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Abstract

Trichloroethylene (TCE) is a widely used industrial chemical and a low level contaminant
of surface and ground water in industrialized areas. It is weakly mutagenic in several test
systems and carcinogenic in rodents. However, the mechanism for its carcinogenicity is not
known. We investigated the binding of [1,2-"*C]TCE (['*C]TCE) to liver DNA and proteins
in male B6C3F1 mice at doses more relevant to humans than used previously. The time
course for the binding was studied in animals dosed with 4.1 ug ["*CJTCE/kg body weight
(b.w.) and sacrificed between 0.5 and 120 h after i.p. injection. A dose response study was
carried out in mice given ['*C]TCE at doses between 2 pg/kg and 200 mg/kg b.w. and
sacrificed 2 h post-treatment. ["*C]TCE associated with the DNA and protein extracts was
measured using accelerator mass spectrometry. The highest level of protein binding (2.4 ng/g
protein) was observed 1 h after the treatment followed by a rapid decline, indicating
pronounced instability of the adducts and/or rapid turnover of liver proteins. DNA binding
was biphasic with the first peak (75 pg/g DNA) at 4 h. However, the highest binding (120
pg/g DNA) was found between 24 and 72 h after the treatment. Dose response curves were
linear for both protein and DNA binding. The binding of TCE metabolites to DNA was ca.
100-fold lower than to proteins when calculated per unit weight of macromolecules and when
measured 2 h post-exposure. This study shows that TCE metabolites bind to DNA and
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proteins in a dose-dependent manner in liver, one of the target organs for its tumorigenicity.
Thus, protein and DNA adduct formation should be considered as a factor in the tumorige-
nesis of TCE. © 1997 Elsevier Science Ireland Ltd.
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1. Introduction

1,1,2-Trichloroethylene (TCE) is a widely used chemical, with an annual produc-
tion in the USA and Western Europe estimated at more than 300 million kg [1].
TCE is extensively used for the degreasing of metals and as a solvent in the textile
and chemical industries. Occupational exposure to TCE occurs mainly by vapor
inhalation and by skin exposure to liquid TCE in the workplace, especially from
metal cleaning processes. TCE is also a low level contaminant of surface and
ground water in industrialized areas [2,3], being one of the ten most commonly
detected chemicals at hazardous-waste sites [4].

The genotoxic properties of TCE, both in vitro and in vivo, are demonstrated in
many studies (for review, see [5,6]). However, the interpretation of the results is
complicated by common impurities of TCE, such as benzene, epichlorohydrin and
1,2-epoxybutane. A weak mutagenic effect by highly purified, epoxide free TCE was
demonstrated in S. typhimurium TA100 in the presence of an S9 metabolic
activating system [7], as well as a dose related increase in micronuclei in B6C3F1
mouse bone marrow [8]. An increased incidence of hepatocellular carcinomas was
observed in B6C3F1 mice, but not in Osborne-Mendel or Fischer 344 rats from
epoxide-free TCE in corn oil when administered by gavage [9]. Malignant tumors in
liver, kidney and lungs have been reported in both mice and rats exposed to TCE
by both inhalation or gavage [10,11].

TCE is thought to require metabolic activation in order to exert its carcinogenic
effects and is primarily metabolized in liver by microsomal cytochrome P-450 2E1,
P-450 1A1/2, P-450 2B1/2 and P450 2C1/2 [12]. Although the metabolism of TCE
in mice, rats and humans appears be qualitatively similar, the rate of metabolism is
quantitatively different among species [13]. Chloralhydrate, trichloroethanol and
trichloroacetic acid are the major metabolites detected in vivo [14]. Higher concen-
trations of trichloroacetic acid were measured in the blood of mice compared to
rats after TCE treatment [15]. A minor pathway leads to the formation of
dichloroacetyl chloride and dichloroacetic acid {16]. An alternative carcinogenic
mechanism has been proposed, particularly for nephrocarcinogenicity, without
oxidative metabolism. TCE may conjugate directly to glutathione (GSH) followed
by a processing to dichlorovinylcysteine and cleavage of the C—S bond by enzymes
such as fi-lyase, resulting in the formation of reactive intermediates [17].

