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Ethylene Dichloride: The Influence of Disulfiram or Ethanol on Oncogenicity, Metabolism,
and DNA Covalent Binding in Rats. CHEEVER, K. L., CHOLAKIS, J. M., EL-HAWARI, A. M.,
KOVATCH, R. M., AND WEISBURGER, E. K. (1990) Fundam. Appl. Toxicol. 14, 243-261. Male
and female Sprague-Dawley rats were exposed to 50 ppm ethylene dichloride (EDC) for 7 hr/
day, 5 days/week, for 2 years by inhalation. Additional rats were exposed to 50 ppm EDC either
with 0.05% disulfiram in the diet or with 5% ethanol in the drinking water. Histopathologic
lesions related to the combination of inhaled EDC and dietary disulfiram were observed in the
liver, mammary, and testicular tissues of rats. This combined exposure resulted in a significant
increase in the incidence of intrahepatic bile duct cholangiomas in both male and female rats.
Male rats exposed to both EDC and disulfiram also had an increased incidence of subcutaneous
fibromas, neoplastic nodules, and interstitial cell tumors in the testes. The female rats exposed to
EDC and disulfiram also had a higher incidence of mammary adenocarcinomas. No significant
increase in the number of any tumor type was observed in rats exposed to only EDC, disulfiram,
or ethanol. Similarly, no significant increase in the number of tumors was observed in rats ex-
posed to inhaled EDC and ethanol in water. At the end of the 2-year period animals from each
group were evaluated for EDC metabolism and DNA binding. Blood levels of EDC at the end
of a 7-hr exposure period were significantly higher for rats exposed to both EDC and disulfiram
than for rats exposed to EDC alone. In addition, the elimination of a single oral dose of radiola-
beled EDC was affected. The urinary excretion of '*C from control rats was 47 to 55% of the
administered dose with 28 to 30% detected as unchanged EDC in the breath. In disulfiram-
treated rats, only 35 to 36% of the administered '*C was eliminated in the urine with 41 to
55% as unchanged EDC in the breath. The urinary metabolite HPLC profile was qualitatively
unchanged by long-term EDC, disulfiram, or ethanol treatment, either alone or in combination,
and consisted primarily of thiodiglycolic acid, thiodiglycolic acid sulfoxide, and chloroacetic
acid.  © 1990 Society of Toxicology.

Ethylene dichloride [EDC, 1,2-dichloroeth-
ane, CAS Registry No. 107-06-2 (1977)] is
widely used in a variety of industrial and
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commercial applications. EDC is used pri-
marily in chemical synthesis, as a fuel addi-
tive, and as an industrial solvent (Drury and
Hammons, 1979; NIOSH, 1978a; IARC,

Occupational Cancer Studies, April 22-23, 1986, Rock-
ville, Maryland.
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1979; Gold, 1980; Davidson et al., 1982).
The production of EDC in the United States
is estimated to range from 3.6 to 4.3 million
tons annually (USITC, 1976-1984) and as
many as 200,000 workers may be exposed to
EDC in the workplace (NIOSH, 1978a,b).
EDC has been shown to be absorbed by the
inhalation, oral, and dermal routes (Reitz et
al., 1980, 1982; Spreafico et al., 1980).

Previous studies in the rat have produced
inconsistent results on the carcinogenic effect
of EDC. In one study using Osborne-Mendel
rats the daily administration of 47 or 95 mg/
kg body wt of EDC by gavage for 78 weeks
resulted in increased squamous-cell carcino-
mas of the stomach, subcutaneous fibromas,
and hemangiosarcomas in male and mam-
mary adenocarcinomas and fibroadenomas
in female rats (Weisburger, 1977; NCI,
1978a). These effects were similar, albeit of
lower toxicity, to those reported for ethylene
dibromide (EDB) when that analog was ad-
ministered by the same route (Weisburger,
1977; NCI, 1978b). However, the EDC expo-
sure of Sprague-Dawley rats at concentra-
tions of 150 to 250 ppm by inhalation for 78
weeks resulted in no noticeable increase in
the incidence of tumors (Maltoni et al,
1980). Such differences in toxicity could be
related to possible alteration of EDC metabo-
lism or rate of elimination in the strain and
route of administration studied.

The metabolism of EDC has been reported
to include in vivo and in vitro formation of 2-
chloroethanol, chloroacetic acid, and thio-
diglycolic acid as well as the cysteine and glu-
tathione (GSH) conjugates (Yllner, 1971;
Anders and Livesey, 1980; Guengerich et al.,
1980; Reitz et al., 1980, 1982; Sawada et al.,
1987). One possible reactive intermediate, 2-
chloroacetaldehyde, was mutagenic in the
TA 100 bacterial system (McCann et al,
1975), and the mutagenic effects of EDC in
the TA 1535 system were increased by addi-
tion of rat liver cytosol fraction (Guengerich
et al., 1980, 1981; Reitz et al., 1980; Rannug,
1980a,b). Other possible reactive intermedi-
ates, S-(2-chloroethyl)-L-cysteine and S-(2-
chloroethyl)-GSH, have been shown to form
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covalent nucleotide adducts in vitro (Guen-
gerich et al, 1980; Reed and Foureman,
1986). The alteration of the metabolism in
vivo of certain related halogenated hydrocar-
bons, EDB and vinyl chloride, has been
shown to result in significantly increased tu-
mor formation in rats. The carcinogenicity of
EDB at 20 ppm, using Sprague—Dawley rats,
was potentiated by coadministration of
0.05% disulfiram (DS) in the diet (Plotnick et
al., 1979, 1980; Wong et al., 1982). An in-
crease in tumor formation was reported be-
tween ethanol (ET) and vinyl chloride (Ra-
dike et al., 1977), and similar increases in the
toxicity of EDC have been demonstrated
(Francovitch ef al., 1986; Igwe et al., 1986).
One possible explanation for this increased
toxicity is that inhibition of the microsomal
aldehyde dehydrogenase system, either di-
rectly with DS or competitively with ET,
would allow either a buildup of the reactive
haloacetaldehyde or increased production of
S-(2-chloroethyl)-L-cysteine and S-(2-chloro-
ethyl)-GSH (Hill et al., 1978). The reported
similarities in the metabolism of EDB and
vinyl chloride (e.g., formation of the muta-
genic haloacetaldehyde intermediate) sug-
gested that the ingestion of DS or ET, drugs
commonly encountered in the workplace,
would influence the metabolism and induc-
tion of tumors by EDC. Such chemical inter-
action is a concept that is too often neglected
in the estimation of chemical or industrial
causes of cancer (Infante and Pohl, 1988).
Thus, the objective of this study was to evalu-
ate in the rat the oncogenicity, metabolism,
and DNA covalent binding of EDC at 50
ppm, the current U.S. occupational standard,
with or without either DS in the diet or ET in
the drinking water.

METHODS

Chemicals. The test compound, EDC (>99%) was pur-
chased from Aldrich Chemical Co. (Milwaukee, WI)?

2 Mention of company or product names is not to be
considered an endorsement by the National Institute for
Occupational Safety and Health.
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and [1.2-U-"*CJEDC was synthesized by New England
Nuclear (Boston, MA) with a specific activity of 50 mCi/
mmuol and a radiochemical purity > 99% by gas-liquid
chromatography (GC). The radiochemical purity of this
radioisotope was verified by high-performance liquid
chromatography (HPLC) with radioactivity detection.
Commercially available reference compounds of the
highest purity corresponding to possible metabolites
were obtained. Chloroacetic acid (98%) was purchased
from Fisher Scientific Co. (Fairlawn, NJ). Thiodiglycolic
acid 197%) and disulfiram (98%) were purchased from
Sigma Chemical Co. (St. Louis, MO) and ethanol (95%)
was purchased from Aaper Alcohol and Chemical Co.
(Shelbyville, KY). Thiodiglycolic acid sulfoxide was pre-
pared by reaction of thiodiglycolic acid with 5% hydro-
gen peroxide in accordance with the method of Reitz et
al. (1982). Purity and stability studies were conducted on
EDC. DS in diet, and ET in water prior to the initiation
of the study, and reanalysis of EDC and DS was con-
ducted periodically throughout the study.

