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Delincanor of the Role of Metabolisro in the Hepatotoxicity of Trichlorocthyiene and
Perchlorocthviene: A Dose-Effiect Study. BUBEN. J. A, AND O'FLANERTY, E. J. (1985). Taxicol.
Appl. Pharmacol. 78, 105-122. The relationships among dost. metabolism and bepaiotoxicity
m mice which resulted from subchronic exposure to the chlorinaied solvents trichloroetbviene
{TR]) ané perchiorocthviene (PER) were examined. Male Swiss-Cox muce received ather TRI
(0 w0 3200 mg/kgsday) o PER (0 10 2000 mg/kg/day) in corn oil by gavage for 6 weeks
Unnay meiabobtes from individual mice were quantfied 10 esumate the extent 1o which each
compound was mewaholized. Four parameters of hepatotoxicity were assessed: liver wejght.
triglveendes. glucose-6-phosphatase (G6P) acuwvity. and SGPT acuvity. TRI significantly affecied
liver weight ané GOP acuvity. PER affecied all four parameiers The mewaboiism of TR] was
lineariy related 10 dost through 160C mg/kg. bui thep became saturased The metabobsm of
PER was saturabie. The dosc—cflect curves of the affected hepatotoxicary parameters of both
compounds were ponlinear and resembied the dose-metabolism grapb of the corresponding
solvent. Piot of the bepaintoxicity date of eack compound against total uninarv metabolites
were iincar ir all cases. sugpesting that the hepatotoxizity of both PER and TR! ip miex s
directiy reiated to the exient of their mewbolistu. This patiert i consistent with formanon of
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the 1wxx¢ 1plermediate o the primary mewabolic pathwey of each compound. € 1985 academsc
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Studies by the National Cancer Institute
{NCD hzve demonstrated that mmice treated
chronically with hugh doses of the wadely
uvsed industnal solvents tnchioroethyiene
{TRI) and perchloroethviene (PER) had high
incidences of hepatocellular carcinoma (Na-
tonal Cancer Insutute, 1976, 1977). Attempts
10 assess ihe carcinogenic risk to man of
exposure tc these and other compounds
found 10 cause tumors it animals are being
made. However, such assessments have been
challenped because of lack of information
concerning twoe 1mponant relaonsmps: the
reiationship between disposibon of the com-
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pound at high and low doses, and the rela-
tionship between dose-related pharmacoki-
nenc factors and toxic response. Insights into
both of these relationships can be gained
from an examination of the pharmacokinetic
properues of such compounds. The impor-
tance of pharmacokinetic analysis in inter-
preting 10xic response has been reviewed by
Andersen {198]).

I most carcinogenicity bioassavs only a
few verv nign dcses are used. The perceniage
of animals developing tumors from chromic
weatment at these doses 1s determined. These
daia form the basis for assessment of the
carcinogenic risk of the compound to man.
An extrapolation is made from the animal
response data at high doses 10 the low doses
more characteristic of human exposure. Such
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an extrapolation may utilize any of a number
of mathematical models (Fishbein, 198Q),
but each assumes that the pharmacokinetics
of the compound in question obeys first-
“order kinetics over the range of the extrapo-
lation. Such an assumption is rarely valid.

A anumber of processes invoived in the
dispositicn of a compeund. garucularly the
metabolic processes, are cften Jdose depen-
dent. Thus dose depeadency has parucuiar
imporance since it is aow well 2stablished
that many chemicais known 10 be carcinogens
are meuabolized to reacuve intermediates
which can interact with cellular components
to initaie the tumorigenic process (Miiler,
1978; Weisburger and Wilhams, 1980). At
high doses, the mewabolism of many chemi-
cals is likely to de saturated, a resuit which
can iead to shifts in the reiative importaace
of metwabolic pathways and to relatve in-
Creases Or decreases in the !oXIiC respense.
For this ceason. the geed to cxamine the
rharmacokinetcs of 2 compound when risk
assessment or other evaluaton of dose-ce-
sponse relationships is t0 be undertaken has
been stressed (Munro, 1977; Watanabe et al.,
1977, Andersen, 1981).

