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Introduction

ABSTRACT

Dichloromethane (DCM, methylene chloride) is a lipophilic volatile compound readily absorbed and then
metabolized to several metabolites that may lead to chronic toxicity in different target organs.
Physiologically based pharmacokinetic (PBPK) models are useful tools for calculation of internal and target
organ doses of parent compound and metabolites. PBPK models, coupled with in vivo inhalation gas-uptake
data, can be useful to estimate total metabolism. Previously, such an approach was used to make predictions
regarding the metabolism and to make subsequent inferences of DCM's mode of action for toxicity. However,
current evidence warrants re-examination of this approach. The goal of this work was to examine two
different hypotheses for DCM metabolism in mice. One hypothesis describes two metabolic pathways: one
involving cytochrome P450 2E1 (CYP2E1) and a second glutathione (GSH). The second metabolic hypothesis
describes only one pathway mediated by CYP2E1 that includes multiple binding sites. The results of our
analysis show that the in vivo gas-uptake data fit both hypotheses well and the traditional analysis of the
chamber concentration data is not sufficient to distinguish between them. Gas-uptake data were re-analyzed
by construction of a velocity plot as a function of increasing DCM initial concentration. The velocity (slope)
analysis revealed that there are two substantially different phases in velocity, one rate for lower exposures
and a different rate for higher exposures. The concept of a “metabolic switch,” namely that due to
conformational changes in the enzyme after one site is occupied - a different metabolic rate is seen - is also
consistent with the experimental data. Our analyses raise questions concerning the importance of GSH
metabolism for DCM. Recent research results also question the importance of this pathway in the toxicity of
DCM. GSH-related DNA adducts were not formed after in vivo DCM exposure in mice and DCM-induced DNA
damage has been detected in human lung cultures without GSH metabolism. In summary, a revised/updated
metabolic hypothesis for DCM has been examined using in vivo inhalation data in mice combined with PBPK
modeling that is consistent with up-to-date models of the active site for CYP2E1 and suggests that this
pathway is the major metabolizing pathway for DCM metabolism.

Published by Elsevier Inc.

tumors in rats (both sexes) exposed by inhalation. In addition to these
tumor sites, there is evidence of relatively rare astrocytoma or glioma

Dichloromethane (DCM, methylene chloride) is a volatile com-
pound used as an extraction solvent in different processes such as the
textile and pharmaceutical industries. Prior to the mid-1980s, the
main health effects of concern were acute, mainly formation of
carboxyhemoglobin and carbon monoxide poisoning. However,
concerns about long-term effects have been raised after rodent
bioassays indicated inhalation of DCM caused liver and lung cancer in
mice (NTP, 1986). IARC (1999) determined the animal data to present
sufficient evidence of carcinogenicity in experimental animals based
on lung and liver tumors in mice exposed by inhalation and mammary
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tumors at relatively low exposure concentrations in rats. Therefore,
DCM has been reported to induce tumors at multiple sites across
multiple species and gender (Serota et al., 1986a,b; Hazelton
Laboratories, 1983; Maltoni et al., 1988; Mennear et al., 1988; NTP,
1986; Nitschke et al. 1988).

PBPK models in combination with gas-uptake data have been
developed to quantify metabolism for volatile compounds (Gargas et
al., 1986; Andersen et al., 1994; Evans et al., 2009). One of the major
advantages of gas-uptake inhalation data is that they provide time-
series data non-invasively. An initial bolus injection of the compound
is given at time zero in a closed system. The decline in chamber
atmosphere can be directly correlated to total metabolism after
accounting for all other variables. PBPK models are useful tools
especially for extrapolations across different species or routes of
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exposure. PBPK modeling results of DCM gas-uptake data have led to
the hypothesis that there are two metabolic pathways involved in
DCM metabolism: one major pathway mediated by P450s, mainly
CYP2E1, and another pathway mediated by glutathione (GSH), mainly
glutathione S-transferases (GSTs) (Guengerich et al., 2003).

The GSH/GST pathway was then suggested to be that most relevant
to the cancers observed in mice and to a much lesser extent in other
rodents, as first suggested from PBPK consideration (Gargas et al., 1986)
and later suggested by direct mutagenic systems in bacterial assays.
Carcinogenic effects of DCM have been believed to be mediated by
metabolism in liver and lung (Anders, 2008). The GSH/GST pathway has
been hypothesized to contribute to DCM's carcinogenic effects in the
liver, as P450 enzymes become saturated with increasing exposure
concentrations and metabolism would depend more on the glutathione-
transferase pathway. DCM metabolism was suggested to then continue
to increase linearly with increasing exposure (Slikker et al., 2004). This
metabolic change has been presumed to be an important component of
the mode of action (MOA) of this chemical for liver toxicity and
assigned to GSH/GST metabolism. The proposed MOA was dependent
on the two-pathway metabolism predicted by PBPK modeling.

The proposed two-pathway metabolic scheme for DCM is presented
in Fig. 1. As stated above, there is one P450-dependent pathway in
which formyl chloride and CO are formed followed by GSH conjugation
of formyl chloride. There is an additional and separate pathway for
GSH/GST conjugation of DCM directly that does not involve P450
metabolism but primarily metabolism through GST-theta. The P450
pathway and the direct GSH conjugation pathway both form CO and
CO,. Watanabe and Guengerich (2006) studied the oxidation of DCM to
formyl chloride in rat and human microsomes, with the addition of GSH
after oxidation. In their discussion, these authors state that attributing
30% (Gargasetal., 1986) of formyl chloride clearance to result from GSH
conjugation is not tenable and that the reactivity of GSH with formyl
chloride is very limited. Therefore all GSH involvement with DCM
metabolism is through the other pathway and does not occur after
oxidation. In addition, Watanabe and Guengerich (2006) also argued
against support for GSH involvement as a rate-limiting step in CO
formation, an assertion based on PBPK modeling of deuterated DCM
gas-uptake data in mice (Andersen et al., 1994). The possibility that
GSH/GST conjugation and DNA adduct formation can still take place
through the non-oxidative pathway warranted further investigation.
Watanabe et al. (2007) presented a set of experiments directly
addressing the formation of DNA adducts of GSH reactive metabolites
after in vivo exposure of DCM to both rats and mice. Using low detection
limits, these authors were unable to detect DCM-related DNA-GSH

adducts in vivo for mice from any pathway. Given, that many of the
assumptions regarding the dependence of the non-oxidative pathway
for a potential mode of action were not supported by these recent
studies, the question of whether the gas uptake data could support
metabolism that does not involve GSH/GST arose. Finally, recent
structural information obtained for human CYP2E1 warrants an update
for the metabolic scheme of DCM.