Animals. Sprague-Dawley [Crl:CD(SD)BR outbred],
cesarcan-derived rats, weighing S1 to 75 g. were obtained
from Charles River Breeding Laboratories. Inc. (Wil-
mingion, MA). Immediately upon receipt, these animals
were placed in quarantine and maintained on powdered
Purina 5002 rodent chow (Ralston Purina Co., St. Louis,
MO) and distilled water ad libitum. The animals were
housed individually and were maintained in an AALAC-
accredited facility throughout the course of the study.
The male and female rats utilized for the chronic study
were observed for 12 days and were 5.5 to 6 weeks old at
the initiation of the study. Additional animals, 4- to 5-
month-old male (502 to 522 g) and female {267 to 322)
rats from the same source, were used for preliminary
studies on EDC blood levels, metabolism, excretion, and
covalent binding.

Experimental design. At completion of the quarantine
period, six groups of 50 male and 50 female rats were
exposed to either 50 ppm EDC or filtered air for 7 hr/
day, 5 days/week (except holidays) for 24 months. These
groups were housed separately in Hazleton Model 1000
stainless-steel exposure chambers (Hazleton Systems,
Inc., Aberdeen, MD) and were maintained on powdered
diet and distilled water or were given either DS in the diet
or ET in the drinking water at levels previously shown to
affect the carcinogenicity of related halogenated com-
pounds {Plotnick ef ¢/, 1979, 1980; Radike et @/, 1977).
The group designations are shown below:

Group Air Diet Water
Control Filtered Standard Distilled
DS Filtered 0.05% DS Distilled
ET Filtered Standard 5% ET
EDC 50 ppm EDC Standard Distilled
EDC/DS 50 ppm EDC 0.05% DS Distilled
EDC/ET 50 ppm EDC Standard 5%ET

Water or 5% ET was supplied to the chambers using
an automatic watering system obtained from Edstrom
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Industries {Waterford, WI), except during periods of wa-
ter consurnption determination, The powdered diet was
removed during the daily exposure periods, and the 24-
hr food and water consumption was determined for each
rat periodically throughout the course of the study. Envi-
ronmental conditions in the chambers were maintained
at 23.3 + 1.5°C with a relative humidity of 50 + 15% and
a 12-hrlight—dark cycle was established using fluorescent
light. At the end of the 24-month exposure period, sub-
groups of five male and five female rats were used for
the determination of either EDC elimination from the
blood, EDC metabolism, or DNA covalent binding. Ra-
diolabeled EDC for use in the metabolism and DNA co-
valent binding studies was administered by gavage at a
dose of 150 mg/kg body wt. The dosing solutions were
prepared by mixing appropriate amounts of the radiola-
beled EDC with EDC in corn oil to give a concentration
of 75 mg/ml. For the metabolism studies, each rat re-
ceived 115 to 140 xCi/kg body wi, and for the study of
DNA covalent binding the administered radioactivity
was 241 to 260 uCi/kg body wt.

Animal observation. All groups of rats were examined
twice daily for signs of toxicity. Examinations of all rats
for palpable masses were conducted prior to the initial
exposure to EDC, and at weekly intervals after 4 months.
All rats were weighed weekly for the first 8 weeks of the
study and monthly thereafter.

Vapor generation, food and water preparation, and
analysis. The rats were exposed to EDC in 2.2-m>-vol-
ume stainless-steel and glass chambers. The chambers
were operated under dynamic airflow and were main-
tained at a slight negative pressure relative to the sur-
rounding area, Air suppiied to the chambers was filtered
through activated charcoal and a HEPA filter prior to
use. The 50 ppm EDC test atmospheres were generated
by passing compressed air through undiluted EDC at
room temperature. Vapors from the flask were diluted to
the desired concentration with filtered air, mixed, and
distributed to the chambers through Teflon lines. Cham-
bers receiving only filtered air were housed in a separate
room. Total chamber airflow was maintained at approxi-
mately 400 liters/min (12 air changes/hr). The distribu-
tion of EDC within each chamber was found to vary by
less than 6%. The nominal concentration of EDC (ratio
of the amount of EDC vaporized to the total airflow
through the chamber during the exposure period) was de-
termined on a daily basis for each chamber.

The concentration of EDC in each chamber was deter-
mined on an hourly basis by GC using an automated
sampling system, consisting of computer programmed
solenoid actuated sampling loops, in conjunction with a
Model 2400 GC (Varian Associates, Palo Alto, CA), fit-
ted with a 1.8-m-long X 2-mm-i.d. nickel column packed
with 10% Carbowax 20M-TPA on 80/100-mesh Chro-
mosorb W AW (Supelco, Inc., Bellefonte, PA). The oven
temperature was maintained at 70°C and a nitrogen car-
rier gas flow rate was 30 ml/min. Peaks were detected by
flame ionization detector and peak areas were measured
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using a Varian Model CDS 111 integrator. The analytical
system was checked prior to each exposure with at least
one standard of known concentration as well as quality
control samples, and the chamber concentrations were
adjusted hourly as needed to maintain uniform exposure
conditions.

Diet and water preparation and analysis. The prepara-
tion of 0.05% DS diet was done by weighing out 30 kg of
powdered Purina 5002 diet and transferring this diet to
the stainless-steel bowl of a PK. twin-shell blender. A por-
tion of this diet was mixed with 15 g of DS in a mortar
and the resulting mixture was slowly added to the re-
maining diet during a 35-min mixing period. After the
diet was mixed, random samples were taken for analysis
and the remainder was stored for up to 1 month at —32°C
until use. Diet samples weighing 10 g were shaken for
30 min with 100 ml of acetonitrile to extract DS (mean
recovery 99%). Prior to analysis the extracts were clari-
fied by centrifugation, and a 10-ml aliquot was mixed
with 3 ml of an internal standard solution containing
0.75 mg/ml of butyrophenone (Aldrich). Samples were
passed through a 0.45-um-pore-size Acrodisc filter (Gel-
man Sciences, Ann Arbor, MI). Duplicate aliquots of
each sample were analyzed by HPLC using a Model
ALC/GPC liquid chromatograph equipped with a Model
6000A pump (Waters Associates, Milford, MA). Samples
were introduced by a Waters 710B automatic sample in-
jector module, and eluted DS was detected by a Waters
440 spectrophotometric detector set at 280 nm. Chro-
matographic separations were carried out using a Waters
Z-Module fitted with a 115-mm-long X 8-mm-i.d. radial
compression column packed with 10-um-particle-size
Bondapak C18. Anisocratic solvent system consisting of
methanol:water (75:25) was used and the flow rate was
maintained at 3 ml/min. Chromatographic data were
stored and processed with a Model 4400 Nelson data sys-
tem (Nelson Analytical, Inc., Cupertino, CA).

Drinking water containing 5% ET was prepared by
mixing 95% ET with distilled water. After the water was
mixed, the ET concentrations were determined using a
Varian Model 920 GC fitted with a 3.0-m-long X 2-mm-
1.d. nickel column packed with 100/120-mesh Chromo-
sorb 105 (Supelco, Inc.). The oven temperature was
maintained at 170°C and a helium carrier gas flow rate
was 30 ml/min. Peaks were detected using a thermal con-
ductivity detector with the filament current set at 150
mA in accordance with the method of Hillbrom (1971),
and chromatographic data were stored and processed
with a Model 4400 Nelson data system.

