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an extrapolation may utilize any of a number
of mathematical models (Fishbein, 1980),
but each assumes that the pharmacokinetics
of the compound in question obeys first-
ordet kinctics over the range of the extrapo-
lation. Such an assumption is rarely valid.

A number of processes invoived in the
disposition of a compound, particularly the
metabolic processes, are often dose depen-
dent. This dose depeadency has particular
importance since it is now well established
that many chemicals known to be carcinogens
ar¢ metabolized to reactive intermediates
which can interact with cellular compouneats
to initinte the tumonigenic process (Miller,
1978; Weisburger and Williams, 1980). At
high doses, the metabolism of many chemi-
cals is likely to be satucated, a result which
can lead to shifts in the relative importance
of metabolic pathways and to relative in-
creases or decreases in the toxic respouse.
For this reason, the geed to eéxampine the
pharmacokinetics of a compound when risk
asscysment or other evaluation of dose-re-
sponse relationships is to be undertaken has
been stressed (Munro, 1977; Watanabe et al,
1977, Andersen, 1981). :

Despite the problems associated with high-
dose data, little has been done to examine
the effect of high doses on both metabolism
and toxic response. TRI,and PER are good
models for such a study. Not only have both
been shown to cause hepatic humors in mice
in NCT carcinogenicity bioassays. but both
are believed to be metabolized through an
epoxide intermediate, an intermediate often
involved in initiation of carcinogenesis by -
other chemicals (Henschler, 1977; Van Dy-
uren, 1975; Weishurger and Williams, 1980).
Both compounds can akso be efiminated un-
changed via the lungs, a pontoxic pathway
(Daniel, {963). 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 a/, 1972). This
ditference, together with their similar meta-
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studying the effect of metabolism on to:ncxty
The purpose of this study was to quum
the relationships among TRI and PER doa,
metabolism, and hepatotoxicity in mice after::
subchronic exposure to these solvents, with
particular interest in how these relationships |
are aifected at high doses. A dosing format
similar to those used in the NCI carcinoge-
nicity bioassays was foilowed. Studies by
Schumann ez a/. (1980) on PER and by Stott
et al. (1982) on TRI have suggested that the
carcinogenicity of these solvents to mice oc- -
curs via an epigenetic mechanism, involving
repeated toxic insult to the fiver as a prereg- .
uisite to tuxnor formation. An understanding
of the above relationships, therefore, could .
bave significant bearing on an assessment of
the carcinogenic potential of these solvents.

METHCDS

Cherrucaly. Trichioroethykme and perchiorocthylens
{ictrachioroethylen:) were obtained from the Aldric
Chemical Company. Trichlorocthylene was distilied be-
fore use, Perchloroethiylene had a purity greater thum
99% and was used without further purification.

Animals. Male Swisy-Cox atice (outbwed) were obtainexf
byhuﬁngﬁnmmwu
Whmmemmwmmofm

males from cach litter were randomiy amigned to each

mwmﬂmﬂmalmwmcydenn"}j;
x2°C

Dosbc. Dosc mixtures wae prepered fresh two or -
three times weekly by dissolving calculated amoums of
the solvents in com o, The muce were

weighixt thyee
timex each week; the weght of each mome
mnmfm,

ranged from 34 43 g dosc volumes ranged from 0.18 )
o 0.24 ml mice were dosed by gavage fve fimex...
msmade o

2975 30 does.
mm% ﬁxTleO { =

200, day. Contmb ’
received corm oil. Twelve mx:w

mogt dose groups:

sﬁ ﬂW@y woupe




ntaited 4 10 6 mice.
534\-;05"‘

“Procedure. Fo F\wm

Dbepatic 1oxicity: increasxcs W
LW&
G wgcendos o e o semm gimae
wmmﬂcmymmumu.A

Hood sempic was obtxined by cardiac puncture. The
Hoodwa!lowdwdm;ndthcsemm obinined after
tentrifogtion. was frozen until its sy for SGPT, The
wlkrior vena cava oo the underside of the liver was cut,
and the Fver was perfused with S ml of ice-cold sline
‘ia the feft ventricle of tie hearl. The Bver was removed.
washed in cold saiine, bletied dry, and weighed. ht was
homogenized in 9 vol of 0.1 M Tris-malcate buffer (pH
6.2). Aliquots were frozrn until assay. Teiglyoeride con-
cenications woar detesmined on 1-ml aliquots of hepatic
homoprnsas by the method of Vap Bended and Zilversmit
(1957) = modifind by Buter e al (1961). Glncose-6-
phosphstase activity wes determined by measuring the
amount of phogphate released aficr incubation of 0.1 ml
homogenat: with 25 wmiol of glucos: 6-phosphate in 0.)
M Tris-mulczie buffer (0H 6.2, total volume = 1 mi) for
20 min 2t 37°C. Four milkiliters of 10% trichloroacetic
wcid wax wsed 10 stop the reaction Phosphate was
medbyﬁlcmethodofFishandSuW(l‘}ZS)
and & expresed a8 microgremes of phosphate per milli-
gram of protein. Proteis concontration was determined
by the method of Lowry et ai (1951) wsing bovine scrum
afournmn &2 the standun. SGPT activity was determined
an 0.1 mi of serum by the method of Reitmar and
Frankel (1957). DNA was measured by the method of
Burton (1968).

Poctions of freshly removed Liver were fixed in 10%
neuwral Fommlin, embedded in parafin, and sectioned.
The sections ware processed by standard  procedures,
wained with hematoxyiin and eosin, and submitted for
histological evajuation. Weighed portions of some fivers
were placed m an oven at 75°C untll 2 constant dry

Hepaoronicity data_were by analysis of
~ariance, and comparisons between each Jox= and its
vespective conuol were done by the Stadent~Newman-
Keuls procedure (Soka! and Ronlf. 1969).

Wmmdﬂmmm indj-
vid i from cach of the dosc groups were placed
ioto mouss membolism cages supplied by Wahmann
Maenufacturing Company. Feed and water were atways
available. Afier an acclimation day, 8 24-br urine collec-
tion was 1aken. Two to four urine samples were collectod
per mouse throughout the 6-weck dosing period.

Preliminary studies 10 investigate day-to-day and woek-
to-weck vaniations in ihe patterp of unnary metabolives
weare also carmed out. For these mudies, mice were
boused m merabolism cages throughout the dosing period
and daily urinc coflections were made,
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o control groups conswted, Quantification of tht urinary metabolives trichioro-

ethanol (T'CE) and trichloroacetic acid (TCA) was by
the metbod of Humbert and Fernande (1976). A How-
Jeti-Packard Model 7620A gas chromatograph equipped
with a Iritium ejectyon capture delector was used for the
analyse. The column, containing 5% OV-17, was heated
a 92°C.

Oxafic acid in wrine was determmined by the method
of Hodgkinson and Williams (1972). A method reporied
by Rajapopal and Ramskrishnan (1975) was adapéed to
determine whether sthylenc glyeo! was a urinary metab-
olise of PER.
agiinst both dosc and total urinary metabofitex The
data poipts were fit using the Nonlin compuiler program
provided by the Upjohn Company (Metzler e al. 1974),
oc by linear regression analysis, as Approprinte.

RESULTS
Hepatoroxiciry f

Mice tolerated the 6-week po dosing with
either compound. Few deaths occurred except
at the highest dose of each compound. These
deaths appeared 10 be the result of central
nervous sysiemn dépression. Mice in all dose
groups continved 1o gain weight throughout
the 6-week dosing period.

Both solvents caused dose-related increases
in the lig_ weight to 7 _weight ratio
wcmgcnmﬂyunaﬁeﬂedbyanyofthcm
ments, these increases represent true Hver
weight increases. Doses as low as 100 mg/
kg/day of each @,_munummm 10
canse statistically significant increases in the
l;m weighi/body weight ratio, The increases
in liver size were atiributable to bMOpby
of"the liver cells &S ;re@by\hls_tologcal
examipation and by 2 decrease in the DNA
concentration of the-livers (Table 2). Mice
in the highest dose group of each solvent
displayed liver weight/body - weight —ratios
which were about 75% preater than those of
controls.