Previous PBPK modeling predictions were based on the assumption
that all P450s follow typical Michaelis-Menten behavior. This
assumption includes CYP2E1, the main isoenzyme that metabolizes
DCM. This assumption is based on the belief that the active site for
CYP2E1 is very small. Increasingly, several P450s have been shown to
deviate from rigorous Michaelis-Menten behavior. Recent studies
have shown atypical kinetics for CYP2A6, and CYP2E1 in human
Supersomes™ (Harrelson et al., 2007). Harrelson et al. (2007) review
the importance of deuterated studies used to reveal structural and
mechanistic details for CYPs. Specifically, these authors stated that
“CYP2E1 and CYP2A6 are good candidates for comparative studies that
focus on the relationship between substrate dynamics and enzyme
structure.” They note that, in addition to belonging to the same CYP2
family, these P450s share a rather broad overlap in substrate
selectivity (e.g., dimethylnitrosamine, diethynitrosamine, p-nitrophe-
nol, halothane, acetaminophen, and butadiene) and both are widely
assumed to have relatively small active sites because of their
preference for low molecular weight substrates. The belief that the
active site for CYP2ET1 is relatively small and, without multiple binding
sites, is relatively widespread. However, data for human Supersome
CYP2E1™ have shown atypical kinetics for m-xylene and 7-ethox-
ycoumarin metabolism (Harrelson et al., 2008). One possible expla-
nation for a metabolic change observed in P450 atypical kinetics is due
to two binding sites being simultaneously available at the active site
due to a structural change produced by the first substrate (Tracy,
2006). The structural change can be a rotation that can facilitate access
of the active site to a second substrate. The metabolic rate equations
needed to describe two multiple sites have been reported (Korzekwa
et al., 1998) and can be applied to DCM metabolism via gas-uptake
data. The major advantage of the two-site model seems to be its ability
to explain the metabolic change in rate displayed by DCM at higher
concentrations, without the need to change to a different enzyme.

The first PBPK model that included a two-pathway model for DCM
metabolism was for rats using gas-uptake data in addition to CO blood
level data (Gargas et al.,, 1986), followed by models for in mice and
humans (Andersen et al., 1987). The original DCM PBPK model for rats
(and then mice and humans) used estimates of total metabolism
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Fig. 1. Updated metabolic scheme for DCM.
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assumed to occur in only the liver. More recent DCM PBPK models have
also added metabolism in the lung (Sweeney et al., 2004). As stated
above, an update of the metabolic scheme may be necessary. In order to
be able to compare our results with the original analyses, we decided to
assume that total metabolism occurs in the liver. This assumption will
enable the direct comparison of the two proposed metabolic hypoth-
eses. The major goals of this paper were (1) to determine if the in vivo
gas-uptake data in female mice support this alternate metabolic
hypothesis for atypical kinetics, specifically due to multiple binding
sites for CYP2E1, (2) to re-examine the deuterated in vivo gas-uptake
data in female mice and its role in supporting a metabolic switching to
GSH conjugation after P450 oxidation, and (3) to re-examine the role of
PBPK modeling for determination of metabolic pathways assumed to be
responsible for DCM effects in vivo for mice.

Methods

Gas-uptake data.  Inhalation gas-uptake data from available datasets
were used to characterize the total rate metabolized by mice exposed to
varying initial concentrations of DCM. This type of experiment requires
a tight, sealed, or air-closed system where all chamber variables, except
for metabolism, are controlled to known set points or monitored. A
bolus injection of volatile parent chemical is introduced into the
chamber at time zero. The chemical inside the chamber decreases with
time as it is absorbed and metabolized by the rodent inside. Chamber
concentration measurements are sampled serially for up to 6 h after the
bolus injection. Because all other known processes contributing to the
decline are quantified, the metabolic parameters for the sum of total
metabolism can be determined using regression techniques for the
concentration decline. Potentially different metabolic hypotheses can
be investigated using a PBPK model that uses gas-uptake-derived
metabolic parameters and provides predictions for metabolism that can
be tested against in vivo data.

There are three major datasets available from the literature and
analyzed in this paper: (1) DCM gas-uptake exposures in female B6C3F1
mice (Clewell et al., 1993; Marino et al., 2006), (2) deuterated DCM gas-
uptake exposures in female B6C3F1 mice (Andersen et al., 1994; Clewell
et al, 1993), and (3) pretreated trans-dichloroethylene (CYP2E1
inhibitor) data in female B6C3F1 mice exposed to an initial concentra-
tion of 100 ppm, 1.5 h before start of DCM exposure (Clewell et al., 1993;
Marino et al., 2006). Chamber concentration data were the averaged
measurement for five mice. All data were digitized using UN-SCAN-IT
(Silk Scientific, Orem, Utah, Version 6.0). Graphs of the digitized data
were compared visually with the original reported data for QC purposes.