Blood analysis. The clearance of blood EDC was deter-
mined for rats from the EDC, EDC/DS, and EDC/ET
groups following termination of a typical 7-hr exposure
period. Blood samples were taken from the orbital sinus
of five male and five female rats from each exposure
group and corresponding numbers of contro! animals at
0.25 and 2 hr after cessation of EDC generation during
Week 103 of exposure. Immediately after collection 1-
ml blood samples were injected into a 10-ml septum vial
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containing 3 ml of a 0.2 ug/ml trichloroethylene internal
standard solution with 10% citric acid as a preservative.
After blood samples were mixed, each was allowed to
equilibrate at 40°C for 30 min prior to analysis of 0.1-ml
headspace aliquots by GC. The headspace analysis was
performed using a Varian Model 3700 GC fitted with a
1.8-m-long X 4-mm-i.d. glass column packed with 20%
SP-2100/0.1% Carbowax 20M on 100/120-mesh Supel-
coport (Supelco, Inc.). The oven temperature was main-
tained at 65°C, with a nitrogen carrier gas flow of 70 ml/
min. Peaks eluted from the column were detected using
an electron capture detector as described by Zuccato er
al. (1980), and EDC levels were calculated using the
EDC:trichloroethylene area ratio linear response curve.

Metabolism. The metabolism of EDC was evaluated
for 2-year-old rats from the Control, DS, ET, EDC,
EDC/DS, and EDC/ET groups prior to termination of
the animals 1 week after cessation of 103 weeks of EDC
exposure. DS or ET exposure was continued for DS, ET,
EDC/DS, and EDC/ET groups during the 1-week inter-
val prior to administration of radiolabeled EDC. Radio-
labeled EDC was administered to three male and three
female rats from each group by gavage at a dose of 150
mg/kg body wt. Immediately following the administra-
tion of the individual doses, the rats were placed in sepa-
rate Roth-type glass metabolism cages for collection of
exhaled compounds, urine, and feces. The airflow, con-
sisting of dried laboratory air scrubbed to remove carbon
dioxide and organic vapors, was maintained through the
cages at a rate of 200 ml/min. The emergent air was
passed first through activated charcoal to trap unchanged
EDC in the exhaled breath (Albrecht et al., 1986) and
subsequently through an absorption tower filled with 500
ml of 5 M ethanolamine in 2-methoxyethanol to trap ex-
pired "“CO,. The charcoal and ethanolamine solutions
were changed at 1, 3, 6, 12, and 24 hr. Urine was collected
at 6, 12, and 24 hr and feces were taken. The urine and
feces samples were frozen at —20°C until analysis. Char-
coal samples weighing 1 g were desorbed for 24 hr with 15
ml of Bio-Solv (Beckman Instruments, Fullerton, CA),
a toluene-based scintillation fluid. The "*C elimination
profile was determined by liquid scintillation spectrome-
try (LSC) by counting appropriate amounts of charcoal
desorbate, urine, or ethanolamine in 10 ml of PGS scin-
tillation cocktail (Amersham).. Feces were burned in a
sample oxidizer (Tri-Carb Model B306, Packard Instru-
ment Co., Fullerton, CA). The *CO, from the combus-
tion was absorbed in 6 ml of Carbo-Sorb (Packard) and
analyzed in 12 ml Permafluor V (Packard).

The radioactivity in the samples was measured in a re-
frigerated Model 3255 Tri-Carb liquid scintillation spec-
trometer (Packard). Counting efficiencies were deter-
mined by the external standard method of Horrocks
(1974).

Separation and quantification of urinary metabolites.
Prior to analyzing the urine samples by HPLC, suitable
conditions for the separation of compounds representing
reported EDC metabolites were established. Samples
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were chromatographed at 0.5 ml/min using the Waters
HPLC system equipped with a Bio-Rad 300-mm-long
X 4-mm-i.d. stainless-steel column packed with 10-um-
particle-size Aminex HPLX-87H ion exchange resin and
were detected by a Waters 440 spectrophotometric detec-
tor set at 214 nm. Baseline separation of EDC metabo-
lites was accomplished using an isocratic solvent system
consisting of 0.005 N sulfuric acid as described by Reitz
et al. (1982). Radioactive components from urinary sam-
ples were detected and quantified using a Flo-One Model
HP radioactivity monitor (Radiomatic Instruments and
Chemical Co., Tampa, FL) after the column eluent was
mixed 1:3 with Scintiverse LC scintillation fluid (Fisher
Chemical Co.).

DNA covalent binding. The hepatic DNA covalent
binding in 2-year-old rats was evaluated for Control, DS,
ET, EDC, EDC/DS, and EDC/ET groups. Radiolabeled
EDC was administered to three male and three female
rats from each group by gavage at a dose of 150 mg/kg
body wt 10 to 14 days after cessation of 103 weeks of
EDC exposure. The animals were anesthetized with ether
6 hr after dosing and euthanized by exsanguination. The
livers were immediately removed, rinsed with 0.1 M Tris/
0.01 M EDTA, weighed, frozen in liquid nitrogen, and
stored at —70°C until isolation of the DNA. For the isola-
tion of hepatic DNA, livers were homogenized in 2 vol
of 0.1 M Tris/0.01 M EDTA (pH 7.7) and adjusted to
1.5% with 0.1 vol of 15% SDS. Samples were homoge-
nized at full speed for 15 sec using a Polytron Model
PCU-1 homogenizer equipped with a PC-10 probe (Ki-
nematica GmbH, Luzern, Switzerland) prior to incuba-
tion for 30 min at 37°C with 100 ug/ml Pronase B (Cal-
biochem, La Jolla, CA). The samples were extracted suc-
cessively with 2 vol of water-saturated Kirby’s phenol
(phenol:m-cresol:8-hydroxyquinoline:water, 500:70:0.5:
55) and chloroform:iscamyl alcohol (24:1) by shaking for
10 min at 37°C followed by centrifugation at 8500g for
30 min. Following this, 5 ml of 5 M NaCl was added to
the aqueous layer and DNA was precipitated by the addi-
tion of 1.5 vol of cold ethanol. The crude DNA was al-
lowed to stand at —20°C overnight, washed twice with 50
ml of 70% ethanol, and dried under vacuum. The DNA
was subsequently redissolved at 2 mg/ml in 0.015 M
NaCl:0.0015 M trisodium citrate:0.01 M EDTA buffer.
Following the addition of 100 ul of 1 M Tris-HCl (pH 7.4)
and 100 pg/ml RNase XII-A (Sigma), which was heated
at 90°C for 10 min, the DNA was incubated for 1 hr at
37°C. After incubation the DNA was extracted with an
equal volume of Kirby’s phenol for removal of any resid-
ual protein. DNA was subsequently precipitated by the
addition of 1.5 vol of cold ethanol and washed succes-
sively with 20-ml volumes of ethanol, ethanol:acetone (1:
1), and acetone. The DNA was dried under vacuum and
stored at —20°C until analysis. For analysis, hepatic DNA
and appropriate calf thymus DNA standards (Sigma)
were dissolved in 0.1 M Tris-HCI1 (pH 7.7). Samples were
diluted 1:10 with 1 N NH,OH, and 10-4! aliquots were
dried at 60°C and dissolved in 200 xl of a 300 mg/ml 3,5-
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diaminobenzoic acid solution. The samples were incu-
bated for 30 min at 60°C with 2 ml of 0.6 N perchloric
acid. DNA was quantified by fluorescence spectrometry
using an Aminco-Bowman Model SPF 500C spec-
trofluorometer (SLM/Aminco Instruments, Inc., Ur-
bana, IL) set at an excitation wavelength of 420 nm and
an emission wavelength of 520 nm as described by Setaro
and Morley (1976). Protein levels (<1%) were analyzed
spectrophotometrically by reaction with Coomassie bril-
liant blue G-250 by the method of Bradford (1976). For
determination of DNA radioactivity, a 0.5-ml aliquot of
each sample was digested by incubation for 30 min at
80°C with 0.2 ml of 35% perchloric acid. The samples
were counted in 10 ml of PCS cocktail by liquid scintilla-
tion spectrometry.