PER mused a marked dose-

1 acci-

1). chcmthehlshdoscgroupshadm
times as much triglyceride per gram of liver
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EXFeCT oF TRICHLOROETHYLENE AND PERCHLOROETHYLENE ON THE REZATIVE LIVER WEIGHT, HEPATIC ".
GLYCERIDE CONCENTRATION, GLUCOSE-6-PHOSPHATASE (GSP) ACTIVITY, AND SERUM GLUTAMATE PYrRUVA®
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TABLE

TRANSAMMNASE (SGPT) ACTIVITY OF MICE AFTER A 6-WEEKS EXPOSURE*

@oos

GéP SGPt
Doce Liver weight/body Liver wiglycerides (sg phosphate/mg (units/0.1 mk
(mg/kg/day) weight (%) (mg/g tiver) protein/20 min) serum)
Trichioroethylene
0 5.22 + 0.09 (29) 3.08 + 0.29 (24) 1255 = 3.2(12) 148 = 1.3(i5)
100 $.84 £ 0.20 (5)** 3.12 = 0.49 {5) 1178+ 6.0(5) -
200 599 +0.13 (12)~ 4.41 £ 0,76 (12) 1164 £ 2.8(9) 113+23(M
400 6.50 +0.12 (12 4.53 = 1.05 (12} 1753+ 46(9) 117 x 235 (6}
800 742 = 0,12 (2™ 5.76 + 0.85 (12) 11T+ 3309 i+ 137
1600 850 £ 0.20 (12 5.82 = 09312 899+ L7 i41=x21(D
2400 $.82 0,15 (12)%=" 6.89 + 1,40 (12)** 818+ I8y L3+ 68{11p
3200 9.12 + 0.15 (4)*** 7.02 + 0.69 (4) 830+ 7003 268 =IL(4)
Perchloroethylene
0 521 % 0.09 (26) 323 + 0.29 (26) 1365 £ 3.1(15} 11.8 = 10(18)
20 5.51 =0.11 (13) 272 £ 027 (13) 1320 £ 7.5 (6) 113 £ 0.7 ()
100 597 ¥ QL1 (13" 766 = L.78 (13 1204+ 7.7(%) I8+ LY ey -
200 645 £ 0.12 (15 1321 £ 228 {15/ 1184 =124 (5) 15321909
500 735 = 0.16 (15)*=  22.69 =z 161 (15 1104 = 7.5(5)™ 284 £ 27 (10
1000 789 £ 0.16 (19 2568 + [.54 (19" 1015 & 41{8)"™" 446+ 5.3 (L=
1500 810 £ 027 (6™ 2452 = 2.59 (5\™* 945 & L1 (4P 441 =336
2000 9.00 + 0.11 (6)™" 20.10 + 2.08 (6)™ 992 + 4.0 (4™

364 £ 564

“ Values are X + SE derermined in (V) mice.

* p < 0.05 from control group.
* » < 0.0t from control-group.
= » < 0.001 from control group.

TABLE 2

DNA Com‘m'l‘ HISTOPATHOLOGICAL EVALUATION, AND WET WEIGHT/DRY WerxGrr
RATIOR OF Livers FroM TREATED MICE

Wet m/&y

DNA" '
Group (rug/g liver) Degeneration  Karyorthexis Nm Polyploxdy wt ratio®
Control 283 =017 (F39 - - -
400 wg TRUKZ 257 £ 0.14* ++ + - +
1600 my TRIXg  2.t5 = 008%™ +++ ++ + +
200 mg PER/kg 252 + 027 +++ * {£) () 323 +0.13
1000 mg PER/kg ~ 2.36 £ 021™ ++++ ++ + + 3.18 = 0y

“4g+SD(n=40c5)

*3 25D (n = 5)

< Histological evaluations arc graded: —, negative; + to ++++, increasing severity of observed pathology.

*p < 005,
= p <001
o= p < 0.001.
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_as control mice. In contrast, TRI had very
“Nittle effect on hepatic tiglyeerides. Although
mice in the highest dose groups had mean
wmglyceride concentrations twice the control
-.Mle,theuidyccﬁdcoonccmmionsin some
nl'conuds The gross appeatances of Hvers
‘“from PER- and TRI-treated mice were con-
. Sistent with these results. The livers of almost

'('l'able 1). These decreases were small, onlv
about 10%, until the dose reached 800 mg
:TRIfkg or 500 mg PER/kg. Mice recsiving
the highest doses of TR1 and PER had G6P
-petivitics which were 66 to 70% of the contro)