PBPK model structure.  The PBPK model for DCM was based on the
flow-limited structure described by Ramsey and Andersen (1984) for

Gas-uptake inhalation

LY

Lungs

Adipose

Rapidly perfused

Slowly perfused

Liver

metabolism

Fig. 2. Schematic representation of PBPK models for DCM. All the organs are the same,
with the exception of the liver. Metabolism in the liver is described by either Eq. (1) or
Eq. (2) as presented in the text.

styrene, as shown in Fig. 2. The organs and compartments included in
this version of the model were: lung, liver, fat, and rapidly and slowly
perfused compartments. All organs were assumed to be flow-limited.
Physiological parameters were obtained from the literature and have
been used previously in a PBPK model for gas-uptake of TCE (Brown et
al.,, 1997; Evans et al., 2009), as shown in Table 1. The partition
coefficients were chosen specifically for the female B6C3F1 mice as
reported previously (Clewell et al., 1993). The differential equations
were derived using mass balance principles with the same conditions
reported in previous literature (Gargas et al., 1986; El-Masri et al.
2009). The equations were solved numerically using Matlab©
(Mathworks, version R2008a), with the ode15s© solver (Mathworks)
for integration. This particular PBPK model for DCM predicted total
metabolism as measured experimentally from the gas-uptake data in
mice. Although previous PBPK models for DCM have predicted total
metabolism contributed from both liver and lung (i.e., Sweeney et al.,
2004), lung metabolism is typically assumed to be a fraction of that of
the liver. However, for the current analysis total metabolism was
predicted by the model without distribution between lung and liver.

Rate of amount metabolized (RAM) modeling. Two different PBPK
models were constructed. The models were similar, except for the rate

Table 1

PBPK model parameters.
Abbr. Parameter description (units) Baseline value Source (s)
BW Body weight (kg) 0.03 (Clewell et al., 1993)
QccC Normalized cardiac output (1/h/kg) 11.6 (Brown et al., 1997)
VPRC Ventilation perfusion ratio (unitless) 2.5 (Brown et al., 1997)
QFatC Scaled fat blood flow (1/h/kg) 0.07 (Brown et al., 1997)
QLivC Scaled liver blood flow (1/h/kg) 0.161 (Brown et al., 1997)
QSIwC Scaled slowly perfused blood flow (I1/h/kg) 0.217 (Brown et al., 1997)
QRapC Scaled rapidly perfused blood flow (1/h/kg) QC — >_tissue flows calculated
VFatC Fat fractional compartment volume 0.07 (Brown et al., 1997)
VLivC Liver fractional compartment volume 0.055 (Brown et al., 1997)
VRapC Rapidly perfused fractional compartment volume 0.1 (Brown et al., 1997)
VSIwC Slowly perfused fractional compartment volume BW — ) _tissue volumes calculated
Pbl/air Blood to air partition coefficient (unitless) 21.8 (Clewell et al., 1993)
Pfat/bl Fat to blood partition coefficient (unitless) 415 (Clewell et al., 1993)
Pliv/bl Liver to blood partition coefficient (unitless) 1.77 (Clewell et al., 1993)
Prap/bl Rapidly perfused to blood partition coefficient (unitless) 1.77 Assumed same as liver
PSLw/bl Slowly perfused to blood partition coefficient (unitless) 043 (Clewell et al., 1993)




M.V. Evans, J.C. Caldwell / Toxicology and Applied Pharmacology 244 (2010) 280-290 283

of amount metabolized equation. The first model used the two-
pathway model, whereas the second model used the two-site CYP2E1
model. The two versions of the PBPK model were used to fit the same
gas-uptake data. Results for the two metabolic hypotheses were
plotted for the regular DCM, deuterated DCM, and trans-DCE
pretreatment (i.e., inhibition) gas-uptake experiments.

Two-pathway model. PBPK modeling in combination with gas-
uptake data in both rats and mice (Gargas et al., 1986; Clewell et al.,
1993) have been used to describe total metabolism by the following
two-pathway model:

Vmax [CVLiv}

rate = —————~
(Kv + [CVi])

+ kgsh CVLiv VLiv ( 1 )

wherein,

Vimax = maximum velocity of the reaction, mg/h

Ky = affinity constant for the substrate, or concentration at which
half maximal velocity is achieved, mg/I

[CViiy] = venous concentration leaving the liver, mg/1

kgsn = proportionality constant for linear pathway or GSH path-
way, /h

Vv =volume of liver in liters

The use of this particular metabolic hypothesis was based on the
assumptions that the major enzyme metabolizing DCM at low
concentrations was CYP2E1 (Guengerich et al., 1991), that this
enzyme had one single binding site that activates the enzyme, and
that the enzyme kinetics are described by typical Michaelis-Menten
kinetics. The typical Michaelis-Menten hyperbola shows saturation at
higher exposure concentrations and is not sufficient to explain the
linear increase in DCM metabolism observed with increasing
exposure concentrations. Subsequently, the linear portion of DCM
metabolism was assigned to a metabolic switch to GSH metabolism.

One-pathway model via CYP2E1.  The linearity of the rate of metab-
olism at higher exposure concentrations can be described by
metabolic switching without the requirement of two different
enzymes or metabolic pathways. Metabolic switching can also be
described using two separate binding sites within one active site, by
using different V,.x/Ky ratios, as illustrated in Fig. 3. The metabolic
rate equations for this type of switch have been developed by
Korzekwa et al. (1998) and are in the two-site model that assigns
CYP2E1 as the enzyme responsible for DCM metabolism:

Vmaxl [CVLiv] + CL2 [CVLiv]2

rate = 2
Ky + [OV1] @

wherein,
Vimax1 = maximum velocity of the reaction for the first binding site,
mg/h

Metabolic by-products
At low concentrations

Low affinity
switch

High affinity
switch

CYP2E1

Metabolic by-products
At high concentrations

Fig. 3. Two-site metabolic hypothesis for revised model.