Gross pathology. Except for rats designated for prelim-
inary studies, all rats were subjected to a complete gross
necropsy examination by a veterinary pathologist. At ter-
mination rats were anesthetized with carbon dioxide and
euthanized by exsanguination. The terminal body
weights and tissue weights were recorded for all animals.
Representative sections of all major organs and tissues
listed below were preserved in neutral, phosphate-
buffered 10% formalin fixative. Tissues routinely exam-
ined included accessory sex organs, adipose tissue, adre-
nal glands, aorta, brain (cerebrum, cerebellum, and brain
stem), esophagus, eyes, heart, kidneys, large intestine (ce-
cum and colon), larnyx and pharynx, liver, lungs, lymph
nodes (thoracic and mesenteric), mammary tissue, nasal
cavity and turbinates, ovaries, pancreas, parathyroid, pi-
tuitary, salivary glands, sciatic nerve, seminal vesicles,
skeletal muscle, skin, skull, small intestine (duodenum,
ileum, and jejunumy), spinal cord, spleen, sternum, verte-
bral bone and bone marrow, stomach, testes, thymus,
thyroid, trachea, urinary bladder, uterus, and any other
grossly recognized lesion.

Rats which died or were found in a moribund condi-
tion were also subjected to a complete gross examination.
Animals found dead outside the normal observation
hours were refrigerated until necropsy. As with the ani-
mals euthanized at termination, representative sections
of all major organ were collected from each animal and
preserved in neutral phosphate-buffered formalin.

Histopathology. An extensive set of tissues was pro-
cessed by rinsing with ethanol and embedded in paraffin.
The tissues were trimmed, sectioned at 5 to 6 um, and
stained with hematoxylin and eosin for general morpho-
logical examination by light microscopy. The tissues ex-
amined included adrenal gland, bone, bone marrow,
brain, colon, esophagus, heart, kidney, larynx, liver,
lung, lymph node (thoracic and mesenteric), mammary
gland, nasal cavity/mucus membrane, ovary, parathy-
roid, pituitary, pancreas, prostate, salivary gland, skin,
small intestine, spleen, stomach (glandular and fore-
stomach), subcutis, testes, thymus, thyroid, trachea, uri-
nary bladder, uterus, as well as all gross lesions and tissue
masses. A more limited number of tissues were examined
histopathologically from animals found dead or in a
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moribund condition. These included, as a minimum,
brain, kidney, liver, mammary gland, pancreas, salivary
gland, skin, gross lesions, and tissues masses.

Statistical analysis. Absolute and relative organ
weights, body weights, food and water consumption,
control and test values for EDC blood levels, metabo-
lism, and DNA covalent binding were evaluated by anal-
ysis of variance and Dunnett’s test (Liu, 1964). Gross
pathologic observations were not evaluated statistically.
Incidences of mortality and histopathologic observations
were evaluated by Fisher’s Exact Probability Test (Arm-
itage, 1971). The level of significance chosen was p
< 0.05.

RESULTS

Test chemical analyses. Chamber atmo-
sphere concentrations were 50.4 + 0.9 ppm
(mean *+ SD of daily time weighted average
concentrations) for the target concentration
of 50 ppm EDC. The concentrations of DS
and ET were determined for each lot of diet
or drinking water used. The dietary concen-
trations of DS were 0.049 + 0.001% and the
ET concentrations in drinking water were
5.07 + 0.03% (mean =+ SD). Thus the analyti-
cal concentrations for chemical exposures
were within 2% of the intended target concen-
tration for each exposure group. In addition,
the analytical results for the chamber EDC
concentrations were in close agreement
(within 2%) of the nominal concentrations
indicating minimal losses or decomposition
of the test material during vaporization.

Body weights, and food and water con-
sumption. A significant decrease in the body
weights was observed for both male and fe-
male rats in the DS and EDC/DS exposure
groups throughout the study. This effect, re-
sulting from an initial depression of body
weight upon exposure to the 0.05% DS diet,
appeared to be a result of an initial DS avoid-
ance, and the body weights for these groups
paralleled those of the other groups through-
out the study. Body weights of rats in the
EDC/DS exposure groups were statistically
different from their respective controls at ter-
mination of the study (Table 3). Body weights
of rats in the other exposure groups were not
statistically different from their respective
controls.
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The group mean 24-hr food consumption
for male and female rats in each exposure
group is shown in Table 1. On the basis of
these values, the daily intake of DS was esti-
mated to range from 10.0 to 10.6 mg/kg body
wt for male and 7.0 to 7.1 mg/kg body wt for
female rats. A consistent but not statistically
significant decrease in food intake, ranging
from —15 to —21% with respect to controls,
was noted for DS- or ET-treated animals
throughout the 24-month period. However,
the rats exposed to ET showed no corre-
sponding decrease in body weights, an obser-
vation which may be explained by increased
caloric intake by those animals. Significant
changes in the 24-hr group mean water con-
sumption occurred during the course of the
study for EDC/ET- or EDC/DS-treated male
rats (Table 2). On the basis of these values,
the daily intake of ET was estimated to range
from 2.4 to 2.6 g/kg body wt for male and 2.3
to 2.4 g/kg body wt for female rats.

Mortality and observations. The mortality
rates for the various groups of male and fe-
male rats showed no significant difference in
the survival on comparison with control val-
ues, and no apparent sex-related difference in
survival was noted. A relatively high percent-
age of the animals survived the 24-month
study, with 46 to 72% of the male and 48 to
70% of the female rats euthanized at termina-
tion (Table 3). Exposure to EDC, either alone
or in conjunction with DS or ET, had no dis-
cernible effect on the appearance of the ani-
mals during the course of the study. Certain
tissue lesions and masses were noted at nec-
ropsy with increased frequency in the EDC-
exposed groups of male and female rats on
comparison with control groups. Male rats in
certain groups were found to have increased
liver masses (32% for the EDC/DS group vs
8% for controls) which were primarily related
to bile duct cysts, kidney lesions including
cronic nephropathy, calculi of the renal pel-
vis and associated hyperplasia of the pelvic
epithelium (30% for the EDC/DS group vs
8% for controls), or testicular lesions (24% for
the EDC group vs 10% for controls). For the
female rats the most noteworthy observation
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TABLE 1

24-hr FooD CONSUMPTION BY MALE OR FEMALE SPRAGUE-DAWLEY RATS MEASURED DURING
MONTHS 1 THROUGH 24 OF ETHYLENE DICHLORIDE EXPOSURE

Male rats Female rats

Group* Grams/day % difference Grams/day % difference
Control 249 +1.8° — 18.1£5.1 —

DS 21.2%5.1 -149 142+42 -21.6
ET 20.7 £2.2¢ —-16.8 145+ 1.5 -19.9
EDC 23.6 2.3 —52 17.1+1.9 —5.5
EDC/DS 20.0+3.7 -19.7 144+26 —20.4
EDC/ET 19.6 + 1.8 -21.3 146+ 1.5 -19.3

2 (Groups of 50 male and 50 female Sprague-Dawley (Crl:CD (SD)BR outbred) rats were exposed to either 50 ppm
ethylene dichloride (EDC) or filtered air 7 hr/day, 5 day/week for 24 months. Certain groups were given 0.05%
disulfiram (DS), by weight, in the diet or 5% ethanol (ET), by volume, in the drinking water throughout the exposure

period.

