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Delineanon of tlx Rok of Metabolism in the Hepatotoxicity of Tricbl<JI"'cthylene and 
Perchloroetbyienl:: A DoRr-E.fiea Stud). BuiiEN. J. A., ANDO'F'....AHUTY, E. J. (1985). Taxicol. 
Appl Ptwmwcol '?1.. I OS-I :!2. Tbr relatiooshi~ among dosc. mcabolism and bepawtcoocity 
m mict which rcsuhed from subcbrollic exposun to tlx cblorinatr:c:l solvents 1J'idUomdbytcnr 
iTRll ane ocrchloroetbylc:lr <PER) wen C'Ulllined. MBk Swiss-Co,. mi<X I"':CCived citbc:r TR.I 
({l to 32CXi mg/k&iday) or PER (0 to 2000 mg,/k&tday) in com oil by P''Qr for 6 weeks. 
linna.~ m::tabobte!' from individual mict ""''::R Quantifu:d ¥' esrimatr the extent to which each 
::ompounc! wa.< m::taholiurl. Four parameters of hepatotoxicity ~ assessed: liver wejtht. 
ui~lvce~ f.]ucose-6-phosph.atast IG6P\ acuvnv. and SGPT actJvtty. TRJ si~itican~ afiected 
liver WCJgbl ane G6P acuvity; PER aftected all four panliilelCn. Tbr metabobsm of TRl was 
bnearl~ relaterl w ciOl'lt throllfth l6!X' m&fkf,. but then became saturaled.. Tbr metabolism of 
PER was satur.1bk. The ~~ect curves of the afiect.eC hepatotollicity pa."1UilelCl'S of both 
compoundl; wert nonlinear and rcsembieC the Closr-metaboli'itD papil of t1x correspondiDJ 
solvent. Pio~ of the hepatntoxicity dall! of eact compound against total urina.ry metaboli~ 
wert imear m ali c:ase.. suggesti~ that the bepatotoXIci~ of both PER and 1'1U in mt<X 15 
dll'ectl~ reiated to OK extent of their metabolism. Tlus pattert; it consistent with formation of 
thr wxx mu:nnediatr in tbt pi.llllllry metabolic pathway of each compound. c l'l8~ Aald<miC 

l'n:L IlK 

Stadies by the National Ca.na:r Institute 
fNCJ) have demonstrated that mice treated 
chrvnical.ly with bJ.gh dose5 of the widely 
l.!sed industrial solvents trichloroethylene 
(TRJ) and perchloroethylene (PER) had high 
incidences of hepatocellular carcinoma (Na
tional Cancer lnstit'Jte, 1976, 1977). Attempts 
to assess the carcinogenic risk to man of 
exposure to ti.lese and other compounds 
found to cauS(' tumon. ir: animals are being 
made. Howevet. su.:h assessments have been 
challenged because of lack of information 
concerning two 1mponant relauonshlps: the 
relationship between disposition of the com-
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pound at high and low doses, and the rela
tionship between dose-related pharmacoki
netic factors and toxic response. lnsights into 
both of these relationships can be gained 
from an examination of the pharmacokinetic 
properties of such compounds. The impor
tance of pharmacokinetic analysis in inter
preting toxic response has been rev1ewed by 
Andersen 1 ). 98 i ). 

ln most carcinogenicity bioassays only a 
fev. very hign ric~ are used. The percentage 
of animals deveioping tumors from chrome 
treatmen~ at these d~ is dete;;-mined. These 
data 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 to 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, 1980), 
but each assumes that the pharmacokinetics 
of the compound in question obeys first
Qrder lcinetics over the r.ange of the extraJ)(> 
lation: Such an assumption is rarely valid. 

A number of pnx-esse5 invoJved in the 
disposition of a compound. ;:;~jcular!y the 
metabolic processes.. are ::::ften Jose depen
Jent. This dose depe::~dem."'f has ;arucuiar 
impor..ance since it is now well -:!Stabiished 
that many chemicals known to be carcinogens 
are mc:ubolized to reactive intermediates 
·Nhich can interact with cellular components 
to initiaT.e LI-te tumorigenic prxess (Miller, 
1978; Weisburger and Williams, 1980). At 
high doses., the metabolism of many cbemi
-::lls is likely to be: satuiated. a result which 
can iead to stufts in the reiative importance 
of metabolic pathways and to relative in
·:reases or decreases in the toxic response. 
For tbis reason. ::he need to examine !.he 
phannacoicinetics of a compound when risk 
assessment or other evaluation of dose-re
sponse relationships is to be undertaken has 
been .~tressed (Munro. !977~ Watanabe I!! aJ .• 
1977; Andersen, 1981 ). 