Despite the problems associated with high-
dose data, litile has been done to ¢xamine
the effect of high doses on both metabctism
and toxic response. 1 RI and PER are good
models for such a study. Not oaly have both
been shown to cause hepatic tumors (n mice
in NCI carcincgenicity bioassays, but both
are believed to be metabolized through an
epoxide intermediate, an intermediate ofien
involved in inittation of carcinogenesis by
other chemicals (Heaschler, 1977; Van Du-
uren, 1975; Weisburger and Wiiliams, 1980).
Both compounds can aiso be eliminated un-
changed via the lungs, a nontoxic pathway
(Daniel, 1963). However, despite these simi-
larities, there is evidence that the kinetics of
TRI and PER metabolism differ significantly.
The metabolism of TRI has been reported
to be linearly related to dose, while that of
PER is saturable (Ikeda er al. (972). This
diference, together with their simiiar meta-
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boﬁcpathwaysandthcircommondwé
action, makes them ideal candidates for -
studving the effect of metabolism on toxicity,
The purpose of this study was to invest” 3
the relationships among TRI and PER e
metabolism, and hepatotoxicity in mice after
subchronic exposure o these sciveats, with
particular interest in how these relatcaships
are affecied at high doses. A dcsing ‘ormat
ssmilar o those ased in the NCI carcincge-
nicity broassays was fcidowed. Studies by
Schumann 2z a/. (198C) on PER and bv Stont
o1 al. (1982) on TR{ have suggested thar the
carcinogznicity of these soivents 10 mice oc-
Curs via an epigenetic mechanism, invoiving
repeated toxic insult to the liver is a prer=g-
visite to tumor formation. An uncerstanding
of the above relationships, therefore, couid
have sigmificant bearing on an assessinent of
the carcinogenic potential of these solvents.

METHODS

Chemicals. Trichloroethylene and perchioroethylene
{terachioroethyiene) wvere obrained from he Aidnch
Chemical Company. Trichiorocthviene was fisulled be-
fore use. Perchioroethyiene had a purty greater than
39% and was used without further purificabon.

Animals. Maie Swiss-Cox mice {outbred) were sotained
by breeding rom a colony at the Kettenng Laboraress,,
When the mice were between 3 and 5 menths 9
maies Tom each iitter were mndomiv issigned 10wt
dose group and were tall marked. Three 0 ive mce
were generally housed together in staniess-siee) cages
with wire-grid bottoms. The mice aad access 0 Pynna
Rodent Laboratory Chow at all umes. Water was avaiabie
ad libirum through an automatic watering system. The
room was maintained on a {2-br lighty/dark cvcie &t 21
* 2°C.

Dosing. Dose mixtures were prepared fresh ‘wo or
three times weekly by dissoiving calcuiated amounts of
the solvents in com oil. The mice were weghed three
times cach week; the weght of cach mouse determined
the amount of dose mixture it ‘eceived Mouse weighes
ranged from 34 to 45 g dose volumes ranged frcm 0.18
to 024 mi. The mice were dosed by gavage five tmes
cach week for 6 weeks, a total ot erther 29 or 30 doses.
Doses for PER were 0, 20. 100, 200, 500, 1000, 1500,
and 2000 mg/kg/day. Those for TRI were 0, 100, 200,
100, 300, 1600, 2400, and 3200 mg/kg/day. Controls
received com oil. Twelve to dfteen mice were used in
most dose groups: the {00- and 3200-mg TRI/kg/day
groups and the 1500- and 2000-mg PER/kg/day groups
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METABOLISM-EFFECT STUDIES OF TR} AND PER 107

containec 4 10 6 mice. The two control groups consisied
of 24 and 26 mice.

Frocedure. Four parameters were chosen 10 assess
hepatic toxicity: increases 1 liver weight. decreases io
biver glucose-6-phosphatase (GOP) acuwvity, increases in
biver mglveendes, and increases ip serum glutamate-
pyruvare trapsaminase (SGFT? actvity. Mice were killed
by cervacal fracture the day following their last dose. A
blood sampie was obtained by cardiac puncture. The
blood was allowed 10 clot and the serum. obtamned afler
centnfuganon. was frozen unti} its assay for SGFT. The
inferior veoa cava on the underside of the biver wes cut,
and the bves was perfused with 5 ml of ce-coid saline
viz the lef ventricie of the heart. The Liver was removed.
washed in coi¢ saiine. biotted dry. and weighed. 11 was
homogrnized ip 9 vol of 0.1 M Trnis—maleate bufier (pH
6.2) Ahguots were frozen until assay. Tnglveenide cop-
centrations were determined on 1-ml aliquots of bepatic
homogenate by the ethod of Van Handel and Zitversmit
(1957) & modibed by Butler &1 al. (1961). Glucose-6-
phosphatase acuvity was deiermined by measunng the
amount of phosphate reicased afier incubaton of C.1 ml
homogenate with 25 umo! of glucose 6-phosphate 1o 0.1

-mateate bufier (pH 6.2, 1otal volume = | mi} for
& un at 37°C. Four milliliters of 10% tnchiloroacens
aci was usad 10 stop the reacuon. Phosphate was
measured by the method of Fiske and Subberow (1925
and 1s expressed as micrograms of phosphate pe; milb-
gam of prowemn. Protein concentranop was determuned
by the method of Lowry & ai. (1951) using bovine serum:
alburmun ac the standard. SGPT activity was determined
or 0.1 m! of serum bv the method of Rertmar and
Frankel (1957). DNA was measured by the method of
Burion (1968).

