y, Campbell J. 
1990. Further evidence that dichloromethane does 
not induce chromosome damage. J Appl Toxicol 
10:79–81.