The reactivity of TCE towards DNA and RNA, in the presence of a metabolic
activating system, has been demonstrated in vitro by Miller and Guengerich [18].
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The structures of the adducts were not determined, but TCE oxide, assumed to be
the initial metabolite, was not responsible for the binding to macromolecules.
Addition of GSH, which plays a general protective role in the cell by reacting with
electrophilic metabolites to reduce covalent binding to DNA and proteins, had little
effect on the level of DNA adducts. Many in vivo studies have failed to detect
DNA damage or covalent binding after administration of carcinogenic doses of
TCE [12,19]. Elcombe [20] and Prout et al. [21] suggested other indirect mecha-
nisms, such as the induction of peroxisome proliferation, for tumor induction by
TCE.

The failure to detect covalent binding of TCE to DNA at low doses in vivo could
be due to inadequate sensitivity in the methods used for adduct detection. If DNA.
binding is responsible for the carcinogenicity of TCE, it is important to explore the
pharmacokinetics for adduct formation at low, human-relevant doses. We evalu-
ated the kinetics of the interaction of TCE metabolites with DNA and proteins at
low doses in the liver, the main target organ for TCE tumorigenicity in mice. The
time course of adduct formation, as well as linearity in dose-response over a wide
range of doses were studied in B6C3F1 mice treated with [1,2-'*Cltrichloroethylene
(['"*C]TCE). We have utilized accelerator mass spectrometry (AMS) for the mea-
surements of adduct formation. AMS allows detection of radiocarbon with atto-
mole sensitivity, and the detection of DNA adducts at the level of 1 adduct/10"
nucleotides can be achieved [22—-24]. This technique has been successfully used in
low dose dosimetry studies for several compounds, e.g. heterocyclic amines and
benzene [25—27)] and should allow us to determine if TCE macromolecular binding
occurs at low doses.

2. Materials and methods
2.1. Chemicals

[1,2-"*C]Trichloroethylene (['*C]TCE; spec. act. 14.2 mCi/mmol), micrococcal
nuclease (EC 3.1.31.1) and spleen monophosphodiesterase (EC 3.1.16.1) were
purchased from Sigma (St. Louis, MO). The purity of ['*C]TCE was > 95% as
assayed by HPLC and scintillation counting. No impurities were detectable, either
by scintillation counting or UV absorption. All other chemicals were of the highest
grade commercially available.

2.2. Treatment of animals

Male B6C3F1 mice, 10 weeks old, obtained from Simonson Laboratories (Gilroy,
CA) were used in all experiments. Animals were housed individually in polystyrene
cages and kept on a 12 h light/dark cycle and maintained at 24°C. All dose
administrations were carried out by intraperitoneal (i.p.) injection with corn oil as
vehicle. Control animals were given corn oil alone.

For the time course study the mice (3 mice/time point) were treated with 4.1
ug/kg [“CJTCE (spec. act. 14.2 mCi/mmol; 0.44 xCi/animal, 31 nmol/kg). Animals
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were sacrificed by carbon dioxide asphyxiation after 30 min, 1, 4, 10, 24, 72 and 120
h, and livers were excised for the determination of binding of ['"*C]TCE metabolites
to DNA and proteins.

For the dose-response study the animals (3 mice/dose) were treated with doses of
['"*CITCE: at 2.0, 3.7, 7.4, 18, 100 ug/kg, 20, 50 and 200 mg/kg. The animals were
sacrificed 2 h after the treatment and livers were collected for the adduct determina-
tions.

To determine if metabolic incorporation of TCE occurred into DNA, four mice
were dosed with 100 mg/kg of ["*C]JTCE (spec. act. 62.7 £ Ci/mmol) and sacrificed
after 2 h. Livers were excised and the DNA was isolated, digested to nucleotides,
and analyzed for radiocarbon content as described below. All excised livers were
stored at — 35°C until isolation of DNA.

2.3. Isolation of DNA

Liver DNA was isolated using Qiagen 500 anion exchange columns (Qiagen,
Chatsworth, CA) according to Frantz et al. [26]. Purified DNA was dissolved in
H,O and the purity was determined by UV-spectrophotometry. Only DNA with an
Asgo/ Ago ratio of 1.7-1.9 was used. DNA concentration was calculated assuming
an OD,g, of 1.0 = 50 pzg/ml DNA. Aliquots of the samples were dried in vacuo and
prepared for radiocarbon analysis as described below.

2.4. Precipitation of proteins

Liver proteins were precipitated using ice-cold ethanol (EtOH; 3 vol.) after lysing
the tissue in a buffer (pH 8.0) containing 4 M urea, 10 mM Tris—HC], 1% Triton
X-100, 10 mM dithiothreitol and 100 mM NaCl. The precipitate obtained was
centrifuged at 3000 x g for 10 min and the pellet washed with 70% EtOH/H,O
(v/v), EtOH/ether (50/50%, v/v) and finally with ether. The samples were then dried
and prepared for AMS analysis as described below.