Poruons of freshiv removed liver were fixed 1 10%
neutral Formahn embedded in parafin, and secuoned.
T secboms were processed by smandard  procedures,
stained witk hematoxviin and eosin. and submitied for
histologial evaluanon. Weighed pornions of some hvers
were placec 1p an oven at 75°C untll a consiant dry
weight was obtained.

Hepaotexiany data were analyzed by analysis of
vanance, an¢ compansons between each dose and s
respective control were done by the Studeni-Newman-
Keuls procedure (Soka! and Ronlf. 1969).

Urina- meahoiites. During the dosing penod. inds-
vidual mice from each of the dose groups were placed
e moust meiabolisin cages supphed by Wanmann
Manuiactuning Company. Feed and water were aiways
available. After an acclimaution dey. 2 24-hr unne collec-
non was aken. Tweo 10 four unne sampies were coliected
per mouse thiroughout the 6-week dosing peniod.

Preliminany studies to investigate day-t0-day and week-
ek variations in the patiern of urinary metabolites
alsc camed out. For these studies. mice were
housed ir metabolism cages throughout the dosing peniod
anc daily unine coliections were made.

Quantification of the unnarv metabolites trichioro-
ethanol (TCE) and tnchloroacetic acid {TCA) was by
the method of Humbert and Fernandez (1976). A Hew-
leti-Packard Mode! 7620A gas chromatograph equipped
with 2 tritium electron capiure detector was used for the
anatvsis. The column. containing $% OV-i7. was heated
@ 92°C.

Oxalic acid ip unne was determined by the method
of Hodgkinson and Williams (1972). A method reporied
by Rajagopal ané Ramakrishnan (1975) was adapred to
determine whether ethylene glveol was a unnary metab-
olite of PER.

Daia analysis. The bepatotoxicity dats wenr plotied
against both dose and total urinary mewbolites The
data points were fit using the Nonlin computer program
provided by the Upjohn Company (Metzier @1 al., 1974),
or by lincar regiession analysis, as appropriaie.

RESULTS

Hepatooxicity

Mice 10ierated the 6-week po dosing with
either compound. ¥ew deaths occurred except
at the highes: dose of each compound. These
adeaths appeared 10 be the resuli of central
nervous svsiemn depression. Mice in all dose
groups conunued 10 gain weight throughout
the 6-week dosing period.

Botk solvents caused dose-related increases
in the Liver weight to body weight rano
(Table 1). Since the body weights of the mice
were generally unaffecied by any of the treai-
ments, these increases represent true liver
weight 1ncreases. Doses as iow as 100 mg/
kg/day of each compound were sufficient to
cause statisucally significant increases in the
Lver weight/body weight ratio. The increases
in hiver size were atiributable 10 hvpertropbhy
of the liver cells as revealed by histologcal
examinauon and by a decrease 1n the DNA
concentranon of the Lvers (Table 2). Mice
in the highest dose group of each solvent
displavad bver weighi/body weight ratos
which were about 75% greater than those of
controls.

PER caused a marked dose-related accu-
mulation of triglycerides in the liver (Table
1). Mice in the high-dose groups had six
times as much triglyceride per gram of liver
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TABLE 1
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TRANSAMINASE (SGPT) ACTIVITY OF MICE AFTER A 6 WEEKS EXPOSURE*

G6P
Dose Liver weight/body Liver tnglycendes {ug phosphate/mg tunits/0. | é
{mgykg/dav} weight %) ‘mg/g liver! protein/20 mmi serum)
Trnchlormnethyiene
0 322 £ 0.09 24) 3.08 = (.29 (24) 1255 = 320D 1:.3 21319
0 S84 £ 0205 3.12 £ 049 (5 i17.8 £ 6.0{5) _
200 539 = 013 (i) 441 20,76 (12) it6.4 = 239 it3 =237
0 6.3 = 0.12 (12)e== 433 = 105 1) T3 46D T = 23 o
300 T2 Z 042 (ilye= 3.76 £ 0.35 (1) (1487 = 1319y il = 1.3
1600 851 = 02012y 5.82 093112 89.9 = .79y 4.0+ 1N
2400 382 = 0.15 (il 6.39 £ 1.40 {12)* 818 = 1! gy NS = A8 (1™
3200 9.12 £ 015 (4™ 702 £ 0.69 4) 83.0 = Tz 8.8 = L (4
Perchlorcethviene
9 .21 = 0.09 (28) 3.23 £ 0.29 (26) 136.5 = 3liid 113 = L3 g
0 551 20,01 (13) 272 £ 027 (13) 1320+ 766) 113 2 0.7 (i)
100 5.97 + Q.41 (13 7.66 = 1.78 (137 1204 = .75 18 = i.1(40)
200 5.45 £ 012 {15y 1321 £ 228 (157 1184 + 12,45 153£190M9
00 7.35 = 0.16 113)*=* 32,69 = 161 (15 110.4 = 7.5 5% 28.4 = L7 i0y-
1000 7.39 + 0.16 {19y=* 25.68 £ 1.54 (19y™ 101.5 =+ 4.} 8y 4.6 £ 5.3 {12y
1500 8.10 = 0.27 i6y=> 24.52 £ 159 (55> 4.5 £ 2.1 4y 4.1 £ 3.3 (6
2000 9.00 = 0.0t ()™ 20.10 = 2.08 6 392 = 4.0 .1a)= 0.4 * 5.6 14)=
? Yaiues are X + SE determined n (V) mice.
* p < 3.U5 from control group.
* p < .01 from ccutrol group.
*=* p < 0.00t fom control group.
- o
TABLE 2
DNA Corm-:N"r. HISTOPATHOLOGICAL EVALUATION, AND WET WEIGHT/ORY WEGHTY
RATIOS OF LIVERS FROM TREATED MICE
DNA“ Wes widry
Croup {mg/g liver) Degeneration  Karvorrhexis  Necrosis  Polypioidy wt ratin®
Control 283 +0.17 =) - - - 3.45 £ 0.12
400 mg TRIi/kg 2.57 + 0.14* ++ + - + 3.49 = 0.7
1600 mg TRS/Xg 218 + 0.08% +++ ++ + + 348 = 0.18
200 mg PER/kg 252 2 0.27 T+ - i) (= 123 =013
1000 mg PER/kg  2.36 + 0.21™ +4++4 ++ + + 3.18 + 020° ...