SGFT activity was not increased i TRI-
tneated mice except at the two highest doses
{Table 1). Even at the 2400-mg/kg/day dose,
balf of the mmce had normal values. PER
cansed sipnificant increases in SGFT activity
at 500 mg/kg/day. A threshold appeared to
exist at J00 mg/kg/day. At the highest PER
wioses, SGPT activity averaged sbout 45
{hnnmmse units per 100 ul seram, four
*Yimes the control value. This increase reflects
mllnwmodmlchcpaucdamag:.Asacom—
“parison, severa) mice were treated with two
“or three doses of CHCl; (400 mg/kg) or CCle
. (1600 mg/kg). enough 10 cause severe hepa-
" gotoxicity; their SGPT activities ranged up to
several hundred units per 100 ul. With either
TRI or PER, SGPT activity rarely cxoceded
70 units per 100 ui.

Hisiopathoiogy

The livers of mice from several dose groups
Jwere histopathologically examined. A sum-
“mary of the observations is shows in Table
2. Liver degeneration, manifested by swollen
‘hcpamcytcs,wmmmm all four treas-

ﬁ:.‘ >
A .
[

&
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ment groups. Cells had indistinct borders;
their cytoplasm was clunped and a vesicular
pattern was apparent. The sweling was not
smply due 10 edema, as wet weight/dry
weight ratios did not increase (Table 2).
Evidence of karyorrhexis, the disintegration
of the nucleus, was present in nearly all
death. Centyal Jobular necrosis was presem
in some specimens. Polyploidy was also char-
acteristic in the central lobular region. Hepatic
cells had two or more nuclei or had enlarged
nuclei containing increased amounts of chro-
matin, suggesting that 8 regencerative process
was ongoing. Both solvents caused gimilar
pathology, but it was generally more severe
in the PER-trested mite. Also, fine draplets
of lipid were commoxly present in the cyto-
plasm of the hepatooytes of PER-mmd, but
not TRI-treated, mice.

Preliminary Metabolism Studies

Trichloroethano} amd trichloroacetic acid
were found in the urine of mice treated with
TRI. Verification: of the metabolites was ac-
complished by comparisons with kpown
standards. TCE was the predominant metab-
olite, and much of it was conjugaied with
glucuronic atad. TCA generally accounted
for between 15 and 30% of the total urinary
metabolite. Urine from several mice was
collected daily throughout the 6-week dosing
period. The amount of urinary metabolite
did not show significant day-to-day variability
or week-to-week trends.

Gas chromatographic apalysis of urine
from PER-treated mice identiied TCA as
the only metabolite. The possibie presence
of dechiorinated metabolites such as oxalic
acid or ethylene glycol, reported as PER
metabolites by other investigators (Pegg ef
al., 1979; Daniel, 1963; Dmitrieva, 1967).
was investigated. Six control mice cxcret'ed
0.327 *+ 0.085 mg of urinary oxalic acid/day.
Nine mice receiving PER doses ranging from
200 to 2000 mg/kg/day had 0.351 =+ 0.081
mg of oxalic acid/day in their urine. Thercfore

doos
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oxalic acid was climinated as a kinetically
significant metabolite. Ethylene glycol also
was not found.

There were day-today trends in the
amount of TCA excreted by mice dosed with
PER. The amount of TCA excreted each day
tended to increase, before leveling off toward
the end of the week., This patiern occurred
because the metabolism and/or excretion of
PER was slower than that of TRI, and 10 to
15% of ihe metabolized PER was not excreted
within 24 hr, but was carried over to the
following day. No week-to-week treads in
TCA urinary excretion were observed. The
influence of the day-to-day trend in urinary
excretion of TCA was minimized by covsis-
tently collecting urine from the mice on
specific days late in the week.

The contribation of fecal efimination of
metabolites in mice dosed with either TRI
or PER was examined. The amount of me-
taboiites in the feces of mice treated with

100 -

Total Urinary Metabolita {mg/kg)
T

w t+~ 0

either compound was less than 5% of thé
amount found in urine, and its contributios ;i

TRI Metabolism

A biphasic relationship between amount
of urinary metaboiite and TRI dose was
observed (Fig. 1). The initial portion of this
curve was linear through 1600 mg TRIi/kg,
before ap abrupt plateau was reached. The
linearity of this initial portion of the curve
was verified by the fractional metabolism
occurring at each dose. With the exception
of the 200-mg/kg dose, 27.5% of each dose -
in the range 100 to 1600 mg/kg/day was
converted into urinary metabolite. Abowe.
1600 mg/kg the fraction of cack dose metab-
ofized decreased., suggesting that TR metab--
olism approached saturation beyood this
dose.