% Caiculated as the average of weekly 24-hr mean food consumption values determined throughout the 24-month

study (means + SD).
¢ Significantly greater or less than controls ( p < 0.05).

was an increased incidence of liver masses in-
cluding bile duct cysts (46% for the EDC/DS
group vs 6% for controls). At termination the
body weights of male and female rats exposed
to EDC/DS were significantly decreased
while the relative liver weights were increased
in comparison with control values (Tables
3,4).

Histopathology. Exposure-related histo-
pathologic changes observed in rats that died
spontaneously or at termination were con-
fined to the liver, testis, skin, and mammary
tissue. The overall tumor incidence for rats
exposed to EDC/DS was increased when
compared with control or other exposure
groups (Tables 5, 6). For the liver, the inci-

TABLE 2

24-hr WATER CONSUMPTION BY MALE OR FEMALE SPRAGUE-DAWLEY RATS MEASURED DURING
MONTHS | THROUGH 24 OF ETHYLENE DICHLORIDE EXPOSURE

Male rats Female rats
Group* Grams/day % difference Grams/day % difference
Control 423+ 18.4° — 403+ 8.7 —
DS 459+ 7.0 8.5 40.8 + 8.1 1.2
ET 482 +12.7 13.9 450x 74 11.7
EDC 484+ 6.5 14.4 45.5+204 129
EDC/DS 54.9 + 18.9¢ 29.8 457+ 94 134
EDC/ET 51.8 £ 10.0¢ 224 47.9+15.0 18.9

2 Groups of 50 male and 50 female Sprague-Dawley (Crl:CD (SD)BR outbred) rats were exposed to either 50 ppm
ethylene dichloride (EDC) or filtered air 7 hr/day, 5 day/week for 24 months. Certain groups were given 0.05%
disulfiram (DS), by weight, in the diet or 5% ethanol (ET), by volume, in the drinking water throughout the exposure

period.

% Caiculated as the average of weekly 24-hr mean water consumption values determined throughout the 24-month

studyv (means + SD).

¢ Significantly less than controls ( p < 0.05).
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TABLE 3

SURVIVAL AND FINAL BODY WEIGHTS OF MALE OR FEMALE SPRAGUE-DAWLEY RATS
EXPOSED FOR 2 YEARS TO ETHYLENE DICHLORIDE

2-year survival (%)“ Final body weight (g)

Group Male Female Male Female
Control 58 54 607 + 114* 418+ 94
DS 72 70 606 + 95 331+ 63¢
ET 58 56 624 £ 108 470+ 118
EDC 60 64 672 + 121 442 + 88
EDC/DS 46 50 526 + 62° 348 + 77°
EDC/ET 54 48 657 + 105 523 £ 155¢

% Based on 50 Sprague-Dawley (Crl:CD (SD)BR outbred) rats per group.

5 Means = SD.
¢ Significantly less than controls ( p < 0.05).

dence of intrahepatic bile duct cholangiomas
and cysts was significantly increased for male
and female rats exposed to EDC/DS. The
male rats in that exposure group also had in-
creased numbers of neoplastic nodules. The
cholangiomas did not appear to be locally in-
vasive and consisted of a proliferation of bile
ducts lined by flattened epithelium. Although
no metastases were observed for this lesion
the pathology was reflected by an increased
relative liver weight. For the mammary tissue
the incidence of neoplasms was significantly
increased in female EDC/DS rats. Addition-
ally, testicular interstitial cell tumors for the

EDC/DS group were significantly increased.
Congestion of the mesenteric lymph node, an
unusual finding, was observed for DS and EDC/
DS rats of both sexes (49-61% for the DS groups
and 64-71% for EDC/DS groups vs 0—4% for
controls). This highly significant effect appears
to be related to DS exposure. Female rats ex-
posed to EDC showed a slight increase in the
incidence of basophilic focal cellular changes in
the pancreas which was not apparent in the male
rat. The male and female rats in both the ET
and EDC/ET groups had neoplastic and non-
neoplastic lesions similar to those described for
the controls (Tables 7, 8).

TABLE 4

TERMINAL ABSOLUTE AND RELATIVE LIVER WEIGHTS OF MALE OR FEMALE SPRAGUE-DAWLEY RATS
EXPOSED FOR 2 YEARS TO ETHYLENE DICHLORIDE

Absolute liver weight Relative liver weight
Group Male Female Male Female

Control 220+ 5.0(26)° 15.6 +3.5(27) 37+09% 3.8+0.7
DS 23.6 +3.5(33) 13.6 +3.0(33) 39+05 4.1+0.6
ET 23.4+7.5(26) 16.8 + 4.6 (27) 37+1.2 37409
EDC 25.2+5.3(26) 16.5 +4.2(32) 3.7+0.8 3.8+0.6
EDC/DS 243 +£4.3(22) 18.1 £5.2(22) 44+ 1.1° 5.3+ 1.5¢
EDC/ET 23.6 + 4.6 (26) 17.4 £5.5(22) 36+0.8 34+09

2 Means + SD (n).

b Liver weight g/100 g body wt.

¢ Significantly greater than controls ( p < 0.05).
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TABLE 5

TUMOR INCIDENCE FOR MALE SPRAGUE-DAWLEY RATS EXPOSED FOR 2 YEARS TO ETHYLENE DICHLORIDE?

Control EDC DS ET EDC/DS EDC/ET
Primary tumors 69 86 53 88 102 69
Total rats with tumors 42 45 32 42 45 42
Rats with multiple tumors 17 29 15 25 29 17
Total benign tumors 64 74 45 74 84 55
Total malignant tumors 5 12 8 14 18 14
Total malignant with metastasis 0 0 1 1 4 2

4 Based on 50 Sprague-Dawley (Crl:CD (SD)BR outbred) rats per group.

Blood EDC levels, metabolism, and uri-
nary excretion. The levels of unchanged EDC
detected in the blood of rats after a 7-hr expo-
sure at 50 ppm were significantly increased
by DS treatment. The concentrations deter-
mined for rats exposed to EDC alone were
0.28 ug/ml for males and 0.25 ug/ml for fe-
males after exposure. Similar values were
noted for the EDC/ET group animals. The
EDC/DS rats, however, showed a fivefold in-
crease in the amounts of unchanged EDC in
the blood of males (1.46 ug/ml) and females
(1.54 ug/mil). These values showed only slight
decreases after 2 hr as shown in Table 9.

Preliminary studies using 4-month-old rats
dosed at 150 mg/kg body wt with radiola-
beled EDC showed that the elimination of
'4C was essentially complete after 24 hr. In
those rats, elimination of the administered
14C was primarily in the urine with 49.7 to
51.5% excreted by that route. A large portion
of the administered radioactivity, 35.5 to

39.6%, was eliminated as unchanged EDC in
the breath. Only small amounts of radioactiv-
ity were detected as '*CO, or in the feces. For
the 2-year-old animals, a portion of the dose
may have been sequestered in the body fat
since the total recovery of administered *C
at 24 hr was only 71 to 86% (Tables 10, 11).
Rats exposed to ['*C]JEDC showed similar
elimination patterns. However, those pat-
terns were altered for groups exposed to DS,
EDC/DS, or EDC/ET, or female rats exposed
to EDC. Significantly increased amounts of
unchanged ['“CJEDC, 57.6 to 57.7 for EDC/
DS rats, were detected in the breath. For fe-
male rats, significantly increased amounts of
unchanged ["*C]JEDC, 55.3%, were present in
the breath for the DS and 40.3% was detected
for the EDC rats. A corresponding significant
decrease in the urinary “C was determined
for those treatment groups in comparison to
control rat values. The rats treated with EDC/
ET, however, had increased amounts of ra-

TABLE 6

TUMOR INCIDENCE FOR FEMALE SPRAGUE-DAWLEY RATS EXPOSED FOR 2 YEARS TO ETHYLENE DICHLORIDE?