Ky = affinity constant for the substrate, for the first binding site,
mg/1

[CVLiv] = venous concentration leaving the liver, mg/1

Cio =Vimax2/Kyz ratio for second binding site, 1/h, where we
assumed Ky>>Kyi. At low doses, this equation is linear and
proportional to Viax1/Kwi. Similarly, at high doses this equation is
also linear, and proportional to Viax2/Kmz = Cio.

Calculation of velocity from gas-uptake data. Gas-uptake
experiments are traditionally linked with PBPK models to obtain
metabolic estimates using statistical regression techniques. Gas-
uptake experiments consist of time-course data collected over the
exposure time. This type of time-series data uses the integrated form
of the Michaelis-Menten equations to solve for the metabolic
parameters. This approach has been adopted from enzyme Kkinetic
work, where the integrated form of the Michaelis—-Menten equation
has been applied (Atkins and Nimmo, 1973). Another approach that
compliments the estimation of metabolic parameters is the direct use
of rate equations instead of its integrated time-series form. In this
case, the kinetic experiment is performed using increasing substrate
doses and always stopped at the same reaction time. The rate or
velocity (slope) is then plotted as a function of increasing substrate
and is described by a hyperbola for substrates following Michaelis-
Menten kinetics. Different regression techniques can then be used to
obtain metabolic estimates, such as V,,,.x and K. Variations on these
velocity plots offer different advantages in terms of potential accuracy
of the final estimates (Segel, 1993). One of the novel contributions of
this paper is to adopt the use of velocity plots in the estimation of
metabolic parameters in addition to the traditional time-series
approach. Although the same time-course data are used, the results
are different. The application of velocity plots is increasingly being
used to determine the difference between typical and atypical
Michaelis-Menten kinetics (Tracy, 2006).

The slope for the decline in gas-uptake chamber concentration was
calculated after the first hour of exposure because distribution and not
metabolism is thought to be the predominant effect during this time.
All experimental data points between 1 and 2 h were analyzed using
Excel's linear regression option (Excel 2003, version 11.8307.8221,
Microsoft Office©). The calculated slopes (in ppm/h) were plotted
against the initial exposure concentration in ppm. The range of
exposures varied between 500 and 5000 ppm. The same analysis was
performed for the gas-uptake data using deuterated DCM.

Comparison of two different metabolic models.  Several metabolic
parameters were optimized for each gas-uptake set using several
initial concentrations. The natural log of the gas uptake air
concentration was used for all optimizations performed using
Matlab's© fminsearch tool (Mathworks, version R2008a). For the
two-pathway model, three parameters were optimized using the H-
DCM and D-DCM datasets: Vinax, Kn, and kgep. For the two-site model,
there were also three parameters optimized: Viax1, Km1, and Cpo.
After optimization, both models were run with repeated values for
initial concentration (Cp) varying between 500 and 5000 ppm at
40 ppm intervals. The simulation results obtained were for the rate of
amount metabolized. The rates of metabolism predicted by the two
models were plotted against initial chamber concentration.

Results

The modeling results for both metabolic hypotheses are presented
in Tables 2 and 3, respectively. Each metabolic model had three
parameters that were estimated from fits to the gas-uptake data as
presented in Figs. 4-6. Both models provided similar values for the
metabolic parameters, except for the rate of amount metabolized as
exposure concentration increased. For the two-pathway model, this
value is represented by the metabolic rate for GSH, and for the two-
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Table 2

Modeling results for both H- and D-DCM.
Modeling Description Calculated
variable value
Modeling results for the two-pathway model for H-DCM data
[V Maximal metabolic velocity, mg/h 14
Ku Affinity constant, mg/1 0.93
kgsh GSH proportionality constant, /h 0.011
Modeling results for the two-pathway model for D-DCM data
1/ Maximal metabolic velocity, mg/h 1.65
Km Affinity constant, mg/1 10.0
Kgsh GSH proportionality constant, /h 0.1
Modeling results for two-site model with one-pathway for H-DCM data
Ve Maximum velocity for first binding site, mg/h 13
Kvii Affinity constant for first binding site, mg/1 0.77
Cio Vmax/Kw for second binding site, 1/h 0.002
Modeling results for two-site model with one-pathway for D-DCM data
1/ — Maximum velocity for first binding site, mg/h 0.72
Kn Affinity constant for first binding site, mg/1 2.8
Ci Vimax/Kwfor second binding site, 1/h 0.012

site model, the constant reflects clearance by metabolism through the
second binding site. Clearance of DCM through the second binding site
in the one-pathway model was much lower when compared to that of
metabolism through the GSH pathway in the two-pathway model.
However, both models resulted in similar fits to the gas-uptake data
(Fig. 4). These results indicate that it is not possible to distinguish
between the two metabolic models using time-course data from gas
uptake.

The modeling results for the deuterated data are also presented in
Table 2. In this case, all three parameters change for the two different
models. The affinity constant (Ky) for the oxidation component in the
two-pathway model is numerically higher than the Ky (first binding
site) in the two-site model. The metabolic rate (Vi) for the
oxidation component in the two-pathway model is higher when
compared to the metabolic rate (Vi,ax1) for the first binding site in the
two-site model. Finally, the constant for the rate metabolized as
exposure concentration increase is higher for the two-pathway model
(kgsn). The resulting fits for the time-course data using the two
metabolic models are very similar to each other (Fig. 5). Exposure to
deuterated compounds, including DCM, has been used to argue in
favor of both the two-pathway and two-site models. In our
experience, this is the first time that deuterated DCM gas-uptake
data have been analyzed using both hypotheses. This analysis of time-
course data for deuterated exposures was not sufficient to distinguish
between the two models. However, more importantly, both metabolic
models describe the data well.