T

A n oo
ax 38

[ 400 200 1200

TRI Dose (mg/kg)

BIG. (. Relationship between the TRI dose and the amount of total urinary metabolite cxcreted per
day by mice in ¢ach group. Values represeat X £ SE.N =710 9 rice per group except for the 100- and
3200—mgTRl/h;youpﬂrbcmN=4andJ,xspecﬁvdy.ﬂeslopeamdr‘ulucformelinwwg:eﬁon
fit of the 100- t0 1600-mg/kg dat points are given
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'PER Meaabolism

The relationship between PER metabo-
lism and dose 1s shown in Fig. 2. The data
points were fit with an equation analo-
‘gous to the Michachis-Menten expression,
Y = (MnaX)/ (K + X), which describes ca-
“‘pacity-limited kinetics. X is the dose. ¥ 15
he amount of metabolite resulting, My, is
‘the maximum amount of metabolite formed
and excreted in 24 hr, and K, is, i this
case, the dose a1 which the amount of me-
tabolite excreted in a 24-hr period is balf the
apparent maximum amount. The data fit the
expression very well, 2 was 0.996. M,,, was
136 mg/kg/day and K, was 660 mg PER/ke.
decreased with increasing dose, copsistent
with capacity-limited metabolism. About 25%
of a very low PER doss was metabolized,
but only 5% of a very high dose.

100
o b
)

*
o
E "y
-’
bt -
2
w S
©
s 5
3
o Al
e
-
= —
®
- —
s ¥ \
e

-

i

Effect of TRI Mewabolism on Hepatoloxiciry

TRI significantly affected only two of the - 4
four hepatotoxicity parameters, liver weight S R A
and G6P activity. When dose was plotted on
3 bnear scale against the percentage increase
i liver weight, or against the percentage
inhibition of G6P activity, biphasic curves
exactly analogous to the TRI metabolism
curve resulied (Figs. 3A and B). In each case,
the relationship between dose and the loxic
effect was linear up throngh 1600 mg TRI/ . _
keg/day, reaching a plateau at high doses. ! o T

However, when these same bepatotoxicity Fy ©
data points were plotted against the amount
of metabolism (i.e., total usinary metabolites)
at each respective dose, finear relationships
were observed throughout the entire dose
range (Figs. 4A and B). The ppints corre-
sponding o the platcau region of the dose—
effect curves fall around the regression line

1 L J

PER Dose (mg/kg)

0o 1500 2000

FiG. 2. Relationship batween the PER does and the amount of tots] urinary metabolite excreted per
day by mice in cach group. Valucs represent £+ SE. N = 9 10 11 mice per group excep for the 1500-
and 2000-mg/kg doses where N = 4 or 5. The points were fit by the Michaelis~Mentcn equation, and the
valucs for M, and K,, arc given, together with the r* value.
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% increase In Liver Wt 7 Body Wt Ratlo

% QB8P Inhlbition

TRI Dose {morkg) ‘

FiG. 3. Dose-effect relationships between TRI dese and the hepatotoxicity parameters of (A) tiver
wchhtinamaad(B)GﬁPinhibiﬁm.hdi«:mdvﬂuumuiopea.humptb.mlr‘vaheﬁl,:x-
the linear rogression of the 100- to 1600-mg/kg data ponats.

in the metabolism—effect graphs. This indi- Effect of PER Metabolism on Hepatot
cates that the nonlinearity seen in the dose-
effect relationships can be explained by a Graphs relating PER dose to each of q
change in the kinetics of TRI metabolism. four bepatotoxicity parameters resulted
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hyperbolic curves analogons to the PER the expression Y = (EgaeX)/(Km + X). thm
metabolism graph in Fig 2 (Figs. 5A-D). Epu is the maximum effect, and the gwuh.mg
“The data points in each case were fit by E... and K., valucs, as well-as the r* values,
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% Increase In Liver Wt / Body Wt Ratle

PER Dose (mg/kg)

s
B
0 > ® B
.
[ =4
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o
*
i
o L ] i ) 1
Q 00 $00 1000 1300 2000
ST T - i PER Doss (mg/kg)