Control EDC DS ET EDC/DS EDC/ET
Primary tumors 85 87 63 72 105 80
Total rats with tumors 47 47 46 41 46 47
Rats with multiple tumors 28 26 14 20 33 22
Total benign tumors 70 72 58 61 82 73
Total malignant tumors 15 15 5 t1 23 7
Totai malignant with metastasis 2 1 2 2 4 1

“ Based on 50 Sprague-Dawley (Crl:CD (SD)BR outbred) rats per group.
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TUMOR DATA FOR MALE RATS EXPOSED TO ETHYLENE DICHLORIDE®

Organ-primary tumors Control DS ET EDC EDC/DS EDC/ET

Liver

Number examined 50 50 50 50 49 50

Hepatocellular carcinoma 1 0 0 1 0 0

Neoplastic nodule(s) 0 1 1 2 6 4
Intrahepatic bile duct

Number examined 50 50 50 50 49 50

Cholangioma(s) 0 0 0 0 9® 0

Cyst(s), number 1 0 2 0 120 0
Spleen

Number examined 50 50 50 50 50 50

Number of primary tumors 0 0 0 0 0 0
Brain

Number examined 50 50 50 50 50 50

Astrocytoma, cerebrum 0 0 2 0 0 1

Astrocytoma, cerebellum 0 0 0 0 0 1
Pancreas

Number examined 50 50 49 50 50 49

Adenoma(s), islets 3 0 4 3 0 2

Carcinoma, islets 0 1 3 1 1 0
Kidneys

Number examined 50 50 50 50 50 50

Liposarcoma 0 0 0 | 0 0
Lungs

Number examined 50 50 50 50 50 49

Adenocarcinoma 0 0 0 0 1 0
Salivary gland

Number examined 49 50 50 50 50 50

Neurofibrosarcoma 0 1 0 0 0 0
Skin and subcutaneous

Number examined 50 49 49 50 50 50

Fibrosarcoma 1 0 0 1 1 0

Hemangiosarcoma 0 0 1 0 0 0

Carcinosarcoma 0 0 0 0 1 0

Neurofibroma 0 0 0 0 i 0

Fibroma 2 3 1 0 108 2
Mammary gland

Number examined 44 43 43 40 38 44

Adenocarcinoma(s) 0 0 0 0 1 0

Adenoma(s) 0 1 0 0 0 1

Carcinoma 1 0 0 0 0 0

Fibroadenoma(s) 0 0 0 1 0 1
Adrenal gland

Number examined 50 50 50 50 50 50

Adenoma, cortex 3 1 1 1 1 1
Testes

Number examined 50 50 50 50 50 50

Interstitial cell tumor 2 3 7 3 11° 5

Mesothelioma (4] 0 0 0 2 0
Pituitary

Number examined 48 49 48 48 49 44

Carcinoma(s) i 0 1 1 1 1

Adenoma(s) 30 23 30 17 30 22
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TABLE 7—Continued

Organ-primary tumors Control DS ET EDC EDC/DS EDC/ET

Forestomach

Number examined 48 50 50 49 50 50

Neoplasm(s) 0 0 0 0 0 0
Bone/marrow

Number examined 50 50 50 50 50 50

Osteogenic sarcoma 0 1 0 0 0 [
Thyroid

Number examined 48 50 50 50 48 47

Follicular carcinoma 0 2 1 1 0 |

Follicular adenoma 4 | 1 4 3 1

C-cell carcinoma 0 0 1 2 0 2

C-cell adenoma 6 4 8 5 5 2

“ Based on 50 Sprague-Dawley (Crl:CD (SD)BR outbred) rats per group.
® Values were significantly different from control values by Fisher’s Exact Probability Test, « < 0.05.

dioactivity in the urine, 51.1 to 55.1%, and
only 17.7 to 17.8% appearing unchanged in
the breath.

Radioactive compounds present in each
urine sample collected over the 20-hr period
immediately following administration of a
single dose of [1,2-U-"“*C]JEDC were sepa-
rated by HPLC and quantified by LSC. An
HPLC profile was constructed for each treat-
ment group. These qualitatively identical
profiles contained five compounds, which
were designated by their order of elution from
the HPLC column as I through V. The identi-
ties of the major metabolites, previously re-
ported by Reitz and his co-workers (1982),
were confirmed. Thiodiglycolic acid (IV),
eluting at 16.5 min, amounted to 54.3to 71%
of the radioactivity present in the urine. The
second most abundant metabolite, thiodigly-
colic acid sulfoxide (II), eluted at 11 min and
accounted for 18.0 to 32.7% of the urinary
radioactivity. Chloroacetic acid (V) was
eluted at 19 min in amounts ranging from 0.3
1o 4.3% of the total urinary activity. Two ad-
ditional metabolites, I (9 min) and IH (14
min), amounting to less than 12% of the total,
were unidentified. Although not statistically
significant the amounts of chloroacetic acid
in the urine of DS and EDC/DS rats showed
an apparent increase in excretion of that me-
tabolite (Tables 12, 13). No other quantita-
tive group-related differences were identified.

DNA covalent binding. The radioactivity
present in the blood and liver was deter-
mined, 6 hr after a single oral injection of
["*C]EDC, for male and female rats. The cal-
culated amounts remaining in the blood (as
parent compound) were 16.0 + 4.8 ug/ml for
males and 20.9 £ 5.7 ug/ml for females. A
higher amount remained in the liver, 76.2
+ 17.7 ug/g for male and 75.4 + 19.4 ug/g for
female rats. These values which may include
unbound EDC showed no significant expo-
sure-related difference for the groups tested,
and the overall blood/liver ratio was 4.8 for
males and 3.6 for females. The covalent bind-
ing of EDC or EDC metabolites was evalu-
ated after isolation and purification of the he-
patic DNA for each exposure group. The
presence of relatively high amounts of cova-
lent binding, amounting to 36 to 44 micro-
molar equivalents per mole of DNA, was
detected in unpretreated rats (Table 14).
However, no significant exposure-related dif-
ferences were noted.

DISCUSSION

EDC is a symmetrically substituted halo-
ethane which is structurally similar to other
compounds shown to cause cancer in labora-
tory animals (Weisburger, 1977), and has
been reported to induce tumors in both’
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TumoR DATA FOR FEMALE RATS EXPOSED TO ETHYLENE DICHLORIDE?

Organ-primary tumors Control DS ET EDC EDC/DS EDC/ET

Liver

Number examined 50 49 49 50 50 50

Hepatocellular carcinoma 0 0 0 1 1 0

Neoplastic nodule(s) 1 1 0 1 2 1
Intrahepatic bile duct

Number examined 50 49 49 50 50 50

Cholangioma(s) 0 0 0 0 172 0

Cyst(s), number | 0 2 0 24 0
Spleen

Number examined 50 49 49 50 50 50

Number of primary tumors 0 0 0 0 0 0
Brain

Number examined 50 49 49 50 50 50

Astrocytoma, cerebrum 1 0 1 1 0 0

Astrocytoma, cerebellum 0 0 0 0 0 1
Pancreas

Number examined 50 49 49 50 49 49

Adenoma(s), islets 2 1 1 0 0 2

Carcinoma, islets 2 0 1 0 0 0
Kidneys

Number examined 50 49 49 50 50 50

Number of primary tumors 0 0 0 1 0 0
Lungs

Number examined 50 49 49 50 50 49

Number of primary tumors 0 0 0 0 0 0
Salivary gland

Number examined 50 49 49 50 49 49

Indifferentists sarcoma 0 1 0 0 0 0
Skin and subcutaneous

Number examined 49 49 49 50 49 50

Squamous cell carcinoma 1 0 0 0 0 0

Sarcoma, subcutis 0 0 0 1 1 0

Fibroma, subcutis | 0 1 2 5 0

Lipoma 0 0 2 0 0 1
Mammary gland

Number examined 50 46 45 50 48 47

Adenocarcinomaf(s) 4 2 6 5 12° 2

Adenomafs}) 2 2 2 4 3 4

Fibroadenoma(s) 15 5 12 21 19 15
Adrenal gland

Number examined 50 50 50 50 50 50

Adenoma, cortex 2 1 1 2 0 2
Ovary

Number examined 48 47 49 48 47 41

Sarcoma(s) 0 0 0 0 1 0

Stromal tumor 0 1 0 0 0 0

Granulosa theca cell tumor 0 0 0 1 0 0
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TABLE 8—Continued