The modeling results for the trans-DCE pretreated data are shown
in Table 3. When compared to naive DCM exposure (without
pretreatment), the two-pathway model described the inhibition
data with a decrease in metabolic rate (Vi.x). For the two-site

Table 3

Modeling results for H-DCM after trans-DCE pretreatment.
Modeling Description Calculated
variable value
Two-pathway model for trans-DCE pretreated data
Vs Maximal metabolic velocity, mg/h 0.21
Km Affinity constant, mg/1 0.94
Kgsh GSH proportionality constant, /h 0.012
Two-site model, one-pathway for trans-DCE pretreated data
- Maximum velocity for first binding site, mg/h 0.15
Kvii Affinity constant for first binding site, mg/1 6.0
Ci2 Vimax/Kw for second binding site, 1/h 0.0034

model, both parameters for the first binding site changed with trans-
DCE pretreatment. V.1 decreased from 1.3 to 0.15 mg/h and Ky,
increased from 0.77 to 6.0 mg/l. As for other time course data, the
resulting fits are equivalent for both metabolic models (Fig. 6).

Accordingly, a different type of analysis is needed in order to
distinguish between the two cases. Based on kinetic analysis
performed in vitro (such as the calculation of Vi,.x and Ky), the
analysis was extended to include velocity plots. Using the in vivo
experimental data, the velocity of the reaction (slope of the gas-
uptake data per hour) as a function of initial concentration was
biphasic for both H-DCM and D-DCM (Fig. 7). In both cases, there was
one metabolic rate for an initial exposure <2000 ppm and a different
rate for initial exposures >2000 ppm. The velocity plots obtained
showed no evidence of saturation at higher concentrations and
therefore supported a metabolic switch.

Velocity plots were generated using the two different PBPK models
instead of experimental data. These results are shown in Fig. 8 for H-
DCM and Fig. 9 for D-DCM. The simulations for H-DCM show a
decrease in slope at higher concentrations for both the two-pathway
and two-site models. Modeling predictions for deuterated data
indicate a more linear slope for velocity or rate of amount metabolized
with increasing dose. The current examples demonstrate that analysis
of gas-uptake using several differing approaches and data sets cannot
distinguish between the two hypothesized kinetic mechanisms, one
involving a single enzyme with two binding sites and the other
involving two metabolic pathways.

Discussion

Throughout the application of PBPK modeling, hypothesis gener-
ation has been considered one of the most valuable applications of
PBPK modeling. Due to the role that PBPK modeling has played for the
suggestion of metabolic hypotheses for DCM, it seems appropriate to
re-examine the gas-uptake data for other potential metabolic
hypotheses. Although gas-uptake data quantifies total metabolism,
different metabolic hypotheses can be incorporated in the models and
used with gas-uptake data to evaluate its internal consistency with
the model. At the time that the initial PBPK models were published
(mid to late 1980s), the active site for CYP2E1 was considered to have
only one binding site. Any chemical metabolized by CYP2E1 could be
then calculated by the Michaelis-Menten equation for rate metabo-
lized. Given this mechanistic assumption, the gas-uptake data for
DCM was best fitted with an additional linear component, later
ascribed to GST using in vitro results for rodents.

The two-pathway assumption for DCM metabolism with its related
PBPK models have been suggested as a valid application for risk
assessment purposes (Andersen et al., 1987; David et al., 2006;
Marino et al., 2006). In addition, the switch to GSH/GST metabolism at
high exposures has been used to assert that because the contribution
of this metabolic pathway to total metabolism is numerically very
small at low dose, so is the potential risk, particularly for cancer. In
addition, the reliance on GSH/GST as the metabolic pathway
responsible for toxicity placed in doubt the relevance of human
exposures, since humans are rarely exposed to high concentrations.
Much of this discussion has centered around the relevance of liver
tumor data in rodents. However, in this context, the importance of
existing epidemiologic data needs to be examined, particularly with
respect to rare tumor occurrences in rodents.

Epidemiologic studies have been limited by small numbers of
exposed cases, with few studies able to evaluate exposure-response
relationships. However, excess cancers of the pancreas, breast, brain,
cervix, prostate, liver, and bile duct, non-Hodgkin's lymphoma; and
multiple myeloma have been reported to be associated with DCM
exposure (Ruder, 2006). Most of the tumor sites of interest are rare or
uncommon tumors. The available cohort studies do not provide the
power to detect these tumors, and few studies included adequate
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H-DCM gas uptake exposure in mice
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Fig. 4. PBPK modeling results for each H-DCM (normal isotope) gas-uptake concentration. Each panel represents an independent gas-uptake experiment labeled A-F. The dots
represent actual experimental data. The solid line presents results for the PBPK model using Eq. (1). The dotted line presents results for the PBPK model using Eq. (2), with all other
conditions being the same between models. Note that both simulation results give similar predictions, and therefore generally appear as one line.

numbers of women and, thus, an ability to determine potential excess
risk of breast cancer. This is especially important because mammary
tumors have also been observed in DCM-exposed rats. The multiple
endpoints in both rodents and limited data in humans are suggestive
of multiple MOAs for DCM tumor induction.

Glutathione conjugation was estimated by Gargas et al. (1986) to
account for 30% of in vivo formation of CO, in rats using gas uptake
data. Watanabe and Guengerich (2006) have shown that this
estimation is not tenable due to lack of reactivity of formyl chloride
and that another explanation is needed to account for CO, formation.
Significant mass flux via GSH after P450 oxidation is therefore not
likely. The PBPK model by Gargas et al. (1986) assumed a split in total
metabolism from modeling of rat gas uptake data that had a linear
component that was proportional to the DCM concentration in the
organ clearing the parent compound (e.g., liver or lung). This model
did not address the mass-balance issues posed by the two hypoth-
esized GSH pathways (i.e., one that Guengerich has shown not to be
tenable and the other occurring through direct metabolism of DCM by
GST). Although the GST metabolic rate of DCM metabolism is much
lower than that of the oxidative pathway, this smaller portion can be
biologically relevant to DCM's mode of action for toxicity if it leads
formation of a potent metabolite. Guengerich's laboratory was
involved in the determination that DCM metabolism via bacterial
GST-5 from the rat leads to increased base-pair mutations in vitro, and
the assumption was made that the in vitro results were applicable to
those in vivo (i.e., mutagenic metabolites are also generated in vivo).