FIiG. 5. Dose-effect relationships between PER doac and the hepatotoxicity parameters: (A) fiver weight
increases; (B) G6P inhibition; (C) triglyceride increases: (D) SGPT activity increases. The points were fit
with the Michaeliz Menten equation, and the values for £, and K., and the r~ value arc givea. The fix
for C was based oaly on the 0- 1o 1000-mg/kg data points.

are presented on each graph. The K., values exists between metabolism and hepatotox-'
of three of the four hepatotoxicity parameters  icity. L
‘ __—-—"are similar to the K, of PER metabolism, a Graphs of the four hepatotoxicity params-
_ S result which is expected if a relationship eters against metabolism result in linear Sy
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mg Yeiglycerides / g Liver

o 3 g 1 1 1
® 200 500 1000 1500 2000
PER Dose (mg/kg) :
4 - .

(Increase over conirot leve))
3 4
7 1

3GPY (Transaminass Unita)

Py 2 J 1 1 1
1000 1500 2000

PER Dose (mg/kg)
PG. 5—~Continucd,

(Figs. 6A~D). These resuls strongly suggest
that the toxicity of PER is also related to the
amount of mstabolism. The metabolism-
effect graph of hepatic triglycerides (Fig. 6C)
deviates from kinearity above the 1000-mg/
kg/day dose point. This deviation may be
the result of achievement of 8 maximum
effect. Triglyceride concentrations increase

with PER dose up to 1000 mg/kg/day, but
decrease at bigher dose rates (Table !). If a
maximum ip the total amount of hepatic
triglycerides 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 trighyceride concentration
per gram of Liver at these higher doses.

210
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% Increase in Liver Wi / Body Wt Rallo

Total Urinary Metabolite (mg/kg)

.
“

% G86P (nhibition

Tota! Urinary Metabolite (mg/kqQ)

RG. 6. Relationships between the bepatotoxicity pamsmeters: (A) liver weight increases, (B) G6P
) inhibition, (C) wigiyceside jncreases, and (D) SGPT actvity increases, and intal urinary  metabolite
—— o e - excreted per day by smice from the vadous PER dosc goups. Dara points were fit by linear regression

(only the 0 to 1000 dam points were used for C), and the slopes q. intereepss b, and r* values are
indicated.
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SGPT (Transaminase Units)
(increase Over control level}

Two observations support the concept of
a triglyceride maximum: (1) total hepatic
hpids (triglyceride concentrations X liver
weight) did not greatly differ among the three
higbest PER groups; (2) mice receiving two

YT0@

YTotal Urinary Metabolite (mo/kg)
G, 6—Continucd.

or three doses of CCL or CHCl; (1600 and

400 mg/kg/day, respectively), hepatotoxicants t i :

known to induce fatty liver, had hepatic
triglyceride concentrations of approximately
241 ms/glivet,virtuallyidcnﬁcalwﬂ)osc

.
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seen in the mice receiving 1000 and 1500
mg PER/kg/day, suggesting that this value
may be the upper limit of triglyceride accu-
mulation in this strain of mice.

DISCUSSION

The objective of this study was to examine
the relanonships among dose, metabolism,
and hepatotoxicity in mice after exposure o
either TRI or PER for 6 weeks to determine
the part that metabolism plays in the toxicity
of these solvents. The linearity seen in all six
metabolism-effect graphs, which relate the
various hepatotoxicity parameters to the
amount of metabolism occurring at each
dose of TR! and PER. indicates that the
hepatotoxicity of both these compounds is
directly proportionat to the extent to which
the solveuis are metabolized.

Such a result is consistent with the pro-
posed metabolic scheme of both compounds.
Both TRY and PER are believed to be me-
tabolized by the mixed-function oxidase sys-
tem to epoxide intermediates, and then to
stable terminal metabolites excreted mainly
in the urine (Daniel, 1963; Henschler, 1977;
Leibman and Ortiz, 1977; Yllner, 196i). TRI
epoxide is converted into chiorai hydrate,
which is further metabolized to TCE and
TCA by alcohol dehydrogenase and chioral
bydrate dehydrogenase, respectively. PER
epoxide is believed 10 convert spontaneousty
to trichloroacetyl chloride, which is rapidly
hydrotyzed 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; Labman and Ortiz, 1977; Allemand
et al., 1978). Cavalent binding of both com-
pounds has been demonstrated (Van Duuren
and Banerjee, 1976; Banerjee and Van
Duuren, 1978; Bolt &1 al., 1977; Uehleke and
Poplawski-Tabarelli, 1977; Bolt and Filser,
1977, Allemand er al., 1978; Pegg et al.,
1979,