Organ-primary tumors Control DS ET EDC EDC/DS EDC/ET

Uterus

Number examined 49 49 49 49 50 50

Sarcoma, cervix 0 0 0 0 1 0

Stromal sarcoma,

endometrium 1 0 0 0 1 1

Adenoma(s), endometrium 1 0 0 0 0 0

Leiomyoma 0 0 0 0 1 0

Adenocarcinoma 0 0 0 0 1 0
Pituitary

Number examined 50 47 49 43 49 47

Carcinoma(s) 4 1 1 0 3 2

Adenoma(s) 37 38 33 25 35 39
Forestomach

Number examined 48 50 50 49 50 50

Neoplasm(s) 0 1] 0 0 0 0
Bone/marrow

Number examined 50 50 50 50 50 50

Osteogenic sarcoma 1 0 0 0 0 0
Thyroid

Number examined 49 48 48 47 49 47

Follicular carcinoma 0 0 0 0 0 0

Follicular adenoma 4 1 1 4 3 1

C-cell carcinoma 1 0 1 1 2 0

C-cell adenoma 4 0 2 2 2 0

¢ Based on 50 Sprague-Dawley (Crl:CD (SD)BR outbred) rats per group.
* Values were significantly different from control values by Fisher’s Exact Probability Test, & < 0.05.

B6C3F1 mice and Osborne-Mendel rats fol-
lowing lifetime administration by gavage
(NCIT, 1978a). The results of the current study
indicate that the exposure of rats to EDC at
50 ppm, the current U.S. occupational stan-
dard, with coadministration of DS, resulted
in an increase in the incidence of tumor for-
mation. Although DS alone resulted in no
significant tumor formation in this and other
studies (NCI, 1979) at levels consistent with
those used therapeutically, the combined
EDC/DS treatment resulted in significant
levels of intrahepatic bile duct cholangiomas
and cysts in both male and female rats. The
cholangiomas, an unusual lesion, consisted
of a poorly circumscribed proliferation of bile
ducts lined by a flattened or low cuboidal epi-
thelium. These lesions did not appear to be
locally invasive and there were no metastases.

In addition, the male rats were shown to have
a significantly higher incidence of interstitial
cell tumors of the testes, fibroma of the sub-
cutis, and hepatic neoplastic nodules. Similar
increases in appearance of fibroma of the sub-
cutis have been noted for male rats exposed
to EDC alone (NCI, 1978a). The exposure of
female rats to EDC/DS resulted in significant
levels of mammary adenocarcinomas. No
significant increase in tumor production,
however, was observed in rats after long-term
exposure either to EDC alone or to EDC in
combination with ET. DS, a compound used
in alcohol therapy (Pedersen, 1980), has been
reported to decrease the tumor formation
from certain other carcinogens through its
activity as an antioxidant (Wattenberg, 1975,
1978; El-hawari et al, 1989). Previous
NIOSH-sponsored studies, however, have
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TABLE 9

BrLooD ETHYLENE DICHLORIDE LEVELS AFTER 7-hr
EXPOSURE OF MALE OR FEMALE SPRAGUE-DAWLEY
RATS

Time interval after exposure®

Group Sex 0.25 hr 2.25hr
EDC Male 0.28 + 0.13% 0.22+0.13
EDC/DS Male 1.46 + 0.48°¢ 1.20 £ 0.28°¢
EDC/ET Male 0.36 £ 0.19 0.38 £0.15
EDC Female 0.26 +0.08 0.28 +0.04
EDC/DS Female 1.54 +0.49¢ 1.08 + 0.08°¢
EDC/ET Female 0.30 £0.15 0.35+0.13

% Rats exposed at 50 ppm EDC/7 hr.
% Blood EDC (gg/ml) (means + SD, n = 5).
¢ Significantly different relative to controls ( p < 0.05).

demonstrated that the coadministration of
DS with EDC resulted in testicular atrophy
and liver histopathology (Igwe et al., 1986).
In addition, the interaction between DS and
EDB, the bromine analog of EDC, signifi-
cantly increased the carcinogenicity of EDB
(Plotnick, 1978; Stein et al., 1978; Plotnick et
al., 1979; Elliot and Ashby, 1980; Wong et
al., 1982). Although the types of tumors re-
ported by those investigators for EDB/DS
(i.e., hemangiosarcoma and liver carcinoma)
differ qualitatively from those found after ex-
posure to EDC/DS in the present study, the
results of this study show that the DS interac-

CHEEVER ET AL.

tion observed for EDB is not limited to that
particular halocarbon.

For EDC administered in combination
with DS, a possible explanation of the ob-
served carcinogenicity may be related to the
presence of higher blood concentrations or
changes in the disposition of the compound.
After a typical exposure to EDC at 50 ppm
the blood EDC levels were low in EDC/ET-
exposed rats. The animals exposed to EDC/
DS, however, were shown to have signifi-
cantly higher blood levels of unchanged EDC
than those exposed to EDC alone. After the
oral administration of [1,2-U-"*CJEDC the
EDC/DS rats eliminated a significantly larger
portion of the '*C unchanged in the breath
and less as urinary metabolites than did the
previously untreated rats. This difference ap-
pears to be due to an overall decrease in the
rate of biotransformation in DS-treated rats,
a finding consistent with the known enzyme-
inhibiting action of DS. Inhibition of alde-
hyde dehydrogenase activity, and, to a lesser
extent, mixed-function oxidase and alcohol
dehydrogenase (Zemaitis and Greene, 1976),
may contribute to this decrease. The rate of
elimination of ["*C]JEDC by 24-month-old
rats was slightly lower than that previously re-
ported for 4-week-old 150- to 250-g Osborne-
Mendel rats dosed with the same 150 mg/kg
body wt amount of EDC (Reitz et al., 1980,
1982). Those investigators, in a series of stud-

TABLE 10

MALE RAT TOTAL 24-hr RECOVERY OF '#C

Percentage of administered ethylene dichloride®

Sample Control DS ET EDC EDC/DS EDC/ET
Total urinary 46.6 +0.7 35.2+6.0° 456 +2.5 42.5+44 27.6 +5.6° 51.1+1.8
Volatile organic 30595 40.5 + 6.3° 298 +0.3 27.3+3.1 57.6 + 8.8° 177+ 2.0
Carbon dioxide 0.5+0.1 <0.1 0.1 £0.1 0.1 +0.0 <0.1 0.2+£0.1
Feces 1.8+0.5 1.0+ 0.6 26+0.5 0.9+04 09+04 19+14
Total recovery 79.4+9.0 76.7 £ 7.1 782 +32 70.8 £ 5.3 86.0+5.0 71.0+ 1.4

@ Male Sprague-Dawley rats received 150 mg/kg body wt doses of [1,2-U-#CJethylene dichloride (means =+ SE,

n=3).
5 Significantly different relative to controls ( p < 0.05).
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TABLE 11