However, the more recent data from that laboratory tested this
assumption and examined GSH-related DNA adduct formation in the
livers of mice and rats (Watanabe et al., 2007). Since the GST
metabolism is assumed to be linear, it would be expected to produce
very small amounts of DNA adducts from reactive GSH metabolites at
the concentrations tested. However, there were none found in vivo in
the livers of mice or rats after DCM exposure (detection level>1
adduct/10° nucleotides). As Watanabe et al. (2007) point out,
whether the GST pathway could lead to DNA damage at very high
concentrations (i.e., those in which the metabolic switch has taken
place) is possible but had not been tested.

Given that the rate through the GST pathway is small at both low and
high exposure concentration, biological information about the toxicity
of DCM needs to be further examined. Experimental evidence for
genotoxicity indicates manipulation of the GST pathway can alter
toxicity (i.e., increased metabolism via the GSH/GST pathway results in
greater genotoxicity in bacterial assays). Nevertheless, DCM is positive
in a number of Salmonella typhimurium strains for mutagenicity with
and without addition of exogenous metabolic activation. The Landi et al.
(2003) study analyzed the induction of DNA strand breaks by a number
of trihalomethanes using primary lung epithelial cell tissue cultures
derived from four human subjects. Two of the subjects were GST + and
two were GST — (see Table 4). However, GST activity in all cultures was
essentially absent, and there was no correlation with DNA damage and
GST genotype. Results for DCM were consistent with bromodichlor-
omethane, bromoform, and chloroform in that there was a dose-
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related increase in comet assay tail extent moments that was not
related to the GSTT1-1 status of the individuals or to its activity at all.
Of the four datasets, 10, 100, and 1000 pg/1 exposures (n=>5 slides per
exposure group) induced a similar dose-response pattern for DCM and
chloroform with the tissue cultures derived from the same two
individuals providing the greatest response. Activity in half of this
limited sample is suggestive of GST-independent DNA damage and
that this damage was dose-related. Therefore toxicity from DCM
exposure can also be GST-independent.

Not only can PBPK modeling be used to give insight in regards to in
vivo metabolism, but it can also be used to estimate the concentrations
of DCM entering the liver after either inhalation or oral exposure. This
information can be used to give context for the exposure concentrations
at which the observed metabolic switch (i.e., concentration range over
which metabolic rates changed) occurs and the differences between
what can be observed in vivo and what has been used in in vitro
paradigms to characterize GST activity and to make implications
regarding risk assessment. For inhalation exposure, our figures show
that the concentration in the range of 1700 ppm is the exposure in
which changes in metabolic rates are evident using inhalation gas
uptake data. Using the PBPK model, at 1700 ppm, the DCM
concentration going into the liver was estimated to be 0.24 mM. The
inhalation model was modified for oral exposure using the two-
pathway model (the two-site model gives the same results) with
aqueous media used as the vehicle for gavage. One additional constant
was incorporated in this model, that of absorption from the stomach or
ka of 0.3 (h—1). The equivalent oral bolus dosing concentration needed
to produce 0.24 mM DCM going into the liver was predicted to be

470 mg/kg. The context of several in vitro results is readily apparent
from these estimates.

An important issue raised by this paper is that if CYP2E1 is capable of
being responsible for the metabolic shift observed around 1700 ppm,
what contribution if any can GST-T1 make to DCM metabolism under in
vivo conditions? Reitz et al. (1989) provided in vitro estimates of DCM
metabolism through the P450 and GST-T1 (or their analogues) path-
ways in mice, rats, and humans and noted that the Kys for this form of
GST in the livers of all species were over 40 mM. The velocity vs.
substrate curves were linear. The in vitro findings of Reitz et al. (1989)
suggested that P450 enzymes were much more efficient than that of
GST-T1 for DCM metabolism. Using Ky; and V;,,. to estimate clearance,
there is at least 10-fold greater efficiency for DCM clearance by the liver
by the P450 system than the GST pathway. However, the lowest
concentrations used to determine DCM metabolism by the P450 system
in vitro was 1 mM and past the point in which the metabolic switch
would occur. This could result in an underestimate of P450 activity in
vitro and thus the efficiency of the P450 system over the GST pathway
could be even greater. Reitz et al. (1989) noted that the in vitro derived
Ky values for the P450s were as much as two orders of magnitude higher
than those observed in vivo derived by PBPK models, even after
accounting for correction for DCM lost in the headspace of in vitro assays
and the difference in what the in vivo estimates represent. The in vitro
GST-T1 data show that its activity would not be affected by saturation of
the enzyme, but more importantly that very large concentrations were
needed to record any such activity (i.e., the lowest concentration used
was 6.7 mM DCM). The concentration in which the metabolic switch
occurs in vivo is at least 25-fold lower than that in which GST activity
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was observed in vitro. Thus, it is likely that in vivo the GST-T1 pathway
cannot compete with the P450 pathway for DCM metabolism in the
mouse, rat, or human.

Another aspect of our analyses is the relationship of our in vivo
Vmax and Ky estimates to previous studies. The Ky, values obtained
in this paper for the two-pathway model in female mice compare
favorably with previous estimates of 1.34 mg/I in mice (Clewell et
al, 1993). Given that the Ky estimates for female mice in our
analyses are close to previously estimated values, the suggestion
can be made that changes introduced in our updated two-pathway
model are minor. Since we are proposing the two-site hypothesis
for the first time, there are no previous estimates of either V.« or
Ky for a second CYP2E1 site. Given that Ky is more difficult to
estimate than V. the decision was made to use the clearance
ratio for the second binding site postulated to occur with the two-
site model (Evans and Andersen, 1995). In this way, we were able
to minimize the number of regression parameters needed for
optimization. In this case, the implicit assumption is made that
Ky2 is much bigger than Ky1, an assumption that helps explain
the resulting shallow slope for the second phase observed after the
proposed metabolic switch occurs. This shallower slope is consis-
tent with the velocity plots presented in Figs. 8 and 9 and is an
integral component of the two-site one pathway hypothesis.