“TxSD(n=40r5),
b¥+SDn=3.
° Histological evaluations are graded: —, pegative; + to ++++, increasing severity of observed pathoiogy.
*p < 008
= p < 0.01.
== p < 0.001.
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as controi mice. in contrast. TRI had verv
Bttle effect on hepatic tngiveendes. Although
mice in the highest dose groups had mean
mglveeride concentrations twice the control
value, the tiglyceride concentranons in some
of these mice were not elevated over those
of contols The gross appearances of livers
from PER- and TRl-treated mice were con-
sistent with these results. T he livers of almost
all mice receiving 200 mg/kg/day or more of
PER were pale and morttled in appearance,
patiern characierisuc of fatry bver. The livers
of TRI mice, aithough enlarged. appeared
pormal.

Both PER and TRI caused dose-related
decreases in  glucose-6-phosphatase actvity
{Table 1). These decreases were small, onlv
about 1{%, unul the dose reached 800 mg
TRI/kg or 500 mg PER/kg Mice receiving
" highest doses of TRI and PER had G6P
_soes which were 66 10 70% of the control
value.

SGPT acuvity was not increased in TRI-
treated mice except at the two hughes: doses
{Table i). Even a1 the 2400-mg/kg/dav dose.
helf of the mice had norma! values. PER
czused sipnificant increases iz SGPT acuvity
m 500 mg/kg/day. A threshold appeared to
exs: at JO0 mg/kgiday. At the highest PER
auscs, SGPT acuvity averaged about 45
tansaminase units per 100 ud serum, four
times the control value. This increase reflects
muld 16 moderate hepatic damage. As a com-
parison. several mice were teated with two
or three doses of CHCl: (400 mg/kg) or CCl,
(160G mg/kg). enough 1C cause severe hepa-
1otoxicity; their SGPT activities ranged up to
severai hundred units per 100 ul. With either
TRI or PER, SGPT acuvity rarely exceeded
70 units per 100 ul.

Hisiopathoogy

The livers of mice from several dose groups
were histopathologically examined. A sum-
‘ v of the observations is shown in Table
iver degeneraton, manifested by swollen
hepatocviss, was common in all four treat-

ment groups. Celis had indistinct borders:
their cytoplasm was clumped and a vesicular
patiern was apparent. The swelling was not
simply due 10 edema, as wet weight/dryv
weight ratios did not increase (Table 2).
Ewvidence of karyorrhexis, the disintegration
of the nucleus, was present in nearly all
specimens and suggested impending cell
death. Central Jobular necrosis was present
in some specimens. Polyploidy was aiso char-
acteristic in the central lobular repon. Hepatic
cells had two or more nuclei or had enlarged
puclei containing increased amounts of chro-
matin, suggesting that a regenerative process
was ongoing. Both solvents caused similar
pathology, but it was generally more severe
in the PER-treated mice. Also, fine dropiets
of lipié were commonly present in the cyio-
plasmo of the bepatocvies of PER-treated, but
pot TRi-treated, mice. ’

Preiiminary Metabolism Studies

Trnichloroethanol and tichloroacetic acid
were found in the urine of mice treated with
TRI. Verification of the metabolites was ac-
complished by compansons with known
standards. TCE was the predominant metab-
olite, and much of it was conjugated with
glucuronic acid. TCA generally accounted
for between {5 and 30% of the wotal urinary
metabolite. Urine from several mice was
coliecied daily throughout the 6-week dosing
period. The amount of urinary metabolite
did not show significant dav-to-day vanability
or week-10-week trends.