FEMALE RAT TOTAL 24-hr RECOVERY OF '*C

Percentage of administered ethylene dichloride®

Sample Control DS? ET EDC EDC/DS EDC/ET
Total urinary 55.0+3.6 36.4+4.6° 41.6 +4.7 33.9=x6.1° 249 +3.7¢ 55.1 1.3
Volatile organic 28.0+43 55.3+£6.1° 29.8+29 40.3+4.2 57.7+2.5¢ 178+ 1.0
Carbon dioxide 0.7+0.1 <0.1 0.2+0.1 0.1 £0.0¢ <0.1 0.2+0.1
Feces 1.1+0.2 0.2+0.6 24107 0.9+0.5 0.2+0.1 09+0.1
Total recovery 84.7 +0.5 919+5.2 73.9+3.7¢ 75.3+3.1¢ 829+46 739 £2.0¢

4 Female Sprague-Dawley rats received 150 mg/kg body wt doses of [1,2-U-'*CJethylene dichloride (means + SE,

n=3).
# Average of two rats.
¢ Significantly different relative to controls ( p < 0.053).

ies using young adult animals, found that
85% of the radioactivity appeared in the
urine, with 7 to-8% as CO,, 4% in the carcass,
and 2% in the feces at 48 hr. In a more recent
study by Mitoma et al. (1985) 4- to 6-week-
old Osborne-Mendel rats, given EDC at 100
mg/kg body wt, had 11.5, 8.2, and 7.1% of the
'4C appearing in the expired air, as CO,, and
in the carcass, respectively.

The chromatographic evaluation of uri-
nary metabolites excreted by 24-month-old
rats shows that the principal metabolite, thio-
diglycolic acid, accounted for 54.3 to 71.0%
of the radioactivity present in the urine. A
glutathione conjugate, thiodiglycolic acid
sulfoxide, accounted for an additional 18.7 to
32.7%, and 0.3 to 4.3% of the urinary radioac-
tivity was present as chloroacetic acid. The

urinary excretion of EDC metabolites for the
Sprague-Dawley rats is consistent with val-
ues reported for young adult Osborne-Men-
del rats by Reitz and co-workers (1982).
Other investigators have reported the pres-
ence of S-carboxymethylcysteine, thiodiace-
tic acid, and chloroacetic acid as major uri-
nary metabolites of 4- to 6-week-old rats (Mi-
toma et al, 1985) and mice (Yllner, 1971;
Mitoma et al., 1985). Additionally, the pro-
duction of the reactive intermediates, chloro-
acetaldehyde or S-(2-chloroethyl)-glutathi-
one, has been suggested to occur (Guengerich
et al., 1980; Anders and Livesey, 1980; Reed
and Foureman, 1986; Colacci et al., 1987).
Such metabolites could form covalent ad-
ducts by reaction with nucleophilic macro-
molecules in the cell and could be responsible

TABLE 12

MALE RAT ETHYLENE DICHLORIDE 24-hr URINARY PROFILE?

Compound Control DS ET EDC EDC/DS EDC/ET
Fraction [ 1.7 +0.6° 23+40 23+1.5 23+0.6 1.7£0.6 37+0.6
Thiodiglycolic acid sulfoxide  26.7 + 3.1 327+40 287+23 287+35 28.0+35 31.3+4.7
Fraction III 50+1.0 6.3+0.6 4.7+0.6 7026 50+1.0 7.3+£23
Thiodiglycotlic acid 65.3+45 57035 63010 60030 60721 543+70
Chloroacetic acid 0.7+4.5 1.7+£3.5 03x+1.0 1.7+1.2 40x24 27+38

“ Male Sprague-Dawley rats received 150 mg/kg body wt doses of {1,2-U-*CJethylene dichloride.

¢ Percentage of urinary radioactivity (means + SE, n = 3).



258

CHEEVER ET AL.

TABLE 13

FEMALE RAT ETHYLENE DICHLORIDE 24-hr URINARY PROFILE*

Compound Control DS ET EDC EDC/DS EDC/ET
Fraction [ 2.0+0.0° 1.5¢ 20+0.0 30+ 1.0 1.7 +0.6 1.3+0.6
Thiodiglycolic acid sulfoxide 237421 24.0 223+40 200x2.6 180+ 1.5 28.7+23
Fraction IIT 47+0.6 5.0 60x1.0 53%1.2 43+0.6 7.0+2.3
Thiodiglycolic acid 68.3+29 65.5 67.3+49 69.3+25 71,0+ 1.0 60.7 £ 0.6
Chloroacetic acid 1.0+0.0 3.5 1.3+0.6 1.7+0.6 43+1.2 1.3+0.6

¢ Female Sprague-Dawley rats received 150 mg/kg body wt doses of [1,2-U-'*Clethylene dichloride.

b Percentage of urinary radioactivity (means + SE, # = 3).

¢ Average of two rats.

for carcinogenic or mutagenic effects of EDC
(Banerjee er al., 1980; Guengerich et al.,
1980; Perocco and Prodi, 1981; Koga et al.,
1986). Reitz and his co-workers (1980) re-
ported that in vivo hepatic DNA covalent
binding was 13.9 to 21.3 micromolar equiva-
lents/mole after oral administration of 150
mg EDC/kg body wt for young adult rats.
The hepatic DNA covalent binding for 24-
month-old rats in the current study was only
slightly higher, ranging from 18.9 to 53.3 mi-
cromolar equivalents/mole of DNA. Cova-
lent binding of DNA nucleosides by EDC has

TABLE 14

LivER COVALENT DNA BINDING IN MALE AND FE-
MALE SPRAGUE-DAWLEY RATS EXPOSED TO ETHYL-
ENE DICHLORIDE

DNA covalent binding
(zmole eq/mol DNA)

Group Male Female Combined
Control 435+ 1.2» 364+66 400+ 34
DS 41,6+ 83 290+20 353+ 4.8
ET 375+ 3.0 26.9¢ 332+ 3.8
EDC 18.9¢ 350+39 286+ 45
EDC/DS 356+ 4.5 225+46 290+ 4.1
EDC/ET 533+£25.2 23.1+7.1 38.2+13.5

4 Sprague-Dawley rats received 150 mg/kg body wt
doses of [1,2-U-"*CJethylene dichloride.

® DNA isolated by solvent extraction and bound radio-
activity determined by scintillation spectrometry (means
+SE, n=3).

¢ Average of two rats.

been demonstrated in vitro by Guengerich
and his co-workers (1980). They also noted
that binding activity appeared to be highest
in the presence of GSH, an indication that the
GSH S-transferase pathway is important in
production of reactive EDC metabolites.
Those investigators noted some binding ac-
tivity in the presence of microsomal protein
and NADPH. The microsomal mixed-func-
tion oxidative metabolism resulting in the
formation of reactive 2-haloethylene oxides
is thought to be an important mechanism in
macromolecular binding by a variety of
chemicals (Henschler, 1977; Guengerich et
al., 1980, 1981). However, in vitro studies
conducted by Storer and Conolly (1985),
which compared the role of microsomal oxi-
dative metabolism and GSH conjugation
mediated by the GSH S-transferases, suggest
that conjugation is the primary source of
EDC genotoxicity.

In summary, the results of the present
study indicate that the exposure of rats to
EDC at 50 ppm (7 hr/day) with DS in the diet
resulted in the formation of increased num-
bers of tumors when compared with rats ex-
posed to only filtered air and standard diet.
The combined EDC/DS treatment resulted
in a high incidence of hepatic, testicular, and
mammary tumors in the rat. No increased in-
cidence, however, was noted for the EDC,
EDC/ET, DS, or ET groups. Although the
levels of hepatic DNA covalent binding by
orally administered ["“C]JEDC were signifi-
cant those levels did not appear to be altered
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by DS treatment, and the metabolism of
EDC was qualitatively the same as that of cor-
responding controls. However, a reduced rate
of elimination for EDC, along with sustained
blood levels of the unchanged compound,
could be related to the carcinogenic effects
observed for the combined treatment.
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