Despite the problems associated with high
dose data, iinJe has been done to examine 
the effect of high doses on both metabolism 
and toxic response. TRl and PER are good 
models tOr such a study. ~ot only have both 
been mown to cause hepatic tumors in mice 
in NO carcinogenicity bioassays. but both 
an: believed to be metabolized through an 
epoxide intermediate, an intermediate often 
involved in initiation of carcinogenesis by 
other chemicals (Henschler, 1977; Van Du
uren, 1975; Weisburger and Wil.lia.:ms, 1980). 
Both compounds can also be eliminated un
changed via the lungs, a nontoxic pathway 
(Daniel, 1963). However, despite these simi
larities, there is evidence that the kinetics of 
TRl and PER metabolism differ significantly. 
The metabolism of TR1 has been reported 
to be linearly related to dose, while that of 
PER is saturable (Ikeda et a/.. J •:}72). This 
difference, together with their similar meta-

bolic J»tbways and their common site J 
action. makes them ideal candidates fc:w ': 
stu~ the effect of metabolism on to~·ci • ·, 

The purpose of this study was to inv 
the relationships among TRl and PER a...,~ 
metabolism, and hepatotoxicity in mit."e after 
subchronic exposure to these solvents.. with 
particular inl.erest in how these relationships 
are -lifected at !ugh doses. ~ dOS:Ilg ~Ormat 

similar to those used in the ~C! •:arcincge
nicicy bioassays was foilowed. Studies by 
Schumann !?! a/. ( ! 981)) 0n PER and t~ Stott 
et ai. ( 1982) on TRJ ha"e suggt..·sted tb.at ilie 
carcmogenicity of 1lese soiv~:nts to mice oc
curs via an epigenetic mechanism, involving 
repeated toxic insult to the liver as a prereq
uisite to turner formation. An under.standin~ 
of the abcve relationships, therefore. ;:ou.id 
have significant bearing on an '35Se:~Sment ol 
the carcinogenic potentia! of these solvents. 

METHODS 

C.~muaus. Trichloroethylene :md pacb.Joroethyicne 
lteuac!lioroethylenel •fien: otna.ined &om :be ~cb 
Chemical Company. Trichloroethyiene was .futiJled !» 
fore ux.. Perchloroethylene tJad a purity ~ thaD 
~ :md was used without furthc:r purification. 

.4mmllLJ. ~ s~ lJlJCe ioutbred) -.n: ·>Otained 
by lm:edin(! &om a ooiony at the: Ke:ten08 !....lbor:u<'-- 7<1, 

When :he :nice were l:>etween 3 and 5 :ncnllls •l 

males !Tum each iitter ~ ;andomiv JSSI~ed :o 
dose group and were tad 1lllll'1led. !!=e :o !i'<e :nice 
-Nere generally boused ~ in ruuniess-su:c! ~ 
with wm-srid boaooa. The mia: bad acC~:S~ :o P.UUUt 
Rodeut Ubor3sory Chaw a all times. Warcr was av:uialll& 
ad !ibirwrl throuch au automatic walerinc ~ The 
room was maintained oo a 12-lu li&bttdarlt cycle <It 21 
:!: 2·c. 

DoSUf6. Dolle lllDtures were ~ lh:sb ~ or 
three times weeldy by dissolving ,;alC'..uated lJI!ounts <X 
tile lOI'YCDts in com oil. The mice were ~ tbJa 
time:5 eadl ~k; lk wci8bt l7f <2:11 mouse· ~ 
the amouDt o( dose lllDture it ;ecei'led. Mouse ~-. 
ranged from 34 to 45 g: dose volumes ranged frcm 0.! 3 
to 0.24 ml. The mice were~ by pvage he l:ima 
each week for 6 -as, a total ..x· e:tha' 29 or j() ~ 

Doses for PER wm: 0, 20. tOO • .:00, 500, 1000, 1500. 
and 2000 m&fk&tday. Those for TRJ ~ 0, iOO, 200. 
JOO. 800, 1600, 2400. and 3:00 ID&''Q/day. Controls 
m::eived com oil. Twelve to rifteen m1c: wc:re used in 
m05t dose groups: the !()(). and J:ZOO.mg TRJ/\g/day 
groups and the I 5()().. and 2000.mg ?ER/ltg/day groups 
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containec: 4 to 6 mi~. The :wo .:c-ntrol groups consiSted 
f1 :i4 and 26 mice. 