Gas chromatographic analvsis of urine
from PER-treated mice identibed TCA as
the onlv meiabolite. The possibie presence
of dechlorinated metabolites such as oxalic
acid or ethvienme giveol. reponied as PER
meiabolites by other investigators (Pegg er
ai.. 1979; Damel, 1963: Dmitrieva. 1967).
was investigaled. Six control mice excreted
0.327 = 0.085 mg of urinary oxalic acid/day.
Nine mice receiving PER doses ranging from
200 w0 2000 mg/kg/day had 0.351 = 0.081
mg of oxalic acid/day in their urine. Therefore
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Py

either compound was less than 5% of the™

B3

oxalic acid was eliminated as a kinetically

significant metabolite. Ethylene glycol also
was not found.

There were day-to-day trends in the
amount of TCA excreted by mice dosed with
PER. The amount of TCA excreted cach day
tended to incraase. befcre leveling off icward
the 2nd of the week. This patiern occurred
secause the metaoclism and/or excreucn of
PER was siower than that of TRI. and 10 10
15%, of the metabolized PER was not 2xcreted
within 24 hr. but was carnied over :o the
follewing day. No week-to-week irends in
TCA urinary excretion were otserved. The
influence cf the day-io-day trend in uripary
excretion of TCA was minimized by consis-
tentiy collecung unne from the mice on
specific days late in the week.

The conmbution of fecal efiminaton of
metaboiites in mice dosed with cither TRI
or PER was examined. The amount of me-
1aboiites in the feces of mice eated with

700 -

300

Total Urinary Metabotlite (mg/kg)
T

amount found in unne, and its contributiom

was neglected. ,a)

A bhiphasic reiationship between amount
of unnary metaboiite and TRI dose was
cooserved (Fig. !). The imitial portion of this
curve was linear through 1600 mg TRI/kg,
before an abrupt piateau was reached. The
Uneanty of this (niuai poruon of the curve
was verified by the fractional mewmboism
occurting at each dose. With the excepuon
of the 200-mg/kg dose, 27.3% of each dose
in the range 100 tc 1800 mg'kg dav »as
converted into urnnary metaboilte. Above
1600 mg/kg the fraction of each dose metab-
clized decreased. suggesting that TRI metab-
olism apprcached saturation beyond this
dose.

TRI Merabolism

—O-H

—

2z 98
a=218

TRI Dose {mg/kg)

FI1G. 1. Relatonship between the TRI dose and the amount of totai unnary metabolite 2xcrewed per
day by mice in ¢ach group. Values represent X = SE. ¥ = 7 t0 9 mice der group except for the (00- and
J200-mg TRI/kg groups where V = 4 and 3, respectively. The slope a and ~* value for the !inear regression
fit of the 100- to 1600-mg/kg data points are given.
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PER Meranoiism

The reiauonship herween PER metabo-
lism and dose 1s shown in Fig. 2. The dawa
points were fit with ap eguation analo-
gous 10 the Michaehis-Menten expression,
Y = (MpuX)/iK,, + X). which descnibes ca-
pacitv-limited kinetics. X is the dose. Y is
the amount of metaboine resulting, My, is
the maximum amount of metabolite formed
and excreted in 24 hr, ané K, is. in this
case. the dose at which the amount of me-
tabolite excreted in a 24-hr period is half the
apparent maximum amount. The data i1 the
expression very well; r° was 0.996. M,,, was
136 mg/kg/day and K, was 660 mg PER /ke.

The fracuon of each dose metabolized
decreased with increasing dose. consisient
vw=th capacitv-limied metaboitsm. About 25%

. very low PER dose was metabolized.
but ondy 5% of a very hugh dose.
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Effect of TRI Metaholism on Hepaioexiciry

TRI significantly affected only two of the
four hepaloicxicity parameters, liver weight
and G6P activity. Whern dose was plotied on
a hinear scale against the percentage increase
in liver weight, or against the percentage
inhibinon of G6P activity, biphasic curves
exactiv analogous to the TRI metabolism
curve resulted (Figs. 3A and B). In each case,
the relatonship between dose and the toxic
effect was linear up through 1600 mg TRI/
kg/day. reaching a plaieau at high doses.