2.5. Dialysis of liver DNA and proteins

Aliquots of liver DNA and proteins from two mice (time course study, sacrificed
4 h post treatment) were dissolved in H,O and dialyzed against 1000 ml of 10 mM
TRIS, 1 mM EDTA, pH 7.4, for 24 h. Proteins were precipitated with EtOH and
DNA isolated using Qiagen anion exchange columns as described above. Dialyzed
samples were analyzed for radiocarbon content along with non-dialyzed samples to
determine the possible contribution of non-covalently bound radiocarbon to adduct
levels in DNA and proteins.

2.6. Digestion of DNA and separation of nucleotides by HPLC

Liver DNA from mice treated with 100 mg/kg ["*C]TCE and sacrificed 2 h after
the treatment was digested to 3'-deoxynucleoside monophosphates by incubation
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with micrococcal nuclease and spleen phosphodiesterase for 3 h at 37°C. An aliquot
of the DNA sample was also dialyzed (cf. above) prior to digestion. Nucleoside
monophosphates from undialyzed and dialyzed DNA were separated by high
performance liquid chromatography (HPLC) on a C-18 column (Hypersil) eluted
with 50 mM ammonium acetate, pH 5.8 (solvent A) and MeOH (solvent B) on a
linear gradient from 0-12% B for 10 min and 10-20% B for 30 min, flow 1 ml/min.
The separation was monitored by UV absorbance at 265 nm. Collected fractions (1
fr/min) were dried in vacuo and prepared for AMS as described below for the
determination of possible metabolic incorporation of [C]TCE into the hepatic
nucleotide pool.

2.7. AMS analysis of DNA, proteins and HPLC fractions

Approximately 4-5 mg of liver proteins and 200-400 ug of DNA were analyzed
by AMS for radiocarbon content after combustion of the samples to CO, followed
by reduction to filamentous graphite, as described previously [28]. Because the
complete process to graphite works best with 1-2 mg of total carbon, 2 mg of
tributyrin (providing ca. 1 mg of carbon), well characterized with respect to
radiocarbon content, was added to DNA samples as a carrier carbon prior to
combustion.

Measurement of the radiocarbon content of the samples was carried out using
accelerator mass spectrometry [29]. AMS measures the amount of radioisotope, e.g.
14C relative to a stable isotope of the same efement. In this study, "“C was measured
relative to '>C and then normalized to the ratio of '*C/'*C using the Australian
National University sugar standard [30] as reference.

AMS measures an isotope ratio without any molecular information (cf. liquid
scintillation counting of '*C). Thus, the given radiocarbon levels in the samples
could represent both TCE and its metabolites. No discrimination during AMS
analysis is possible without separation of the individual species prior to AMS
analysis. Therefore, data acquired from AMS analyses are collectively TCE equiva-
lents.

2.8. Statistical analysis

Statistical calculations were carried out, when appropriate, using the Origin™
Software Data analysis program (Microcal Software, MA) and Data Desk v 5.0
software (Data Description, Ithaca, NY).
3. Results

3.1. Time course study

Time courses for the binding of TCE metabolites to DNA and ethanol precip-
itable proteins in liver are shown in Fig. 1 as mean levels of TCE (4 S.D.) per g
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macromolecules after subtraction of the levels of radiocarbon measured in control
mice. The kinetics for the DNA adduct formation was clearly biphasic with an
initial peak at 1-4 h. The highest level of binding occurred between 24 and 72 h
post treatment ( ~ 125 pg/g DNA).

TCE metabolites reacted to a greater extent with hepatic proteins than DNA.
The highest level of binding to proteins (2.4 ng/g protein) was observed ~ 1 h after
the treatment, followed by an exponential decline.