Other than assumptions regarding GST metabolism of DCM being
responsible for the metabolic shift, data that have used to support a
role for GST metabolism of DCM in vivo is the use of radiolabeled DCM
administration and the relative ratios of CO and CO, resulting in
exhaled breath (Angelo et al., 1986a,b; Kirschman et al., 1986). The
P450 pathway was assumed to produce CO and the GST pathway CO,.
In the Angelo et al. (1986a,b) studies, radiolabeled CO, levels were
reported to be higher than those of radiolabeled CO in both mice and
rats after single exposures, and CO, formation showed saturation with
dose in rats and mice. The apparent saturation of CO, formation is
inconsistent with the linear kinetics of DCM metabolism through the
GST pathway. The excessive CO, formation has been attributed to
formyl chloride reactivity with GSH to form CO,. However, Watanabe
and Guengerich (2006) show this does not occur. The excess

radiolabeled CO, observed in these studies is also inconsistent with
the much lower ability of this pathway to metabolize DCM than that of
the P450 system under physiologic conditions described above.

In the review by Kirschman et al. (1986), a figure is presented for
combined CO and CO, detection through exhalation. Although it is
impossible to separate CO from CO,, this data matches the velocity plots
for the two-site one pathway model described in this paper for
metabolism through only the P450 pathway. Humans have GST-T1
activity expressed in red blood cells with similar Ky and V. as that
expressed in liver (Hallier et al., 1994; Reitz et al., 1989). However, rats
do not have this form of GST expressed in their red blood cells (Hallier et
al., 1994) and such activity has not been reported in mice. Therefore, the
excess CO, observed in rats after DCM exposure cannot be attributed to
extrahepatic GST metabolism by red blood cells.

Guengerich et al., (2003) used pure GST (rat and human) in
bacteria (E. coli) and saw no kinetic burst in the reaction for DCM
metabolism that has been observed in bacterial versions of the
enzyme. This study confirmed the apparent low affinity (high Ky;) of
mammalian GST for DCM, similar to the reports of Reitz et al. (1989).
Thier et al. (1993) reported increased revertants after DCM exposure
in S. typhimurium TA1535 possessing GST 5-5 from rat but got a much
lower response at higher concentrations than in similar assays of
ethylene dibromide, CH,Br,, and CH,BrCl. The lowest concentration of
DCM used was 0.2 mM and the response peaked at 1 mM. The modest
responses (i.e., at most a doubling over background rate) were at
concentrations in which the enzyme has been shown in vitro to have
very little ability to compete with P450 for DCM metabolism.
However, the positive response in +GST 5-5 bacteria was at the
same range of in vitro DCM concentrations in which Landi et al. (2003)
reported positive results for lung cells derived from an individual
donor with no GSTT-1 activity (i.e., number C).

Finally, as noted by Watanabe et al. (2007), no adducts were found in
mice exposed to 5 mg/kg radiolabeled DCM through i.p. injection. The
oral route of exposure would be the most analogous to this route of
exposure. Although methods for DNA adduct detection were very
sensitive and the GST activity is expected to be linear, the lack of finding
of adducts is consistent with the inability of GST to compete with P450
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Fig. 9. Predictions of slope calculated at the end of 2 h for two different metabolic
models for D-DCM gas-uptake exposure while varying initial exposure concentrations.

for DCM metabolism at a dose our PBPK model has shown to be well
below the metabolic switching point.

Recent information has shown that several CYPs have shown
atypical kinetic behavior (Tracy, 2006). This atypical behavior is possible
due to expansion of the active site to include multiple ligands and the
description of two-site due to these multiple binding sites. The behavior
of one enzyme can, therefore, be used to account for a biphasic behavior
with different metabolic rates for increasing exposure concentrations.
One of these atypical kinetic behaviors fitting the description of a
metabolic switch has been identified for several P450s: CYP3A4
(Korzekwa et al., 1998) and suggested for CYP2E1 (Harrelson et al.,
2008). Because two sites can explain the metabolic switch profile for
DCM metabolism using only one enzyme (CYP2E1), a re-examination of
the gas-uptake data was warranted. As shown by our analysis, the two-
pathway model can be compared to one using two-sites in one enzyme
as an alternate kinetic mechanism. Future research can then help
identify the implications of this alternate view for potential MOA(s).

Porubsky et al. (2008) have studied the crystallized structure of
human CYP2E1 in order to gain insights as to how this enzyme can
simultaneously metabolize small molecules and large molecules, such
as fatty acids. These authors describe an access channel that can be
directly connected to the active site via rotation of Phe atoms. This direct
access would allow ligand or solvent access or exit and enhance the
metabolic ability of the active site. This conformational change in
CYP2E1 and related change in metabolic capacity is exactly what the
two-site rate equation describes. The newly acquired knowledge of the
human CYP2E1 structure is entirely consistent with the gas uptake re-
analysis presented in this paper. The CYP2E1 molecule is actually
designed to allow for this metabolic switching to occur at higher
concentrations. Finally, one major contribution of the current effort is to
highlight the ability of the gas-uptake inhalation to describe this level of
structural detail when used in combination with PBPK modeling.

Table 4
DNA damage induced by DCM in human lung cells (results from Landi et al., 2003).