Tonicity should parallel metabolism in any
compound for which the reactive intermedi-
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ate responsibie for the toxic ¢ffect is part a"
the primary metabolic pathway, as is the case -
with TRI and PER. Although the data are
consistent with the view that the metabolic .
pathways of both compounds invoive the "
epoxide as the toxic intermediate, they are
not restricted by it. Recently, Miller and
Guengerich (1982, 1983) have proposed that
the epoxide is not an obligate iptermediate
im TRI metabolism. The results of the preseat
study demonstrate that formation of the re-
active intermediate, whatever its structure,
must be proportional to the overall amount
of metabolisrn, since when metabolism
reaches a constant maximum value the tox- .
icity aiso does not increase further.

It should be pointed out that use of total
urinary metabolites as the index of metabo- .
lism is an approximation. Most of the TR} -
or PER which is metabolized through reactive
intermediates s converted to either TCA or
TCE and excreted in the urine. Very little is
excreted in the feces. Some metabolized
compound (both TRI and PER) is bound to
macromolecules, and some is metabolized to
carbon dioxide (Daniel, 1963; Pegg et al.
1979; Schumann et 4/, 1980; Stott e« al,
1982: Parchman and Magee, 1982). To the
extent to which these factors are involved,
total urinary metabelite is an underestimate
of the actual amount of metabolism. How-
ever, at the doses used, urinary excretion is
by far the major route of disposition of
metabolized compound. Therefore, total uri-
nary metabolites should be a reasonable ap-
proximation of the amount of metabolism.

The refationship between the metabolism
of these compounds and their toxicity is not |
an unexpected finding It has been shown
that the toxicity of numerous compounds is
a result of their metabolism to reactive inter-

mediates (Mitchell ez @, 1976; Gillette et "

al. 1974), and Moslen e al. (1977) have
demonstrated an association between TRI
metabolism and hepatotoxicity. However, the
implications of such a relationship, particu-
larly the quantitative association demon-
strated here, are important. -
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. First, it is noteworthy that the relationship
tnwcen toxicity and metabolism is demon-
strated by both TRI1 and PER despite differ-
ences in the kinesics and rates of their mei-

1 sbolic processes. The metabolism of TRJ i

‘., Jinear with dose until high doses arc reached.

Them it abrupily reaches saturation and levels

“off (Fig. 1). This type of bebavior has recently

...been described in inhalation uptake studies

““of 4. pumber of small halogenated com-

: mmdx.un:ludmgm(ﬁlwandnok, 1979;

* Anderscn ef ¢!, 1980; Andersen, 1981), and

% has beep termed “flip-flop™ kinetics. It ocours

wiice the bepatic epzymes are able 1o metab-

olize the substrate readily (ie., the K., value
xunall). At low and intermediate doses, the
" major factor timiting the rate of metabolism
s the blood flow to the liver (Andersen,
1981). If the concentration of the compound
ip the blood is proportional 10 the dose, the
. amount of metabolism would aiso be pro-
monaltodose As long as perfusion re-
mains rate limiting, firsi-order kinetics will
be obcyed. However, as dose is increased, at
some point the capacity of the metabolizing
enzymes is reached and they become satu-

. zated. At that point the kinetics sbift from

- First order to zero order, and a platear in the

doszc-metabolism relationship occurs. This

+ kimetic behavior scen with TRI indicates that

. wetsbolism of TRI by the fiver is a high
~ affinity, high capacity process.

. lo contrast, the metaboiism of PER (Fie.
2) displays classical saturable kinetics. This
patiern sugpests, especially with its high K,
value of 660 mg PER/kg. that extraction
and/or metabolisn of PER by the hepatic
enzymes is not efficient. The extent of PER
metabolism is dose dependent, ever at low
concentrations. In additon, the liver has a
low capacity for metabolizing PER; the Mmas
of 136 mg TCA/kg/day is less than one-fiftb
(20%) of the extent to which TR] can be
metabolized. This limited capacity for PER
metabolism has been observed in numerous
species (keda er al, 1972; Daniel. 1963;
Monster, 1979; Pegg & al., 1979). Despite
the contrasts in the kinetics of TRI and PER

B =t o
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metabolism, the toxicity of each compound
is proportional 1o the extent of its metabolism
over the entire dose range studied.