3.2. Dose-response study

The relationship between administered dose and binding of TCE metabolites to
DNA and proteins in liver was studied in mice sacrificed 2 h post treatment (Fig.
2). Binding to both DNA and proteins is linear (r = 0.99987 and 0.99968 for DNA
and protein binding, respectively) over the entire range of doses studied (from 2.0
ug to 200 mg/kg body weight). A plot of binding coefficients ({mg TCE-equivalents/
gram macromolecule]/[gram TCE administered/kg body mass]) in Fig. 3 emphasizes
the striking linearity of both protein and DNA response over the entire dose range.
The average binding coefficient for all doses was 0.0151 4 0.0022 for DNA and
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Fig. 1. Time course for the binding of ["*C]JTCE to hepatic DNA (- O ) and proteins (—~ # -).
B6C3F1 male mice were administered 4.1 ug TCE/kg body weight. Values are mean adduct levels + S.E.
(n =3 animals/time) after subtraction of radiocarbon levels measured in control mice.
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Fig. 2. Dose-response of ['*CJTCE binding to hepatic DNA (- O —)and protein (-~ M -) 2 h after
administration of ['*CJTCE. Values are mean adducts + S.E. (n = 3 animals/dose) after subtraction of
radiocarbon levels measured in control mice. Power fits (y = ax dose®) to the data are shown. Exponents
(b) =1 describe a linear fit.

1.39 +0.27 for proteins. It is also evident from Figs. 2 and 3 that liver protein
bound approximately 100-times the amount of TCE than did liver DNA at all
doses, with an average ratio of the coefficients of 88.3 + 6.8. At the lowest dose, the
binding to DNA was 18 pg TCE/g DNA (ca. 4 adducts/10'" base pairs) and 1.7 ng
TCE/g to proteins. At the highest dose (200 mg/kg) the level of adducts was 2 ug/g
(2 adducts/10° base pairs) and 340 ug/g to DNA and proteins, respectively.

3.3. Effect of dialysis on adduct levels

AMS measures all radiocarbon in the sample. Radiocarbon in the analyzed DNA
and protein samples could arise from covalently bound adducts, non-covalent
binding, or metabolic incorporation of carbon into the cellular carbon pools if the
sample purification were not sufficiently stringent to exclude non-adducted TCE.
The radiocarbon level in two dialyzed protein and two dialyzed DNA samples were
equivalent to radiocarbon levels in undialyzed samples (results not shown).

3.4. Determination of metabolic incorporation of TCE into nucleotides

AMS analyses of HPLC fractions from hepatic DNA digests collected 2 h after
mice were administered a high dose of ["*CJTCE (100 mg/kg) showed that the
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resulting nucleoside 3’-monophosphates contained no excess radiocarbon over the
natural abundance of this isotope (Fig. 4). AMS analysis of the HPLC fractions of
nucleotides from digested DNA dialyzed prior to the digestion showed that the
profile of radiocarbon associated with DNA samples was similar to the profile from
a sample fractionated and analyzed without dialysis. The main peak of radiocarbon
eluted in both nondialyzed and dialyzed samples at approximately 30 min which is
well after all of the nucleoside monophosphates. No uridine monophosphate was
detected in the DNA digest, confirming that DNA samples were not contaminated
by RNA. Furthermore, the retention times for some of the TCE metabolites,
namely trichloroethanol and di- and tri-chloroacetic acids were determined, but
these compounds eluted within 5 min of injection using the same HPLC method
(data not shown).

4. Discussion

The role of DNA adduct formation in the carcinogenesis of TCE is equivocal.
Earlier in vivo studies have failed to detect the binding of TCE metabolites to
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Fig. 3. Binding coefficient as a function of administered TCE dose for DNA (- C -) and protein
(- W -). Also shown is the ratio of the protein binding coefficient: DNA binding coefficient as a
function of dose (-¢O-). Numbers are the weighted mean + S.E. of the coefficients. The binding
coefficient is defined as: [mg TCE equivalents/g macromolecule]/[g TCE administered/kg body weight].
The small variation in these coefficients demonstrates the linearity of binding to DNA and protein over
the dose range and that the liver protein bound =z 100-times more TCE than DNA at all doses.
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Fig. 4. HPLC separation of a DNA digest from a mouse given 100 mg ['*C]TCE/kg body weight 2 h
prior to sampling. DNA was dialyzed prior to digestion (see methods). Shown is the UV absorbance
(solid line; 4 =265 nm) and the AMS measured ['*C]JTCE content of fractions collected at 1 min
intervals (— M —). Deoxynucleotides (dC, dG. dT, dA) were identified based on retention time. Limit of
detection for ["*C]TCE equivalents by AMS is 5 fg/min.