Concentration (uM) GSTT1-1 genotype Tail extent moment 4 SE*

reaction velocity, mg(DCM)/hour
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two pathway
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6000

10 - 71+£191
10 + 8.1+£1.85
100 - 13.74+191°
100 + 11.54+1.90
1000 - 15.3+1.90°
1000 4+ 10.4+1.96

Fig. 8. Predictions of slope calculated at the end of 2 h for two different metabolic
models for H-DCM gas-uptake exposure while varying initial exposure concentrations.

¢ Data are pooled from two GSTT1-1— subjects and two GSTT1-1+ subjects. Control
tail extent moment -+ SE > were 10.0 4 0.85 for GSTT1-1— and 8.8 4 0.88 for GSTT1-1+.
b Significant differences compared to controls (P<0.05).
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Another gas-uptake inhalation dataset included in the present
analysis was the deuterated DCM data set partially published by
Andersen et al. (1994). In the previous analysis (Andersen et al., 1994),
only the two lowest concentrations were analyzed. However, in order to
observe metabolic switching, the full range of concentrations needs to
be included, as we have shown. The velocity plot analysis of the
deuterated data presented in Fig. 9 and related simulations show that
although deuteration alters metabolism, that such data also cannot
distinguish between the two-site and two-pathway models. These
analyses of several types of data strengthen the observation that both
models are supported by the existing PBPK data.

One potential question that can also be addressed concerns the
ability of i.v. experiments to estimate metabolic parameters, partic-
ularly metabolism in the lung. When using i.v. exposure via the tail
vein, the lung becomes the first major organ to clear DCM. Since the
lung is a target of DCM toxicity, GST metabolism of DCM has been
suggested to be involved in lung carcinogenicity. Angelo et al. (1984)
collected venous concentration time course data after i.v. exposure to
10 and 50 mg/kg of DCM in mice. The PBPK model was modified to
include a lung compartment and compared to i.v. in vivo data as an
additional route of exposure (data not shown). When using both
metabolic hypotheses, the addition of this parameter and comparison
to the i.v. data was unable to further distinguish between the two
metabolic hypotheses. A possible explanation for this behavior
consists of the venous compartment becoming a mixture chamber
for venous blood coming in from different organs. As the fat, liver, and
slowly and rapidly perfused venous blood combined compartments
are combined in the venous compartment, information content due to
metabolism from the liver is minimized.

Finally, an additional test was performed by the incorporation
of an inhibition parameter in the model and using a combined
optimization of naive and trans-DCE pre-treated data. The
inhibition parameter represents the available concentration of
CYP2E1.! Our results of the combined naive and trans-DCE
optimization at various concentrations found the inhibition fraction
to be consistently 0.15 for both metabolic models. That is, if the
naive treatment represents 100% of V., then trans-DCE inhibition
is described by 15% of Viax left, or 85% inhibition, regardless of the
metabolic model used. These results are consistent with Mathews
et al. (1998) who reported a maximum in vivo inhibition of 64% in
rats and mice specifically affecting CYP2E1 after dosing trans-DCE
at various concentrations (“A dose of 100 mg/kg produced a 64%
loss of P4502E1 activity that was greater than the 25 and 50 mg/
kg doses, but not statistically different from the 400 and 800 mg/
kg doses.”). These animals were dosed once and sacrificed 5 h after
administration of trans-DCE. For our analysis, gas-uptake pre-
treated animals were immediately followed by DCM exposure, so a
direct comparison with Mathews' inhibition experiments is not
possible, since the experimental paradigms were different. Lilly et
al. (1998) used PBPK modeling to try and distinguish between four
different inhibition mechanisms for trans-DCE (i.e., reactive
metabolite reacts with enzyme-substrate (ES) complex, reactive
metabolite reacts with total enzyme present, reactive metabolite
reacts with free enzyme, and bound intermediate inactivates
enzyme in a first-order process). A mathematical index was used
to infer which CYP2E1 inactivation model provided the best fit to
the gas-uptake data. Lilly et al. (1998) concluded that trans-DCE is
a potent inhibitor, but this work was not able to distinguish
between irreversible and reversible binding or the possibility of
two binding sites. These results suggest a gap in the literature
confirming the validity of trans-DCE as a complete inhibitor of

' An inhibition constant theta, assumed to be a fraction of the naive data was
multiplied by Viax in both metabolic equations. Theta was assumed to be one for the
naive dataset. Theta was found to be 0.15 of Vj,.x when using the trans-DCE pretreated
data for both metabolic hypotheses.

CYP2E1 and the nature of that inhibition and thus different sets of
mechanistic in vivo experiments need to be performed.

A clarification is warranted for use of the term “switch” in the
context of the metabolic phenomenon being described in this paper
and other concepts. The metabolic switch is not a “dose transition” in
which there could be a threshold in dose-response as one process
could be completely turned off as another begins at a higher dose or
another process only occurs a the higher dose. The two-site binding
model is not such a transition model and neither is the two-pathway
model. For the two-site model, once the substrate is in place and a
conformational change takes place in CYP2E1, then the second site is
available for binding. Both sites are available at the same time and the
binding process can occur in parallel. The clearance values of each site
are determined by the binding of the substrate to both sites and the
velocity of the reaction is described by a curve with two slopes. Thus,
the two-site binding model describes the gas uptake data as a
reflection of both binding sites acting in parallel and no assumption
of a “dose transition”. Similarly, the original Andersen et al. PBPK
model (Andersen et al., 1987) and its descendents, that assume a two-
pathway model for DCM metabolism, do not have a dose transition or
switch, but predict a higher proportion of GST metabolism at high
doses versus low so that there is a continuous dose-response
relationship rather than threshold of effect.

In summary, the application of PBPK modeling to gas-uptake data
in mice has demonstrated that two different metabolic hypotheses can
fit the same data. This modeling approach provides support that is
consistent with an alternate metabolic hypothesis for DCM. Our
current analysis demonstrated t