However, when these same hepatotoxicity
data points were plotted against the amount
of metabolism {i.e., total unnary metabolites)
at each respective dose, hinear relationships
were observed throughout the entire dose
range (Figs. 4A and B). The ppints corre-
sponding 10 the piateau region of the dose-
efiect curves fall around the regression line

o P

206 500

100C 150¢C 200¢

PER Dose (mg/kg)

~ FIG. 2. Relauonship between the PER dose and the amount of total urinary metabolite excreted per
dav by mice in cach group. Vaiues represent X = SE. N = 9 10 || mice per group except for the 1500-
and 2000-mg/kg doses where N = 4 or £. The points were fit by the Michaelis-Menten equanon, and the
values for Mo, and K,, are given. together with the r? value.
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% Increass Ia Liver Wi / Body Wt Ratio

4

il

% G8P Inhibivion

TRI Dose (mg/g)

FiG. 3. Dose—effect relationships between TRI dose and the hepatotoxicity parameters of (A} liver
weight incresses and (B) G6P inhibition. Indicaled vatees are the slope a. intercept b, amd 7~ ~alue for
the linear regression of the 100- 10 1600-mg/kg data points.

in the metaboiism—<flect graphs. This indi- Effect of PER Metabolism on Hepatotoxicity
cates that the nonlinearnity seen in the dose-

effect relationships can be explained by a Graphs relating PER dose 10 each of e
change in the kinetics of TRI metabolism. four hepatoloxicity parameters resuited s
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) 200 400 600 800

Total Urinary Metabolite (mg/kg)

FIG. 4 Relationships between the hepatotoxiary parameters of (A) hiver weight increases and (B GO6P
inhibiuot. and 1otal unnary mewbolite excreted per day by mice from the various TRI dose groups.
Indicaled values are the slope a. intercept b. and r° value of the lincar regression of all points.

Wlk curves analogous to the PER
ctabolism graph in Fig 2 (Figs. SA-D).

The data points in ecach case were fit by

the expression Y = (E_,X)/(K, + X), where
E iy is the maximum effect, and the resulting
Emax and K, values, as well as the r? values,
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[~}
e

% Increase in Liver Wt / Body Wt Ratlo

PER Cose (mgrkg)

I8 r

% G6P Inhibition

1 Il 1 1 i
9 200 500 1000 1500 2000

PER Dose (mg/kg)

FIG. 5. Dose—effect iationships between PER dose and the hepatotoxicity parameters: {A) liver weight
increases: (B) G6P inhibition: (C) wriglyceride increases: {D) SGPT activity increases. The oints were fit
with the Michaelis-Menten equation, and the values for £.. and K., and the ~ vaiue are given. The fit
for C was based only on the 0- 10 1000-mg/kg data points.

are oresented on each graph. The X, values exists between metabolism and hepatowx-
of three of the four hepatotoxicity parameters  icity.

are simiar to the X, of PER mewbolism, a Graphs of the four hepatotoxicity param-
resuit which is expected if a relationship eters against metabolism resuit in linear s
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(Figs. 6A-D). These results sirongly suggesi
that the oxicity of PER 1s aisc reiated to the
amount of meiwabohism. The metabolism-
 cffect graph of hepatic triglycendes (Fig. 6C)
" jeviates from linearity above the 1000-mg/

day dose point. This devianon may be
the result of achievement of 2 maximum
effect. Triglyceride concentrations increase

with PER dose up 10 1000 mg/kgiday. but
decrease at higher dose rates (Tabie 1). if a
maximum 1n the 1otal amount of hepatic
triglveerides had been reached by the 1000-
mg/kg/day dose, the larger liver weights of
the higher dose groups would result in a
relative decrease in triglvcende concentration
per gram of liver at these higher doses.
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Two observations support the concept of
~~triglyceride maximum: (1) towal hepatic
ids  (triglvceride  concentrations X liver
weight) did not greatly differ among the three
highest PER groups; (2) mice receiving two

or three doses of CClL, or CHCl, (1600 and
400 mg’kg/day, respectively), hepatotoxicants
known to induce fatty liver, had hepatic
tmglycende concentrations of approximately
24 + | mg/g liver, virtually identical to those
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seen in the mice receiving 1000 and 1500
mg PER/kg/day, suggestung that this value
may be the upper limit of triglyceride accu-
mulation in this strain of mice.

DISCUSSION

The chiecuve of this studv was 'o 2xamine
the relanenships among -fose. metabclism.
and 1eraroloxicity in mice after ¢xposure io
either TR! or PER for & weeks 0 determine
the part that metabolism piavs in the toxiaity
of these scivents. The lineanty seen tn ail six
metwabolism—effect graphs. which relate the
vanous hepatotoxicity parameters !0 the
amount of metaboiism occurring at each
dose of TRI and PER. indicates that the
hepatotoxicity of toth these ccmpounds s
direcdy proportoral to the extent io which
the scivents are metabolized.