hocniure. Four parame\e!'S were chosen tr• as= 
hepatic toxicity: in= 111 liver wei~t. decrease5 in 
live: gl~~phosphatasr (G6P) actiVJt). mcr-ea.se5 in 
li'\IC" trittlyo:rides. and incrtaSC5 in serum glutamate
pyruvau tnmaminase (SGPTI activity. Mia were killed 
by ccrvic:al fracture the da) foDowi111 their lasl dose. A 
hkxld samp1t .-as obtained M cardiac puncture. The: 
blood ~>."25 aDowcd to dot and tbc serum. obwned after 
centnfupnon. was frozen until its assay for SGF'T. The 
inferior ¥CUI cna on the undc:n;ide of the liver was cut, 

aad the lives - pcrl"uled witb 5 ml flf ioe-coAd saline 
via the lefl vrntriclf: of the heart_ The: live~ ~ removed. 
washed m cokl saline. bloned ciT). and wf:llilied II was 
~in 9 vol ofO.I M Tns-mak:att buffer (pH 
t..2). Aliqua6 were froz.en until assay. T riglya:ri<k con
ceotr.ltiam wen dctennincd on 1-ml aliquots of bepatic 
~ by the method of Van Handel and Zilversmit 
(1957) a modified by Butler e1 tJi. (1961). Gl~ 
~ acvvi~ Wll! cic=mincd by measu..Jnr the 
amount of pbospbatt re~ after incubanon of 0 .I ml 
lw..,IJl!CDllU WJtb 25 ,.mol of gluCOK ~ospbatt in 0.1 

-ma.Jeau bufier tPH 6.2. total volume = I mJ) for 
-1D ai 37°C. Four milliliu:n of 10% mchloroacetlr 

acid - \IIIOd to stop the rc:action. Pbospbatt Wll! 

mc:asureC ~- tbc method of FISkr and Subb&rm> ( l Q~S' 
and 15 er.pr-csl~C(l as miCTOgJ'lllm> of phosphate per milli
g;1111l of Jl'"{Jlein. Protein concentratioo wm detemuned 
~-the method ofLowry ~ ai. (!951) ~ bovinr serurr, 
alburrun ~ the Standan!. SGPT activit)· wa.< detfiTTlmed 
or 0.1 ml of serum by the method of Re:tman and 
Frankel i l 057). DNA was measun:d by the method of 
Burton { ! 968). 

Poruon.' of freshly removed li'\IC" were ID.ed m I O'i 
neutral F~ embedded in paraftm. and IICC'tioncd. 
T-....: leCiiom YoC"t pmccssed by smndvd procedwa, 
stained witt hemato~ylin and eosin. and submitted for 
histolo!!J::al :.-vaJuauon. Weighed poruons of some hve!'!' 
YoC"t placcG m ID oven at 7 5 oc until a CODSlallt dl') 
weigh! Well> ohwned. 

HepatotcxiCif' data were analyzed by analysis of 
variance. and ;:omoansom between each dose and ns 

respectivr conrro! were done by the Student-Newman
Keuls prc=durt (Soka! and Ronlf. 1969). 

Urirw~ m~r~aboiues. Durilll! the dosmg period. indi
vidual = from each of the dose groups wen: placed 

mto mOUSt metabolism ~ suppi.Jed by Wanmann 
Manuia..."tllnJlt Compan). Feeci anc:! water wen: aiways 

available. "'.ftcr an acchmatton ciay. a :?4--hr unne collec
tion- wen. 1wr.to four unne sample~. were coliected 

per mouse throughout the t--weet dosini period. 
Prelimutar) srudJes to invesriptr day-10-da~ and wee~-c -ek ,..nations in the panem of urinary metabolites 

alsc. earned out. For these studler., mice were 

housed m metabolism at8C$ througbout the dosing period 
and ~ uriJX coUections wen made. 

Quantification of the urin30· metabolites t.'"ichloro
ethanol (TCE) and trichloroacetic acid ITC._._,J was by 

the method of H urn ben and Fernandez !1976 ). A He-w
len-Pa~kard Model 7620A p.s chromatograph equipped 
With a tritium electron captun: detector wa~ usee for the 
anal)ISIS. The column. containing 5'l OV-;-;-. was heated 
at 92°C. 

Oxalic acid in unne was determined ~-- tbr method 
of Hodgkinson and Williams ( 1972). A m«:thocl n::poned 
~- JU_iagopal ancl Ramakrnhnan (1975) wz adapted to 
determine whether ethylene glycol wa5 r. urina.~ metab
olite of PER.. 