A second inference, regarding the relative
toxicities of the reactive metabolites, cap be
drawn from the results. A comparison of the
hepatotoxicity elicited by TRI and PER shows
that there were both quantitative and quali-
tative differences. Both compounds caused
increasss in Liver weight, decreases in glucose-
6-phosphatase activity, and similar histopa-
thology. Comparison of the doses which result
in equivalent effect suggest thai PER is at
leastmceaspotentas‘l’klonamolarbasts
with respect to these toxic indices. The dif-
ference ip potency is considerably greater
with regard to SGPT and tnglyceride in-
Creases. Since al any given dose from two 10
five tiznes more TR1 4han PER is metabolized,
it follows that the toxic metabdiite of PER is
considerably more potent than that of TRL

Third, the dose—effect graphs (Figs. 3 and
$) fllustrate that @ maximum occurs ip each
effect as dose is imcreased. With the exceptiop
of the effect of PER on hepatic trigiycerides,
each maximum results from a cbange in the
kinetics of metabalism. This result illustrates
onc way by which a nonlinearity between
dose and effect can arise.

Finally, the findings shed light on several
factors involved rigk aspessment First,
they establish that the amount of metabolism
of botb TR1 and PER is directly related 10
their hepatotoxicity. It is the internal param-
eter upon which assessment of their 1oxicity
should be based. Since there is strong evidence
supporting the proposal that TRI and PER
cause hepatocellular tumors in mice as &
result of an epigenetic mechanism involving
repeated liver damage (Schumann ¢ af., 1980;
Stott ef al., 1982). these results invoiving the
effect of metabolism of TRI and PER on
hepatic toxicity have implications with respect
1o their carcinogenicity as well.

Risk extrapolation estimates to datc have
related dose to response. 1t would be much
more fruitful 10 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 merits of using internal parameters
to explain toxic response or estimate carci-
nogenic potennal (Gillente, 1974a.b; Gehring
and Blau, 1977: Andersen, 1981). For risk
assessment purposes. preliminary pbarma-
cokinetic studies should be undertakea to
relate the administered dose 1o the significant
internal parameter of metabolism. This prip-
ciple may apply 10 many genetic carcinogens
as well. Many of these agents are first metab-
olized to toxic intermediates which react with
cellular nucleic acids. The extent of their
metabolism would likely be more directly
reiated to their carcinogenic activity than
would dose.

Second, the resultx of this study demon-
strate that use of high doses im studies
such as the NCI carcinogenicity bioassays
often tead to saturation of metabolism. The
metabolistn of PER deviated from linearity
at doses above 100 mg/kg, considerably lower
than the doses utilized in:the NCI study
{National Cancer Institute, 1977). Even the
metabolism of TRI, a compound which is
readily metabolized, approached saturation
at 2400 mg/kg, a dose equivalent to the
maximum tolerated dose used in the NCI
binassay (Nanonal Cancer Institute, 1976).
As pointed out earfier, such saturated metab-
olism was associated with the occurrence of
maxima in measured effects. This saturated
metabolism may explain the absence of a
dose-related response in the hepatic tumori-
genicity data of mice in the NCT study of
PER, as well as the rather smail increase
observed among male mice despite a doubling
of the TRI dose (National Cancer Imstitute,
1976, 1977). Extrapolation for purposes of
risk assessment of such high-dose data without
correction for the pharmacokinetics of the
metabolic process may lead to emroneous
results (Watanabe er al, 1977) and may
greatly overestimate the actual risk. It is
untikely that the pharmacokinetics of TRi

AN Q® ANATIEN

tabolism of many compounds will likely ro-
semble the kinetics of one or the ather. Thus,
implications, drawn from the results of this
study, conoermngthcuseofhlﬂ:domm

risk assessment have general applicability.
The nonlmmnues of the dose—effect curves

which resuit from saturation of metnbolic
processes demonstrate the aeed %o incinde at
leasi one dose mignificantly lower than the
maximum tolerated dose in carcinogenicity
bloassays.
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