Such a resuit s consisient with the pro-
pesed metabolic scheme of both compounds.
3oth TRI and PER are believed 1o be me-
:abelized by the mixed-funcuon oxidase sys-
tem !0 ¢poxide intermediates, and then 10
stable terminai metwabolites excreled mainly
in the urine {Daniel, 1963: Henschier. 1977
Leibman and Cruz, 1977; Ylner. 1961). TRI
epoxide is converied into chioral hvdrate,
which is tfurther metwabolized 0o TCE and
TCA by aicchol dehydrogenase and chiorai
hydrate dehydrogenase, respectively. PER
epoxide is believed to convert spontaneously
to trichlorocacetyl chioride, which is rapidly
hvdrolyzed to TCA. The epoxide is believed
to be the toxic intermediate in each case,
reactive enough to bind to cellular macro-
molecules (Henschler, 1977; Van Duuren,
1975; Leibman and Ortiz, 1977; Allemand
et al., 1978). Covalent binding of both com-
pounds has been demonstrated (Van Duuren
and Banerjee, 1976; Banerjee and Van
Duuren, 1978; Bolt et al., 1977; Uehleke and
Poplawski-Tabareili. {977; Boit and Filser,
1977; Allemand er af., 1978; Pegg er ai.
1979),

Toxicity should parallel metatolism in any
compound for which the reactive intermedi-

BUBEN AND OFLAHERTY

ate responsibie for the toxic effect is part of °

the primary metabolic pathway, as is the case
with TRI and PER. Aithough the data
consistent with the view that the mewab’
pathways of both compcunds invoive U
2poxide as the toxic intermediate. they are
not restricted by it. Racenuv. Miiler and
Cuengench (1982, (983} aave sroposed that
the spoxide is 10t an sotilgate ntermediate
:n TRI metatolism. The resuits of he present
tudy demcnstrate that {ormauon of the re-
acuve intermediate, wnatever :ts struciure,
must be preportional ic :he overall amount
of metaboiism. since when metabolism
reaches a constant maximum vaiue the tox-
1city also does not increase further.

It sheuld te pointed cut thar use of total
unnary melacoiies as the index of metabo-
lism is an approximaton. Most of the TRI
or PER which is metabolized through reacuve
intermediates is converted to aither TCA or
TCE and excreted in the urine. Very httle is
excreted in the feces. Some metaboiized
compound (both TR{ and PER) is bcund to
macromoiecules, and some is metaboiized 0
carbon dioxide (Daniei, i963; Pszg er 4l.
1979, Schumann er af, 1980; Stott ¢ al,
{982: Parchman and Magee, 1982). To the
2xtent t0 which these faciors are wnpvois
toti urinary metuabcitie is an Jnderesun.
of the actual amount of metabolism. How-
ever. at the doses used, uripary excreton is
by far the major route of disposition of
metabolized compound. Therefore, total uni-
nary metabolites shouid be a reasonabie ap-
proximation of the amount of metabolism.

The reiationship between the metabolism
of these compounds and their toxicity i1s aot
an unexpected finding. It has been shown
that the toxicity of numerous compounds 1s
a result of their metatolism to reactive inter-
mediates (Mitcheil er al, 1976; Gilletie e
al.. 1974), and Mocslen ¢ al. (1977) have

demonstrated an association between TRI
metabolism and hepatotoxicity. However, the
implications of such a relanonship. particu-
larly the quanutative associauon demon-
strated here, are important.

"
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First, it 1s noteworthy that the relanonship
between toxicity and metaboilst 1s demon-
strated by both TRI and PER despite differ-
ences 10 the kinerics and rates of their met-
abolic processes. The metabolism of TRI is
linear with dose until high doses are reached.
Then 1 abruptly reaches saturation and levels
off (Fig. 1). This tvpe of behavior has recently
been described 1n inhalanon uptake studies
of a pumber of small halogenated com-
pounds, including TRI (Filser and Boh, 1979;
Andersen er al.. 1980, Andersen. 1981). and
has been iermed “flip-flop™ kinebcs. It occurs
wher the hepatic enzymes are able 10 mewab-
olize the substrate readily (i.e., the K,, value
1 small). At low and iniermediate Goses, the
major facior kmiting the rate of metabolism
is the blood fiow to the liver (Andersen,
-3981). ¥ the concentration of the compound

e biood 1s propornona; 1o the dose. the
“afnount of metabolism would also be pro-
portiona! to dose. As iong as perfusion re-
mains rate imiting. firsi-order kineucs will
be obeved. However, as dose is increased, at
some point the capacity of the metabolizing
cnzvmes s reached and thev become satu-
rated. A1l that point the kinetics shifi from
Srst order to zero order, and & plateau in the
dose-metabolism relanonship occurs. This
kinewc behavior seen with TRI indicates that
metzbolism of TRI by the hiver is a hugh
afhmtv, high capacity process.