DNA, or the level of adducts has been comparable to non-specific contamination of
DNA from proteins or other components [19,20,31]. In this study, we investigated
the binding of '“C-labeled TCE metabolites to hepatic DNA and protein at low
doses in vivo using AMS. AMS provides the needed sensitivity to detect adduct
levels at these low doses (i.e. with attomole sensitivity). Our data suggest that TCE
does bind to DNA and proteins in a dose-dependent fashion. The structures of
these adducts, however, are yet to be determined.

In contrast to protein binding, which peaked after 1 h, the kinetics of the binding
of TCE metabolites to DNA was distinctly biphasic (cf. Fig. 1). The reason for the
observed kinetics for DNA binding could be due to several factors. For example,
the reaction of two different electrophilic TCE metabolites with DNA at different
rate constants could result in the observed response. Additionally, the observed
kinetics could result from several adducts having different in vivo stability, due to
differential repair and/or chemical instability of the adducts. Our data does suggest
that there is a slow formation and pronounced stability of the DNA adducts as
compared to the protein adducts and that protein adducts were unstable as judged
by the clearance of adducts in Fig. 1. Furthermore, the binding kinetics observed
here could be due to the reaction of one intermediate with more than one
nucleophilic site in DNA. However, these possibilities have not been explored and
the cause for the observed kinetics remains to be determined.
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The fast reactivity of TCE metabolites towards liver proteins and DNA obtained
in this study is consistent with the rapid metabolism of TCE in mice shown by
Prout et al. [21] although higher doses were used in that study (from 10 to 2000
mg/kg, administered per os.). In blood, the peak concentrations of chloral and
trichloroethanol, two TCE metabolites measured, were reached within 2 h of dosing
in the mouse, compared to 10—12 h in the rat. A very rapid turnover (¢,,, = 0.5 h)
of TCE in blood was also shown by Larson and Bull [15] in mice dosed orally by
1.5-15 mmol { ~0.2-2 g) TCE/kg body weight.

The rapid disappearance of protein adducts indicates reversible binding and/or
rapid turnover of hepatic proteins. The supposed first metabolite of TCE, its
epoxide, can be expected to give rise to stable adducts. In contrast, some other TCE
metabolites e.g. chloral, which presumably forms Schiff-base type adducts, are
known to be less stable. Thus, relatively short half-lives were observed for
hemoglobin adducts in mice from acetaldehyde and malonaldehyde, <2 days and
~ 6 days, respectively, instead of the expected 20 days for stable adducts [32,33].

The probability for genetic damage caused by DNA adduct formation depends,
among other things, on the persistence of the reaction products formed in vivo.
Most DNA adducts have relatively short lifetimes, due to rapid repair and
spontaneous loss of modified bases. Certain DNA adducts, e.g. etheno adducts to
guanine in hepatic DNA in animals exposed to vinyl chloride are, however, poorly
recognized by repair enzymes and accordingly highly persistent, exhibiting a
half-life of over 30 days in rats [34]. The dominant adduct-forming species of TCE
does not show the same kind of prominent persistency, but hepatic DNA adducts
from TCE metabolites revealed a half-life of at least 3 days in this study.

The relationship between administered dose and binding to liver DNA and
proteins was linear over the entire range of doses administered (from 2.0 pg to 200
mg/kg) and the binding to both DNA and proteins could be detected in the samples
from the animals administered the lowest dose. The relative affinities of TCE for
binding to proteins and DNA ( ~ 100-fold greater affinity for protein at the 2 h
time point) is consistent with the outcome of the study of Parchman and Magee
[19], although the authors could not exclude the possibility of contamination from
proteins in their DNA isolate. However, the differences in adduct formation/clear-
ance kinetics among protein and DNA suggests that this difference in binding
would not be as large as observed here if the DNA adducts and protein adducts
were compared when adduct levels were maximal for each (2 h for proteins
compared to 72 h for DNA). The linearity in our study confirms earlier studies by
Dekant et al. [35] and Prout et al. [21], who showed no saturation in TCE
metabolism at doses up to 200 mg/kg in NMRI mice, whereas the onset of
metabolic saturation was observed at doses between 20-200 mg/kg in rats.

The possibility of metabolic incorporation of radiocarbon into macromolecules
from ['“C]TCE has to be considered. Bergman [31] showed that radiocarbon was
incorporated mainly into guanine and adenine, of kidney, testis, lung, pancreas, but
also to some extent in liver of mice dosed with ['*C]TCE twice a day at 33.6 mg/kg
for 5 consecutive days. Our study using HPLC-AMS shows that no radiocarbon
above the natural abundance of this isotope was aecumulated into nucleotide pools