In contrast. the metaboism of PER (Fig.
2) displavs ciassical saturable kinetics. This
patiern suggests. especially wath its high K,,,
value of 660 mg PER/kg that extraction
and’or metaboliste of PER by the hepatic
enzvmes is not efficient. The exient of PER
mewbohism 1s dose dependent, even at low
concentauons. In addmuon. the hiver has a
low capacity for metabolizing PER; the M,
of 136 mg TCA 'kg/day 1s less than one-fifth
{20%) of the exient to which TRJ can be
metabolized. This hmited capacity for PER

" “vetabolism has been observed in numerous

secies (Tkeda er al., 1972; Daniel. 1963;
Monster, 1979: Pegg e al., 1979). Despite
the contrasts in the kinetics of TR] and PER

metabolism, the toxicity of each compound
is proportonal tc the extent of its metabolism
over the entire dose range studied.

A second inference. regarding the relative
toxicities of the reactive metabolites, can be
drawn from the results. A comprarison of the
hepatoroxicity elicited by TR1 and PER shows
that there were both quantitatve and quakli-
tauve differences. Both compounds caused
increases in liver weight, decreases in glucose-
6-phosphatase activity, and similar histopa-
thology. Comparnson of the doses which resuht
in equivalent effect suggest thar PER 1s at
least twice as potent as TR] on a2 molar basis
with respect 10 these toxic indices. The dif-
ference 1n potency is considerably greater
with jegard to SGPT and triglvcende ip-
creases. Since at any given dose from two 1o
five nmes more TR] thap PER is metabolized,
1t follows thai the toxic meiabdiite of PER is
considerablv more potent than that of TRI.

Third, the dose—cfiect graphs (Figs. 3 and
5Y illusgate that a maximmurn occurs in each
effect as dose 1s increased. With the exception
of the effect of PER on hepatc tngiycendes,
each maximum results from a change 1n the
kineucs of metaboiism. This result illustrates
one way bv which a nonhneanty between
dose and effect can anse.

Finally, the findings shed light on several
factors involved in risk assessment. First,
theyv establish that the amount of metabohism
of both- TRI and PER 1s direcdy related 1o
their hepatotoxicity. It is the internal param-
eter upon which assessment of their toxicity
should be based. Since there is strong evidence
supporung the proposal that TRl and PER
cause hepatocellular tumors in mice as a
result of an epigeneuic mechanism involving
repeated liver damage (Schumann er al.. 1980:
Sion er al., 1982). these results invoiving the
effect of metwabolism of TR! and PER on
hepatic 10xicity have implications with respect
10 their carcinogenicity as well.

Risk extrapolation esumates 10 date have
related dose to response. It would be much
more fruitful to base the extrapolation of risk
on metabolism rather than on dose for those
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compounds whose toxicity or carcinogenicity:
has been demonstrated to be dependent on
metabolic activation. Other authors have dis-
cussed the ments of using internal parameters
10 ¢xplain :oxic response Or estimate <arCl-
acgenic potential (Gillerte. 1974a.5; Gehning
and Blau. 977: Ancersen. {381y For ask
assessment Curpeses. sreliminary  pparma-
coikaneuc studies shouid »e undertaken 0
reiate the administered Jose to the sigmificant
mmternal parameter of netaboiism. Tas prin-
cipie may apply 10 manv 2e0elC arcincgens
as well. Many of these agents are first metab-
olized to texic intermediates which react vith
cellular nucleic acids. The extent of thewr
metabolism would likely be more directly
reinted to therr carcincgenic actvity ian
wculd dose.

Second. the results of this study demon-
strate that use of high doses in studies
such as the NCI carcinogenicity bioassays
often lead 'o saturation of metabolism. The
metabolism of PER deviated from lineanity
at doses above 100 me kg, considerably iower
than the doses unlized in the NCI stuady
(Naticnal Cancer insutute, 1377). Even the
metabciism of TRI, a compound which is
readily metabolized, apprcached satraucn
at 2400 my/kg, a deose equivaient :o the
maximum tolerated dcse used in the NCI
bicassay (National Cancer Institute. 1976).
As pointed out earfier. such saturated metuab-
slism was associated with the occurrence of
maxima in measured effects. This sarurated
metabolism may explain the absence of a
dose-related response in the hepatic tumori-
genicity data of mice in the NCI study of
PER, as well as the rather smail increase
observed among male mice despite a doubling
of the TRI dose (National Cancer Institute,
1976, 1977). Extrapolation for purposes of
risk assessment of such high-dcse data without
correction for the pharmacokinetics of the
metabolic process may iead to erroneous
results (Watanabe er al. 1977) and may
greatly overestimate the actual rnisk. It is
unlikely that the pharmacokineucs of TRI

and PER metabolism are unusual. The me-
tabolism of many compounds will likely re-
semtle the kinetics of one or the sther. Th
implications. drawn from the resuits of {
study, concerning the use of high doses™
risk assessment nave general appiicacility.
The aonlipearities of the Jcse—fect curves
wiuch resuit {fom saturauen of metaceic
processes demensirate the aeed 6 inciude at
least cpe dose significanuy icwer than the
maximuin olerated dOSe A CarcinogenIcity
bicassays.
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