DauJ analysis. The: hepatotoxicity data wen plotted 
against both dose and total urinary metabo~ The: 
data poiDts wen: itt using the Nonlin computer program 
provided by tbe Upjohn Company (Metzler e1 al .. 1974), 
or by linear ~on analysis., as appropriate. 

RESULTS 

HepaiOlt;JXicit}' 

Mice toierated the 6-week po dos1ng with 
either compound Few deaths occurred except 
a1 the highes! dose of each compound. These 
death~ appeared to ~ the resul1 of centr-cil 
nervou~ sySiern depression. Mice in all dose 
groups conunued to gain we1ght throughout 
the 6-wee.k dosing period. 

Both solvents caused dose-related increases 
in the liver weight to body weight ratio 
(Table i ). Since the body weights of the mice 
were generally unaffected by any of the treat
men~ these increases represent true liver 
weight i:~creases. Doses as iow as i 00 mf.;' 
kg/day of each compound were sufficient to 
cause statistically Significant increases in the 
liver weight(body weight ratio. The increase5 
in liver size were attributable 1.0 byperuopby 
of the liver cells as revealed by histological 
examination and by a decrease in the DNA 
concenL--anon of the livers (Table ~). Mice 
in the highest dose group of each solvent 
displayed bver weight/body weight ratios 
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 higb~ose groups had six 
times as much triglyceride per gram of liver 

I 



108 BlJBEN A..'ID O'FlAHER.TY 

o.~ 

TABLE 1 J 
Uncr OF TRJCHLOIIO£THYLENE "'ID PDtCHLORO£THY1.£"i~ ON TilE Rn.ATIVE LivER WEJGHT. HEPATIC~· 

GLYCEJUDE CONCENTRATION. GLUCOSE-6-PHOSPHAT . ...s£ (G6P) ACT1VTTY, . .vm SERL'M GU.;TA~TE ~UVA~ ···.-

TRANSAMINASE (SGPT) AGlVITY OF MICE~ A ~W'EEXS EXPOSURE• ,.•-·r 
G6P SGPT ., ... ''~"-' 

Dose Liver ·41:i&ht/body L ver triglycrridt3 
\IDI!,I1cg.iciav) -.:gbt ~~ :mg/g liverl 

Tnchlome'.hyicnc 
0 5 . .!2 t: 0.09 {:24) 1.08 :!: 0.29 {~4) 

itJO 5.ll4 :t 0.20 ~~;- 3.12 :t 0.49 15'1 
200 5:~'l = 0.13 (!.:~- 4.-tl :t 0.76 {12) 

~ 6.51 = 0.12 i 1.:~··· 4.53 :!: U)5 I \:2) 

~00 7.12 = 0.12 n.:1- 5. 76 :!: 0.85 ;.12) 
l6i)() 8.51 = 0.~0 j: ~)··· 5.82 :t 0.93 1'2) 

:400 8.8: = 0.15 It:·~··· 6.39 :!: 1.40 \ ;::)•• 
3200 9.12 z0.!5;4)•- 7.~2 :t 0.69 (4) 

Perchlorceth;lene 
0 ~--.... ..:.1 = 0.09 1:6) 3.13 :: 0.29 (26) 
~ 5.51 :!: O.J I (1J) 2. 72 :t 0.17 (13) 

100 5.97 :t 0.11 (13~ 7.66 :t 1.78 (lJY" 
:oo fd5 ± 0.12 n.s·,- 13.21 :t 2.28 (15,_ 
:'()() 7.J5 :::: 0.16 q:s;·- ::.69 = 1.61(1:5)-

\000 7.39 ± 0.16 ( l9r'" 25.63 :t 1.~ (l9yt-

!500 8.!0 = 0.27 i6)- 24.52 :!: 2.59 15)-

:ooo 9.00 !: O.i t \6)- 20.10:!: 2.08 •6:,-

• ValUCI arc .:i !: SE 'k1enninecl ;n (N) mice. 
• p < il.\}5 from control youp • 

.. p < 0.01 from ccnuol group. 
- p < 0.00 I from coouol group. 

TABLE 2 

ii'@ pbosohate/mg 1units/0 .. i .... 
protein/20 miDi 'C:'Uml 

125.5 :!: 3..:: { !:!) ld !: u iij) 

i 1"'.8 :!:: 6.0 i~i 
\ !6." :!: 2.8 (9) i ~.J = 2.3 1) 
:. ::_J = 4.b 191 11 •• :!: 2.5 iru 
I! !. 7 = 3.3 ('l)'"'" ! i.i :::: LJ ,-; 
89.9 = :.: ~Q)••• \4.! = -· i !7) 

8J.S = - l !!!)'" .. 3L5 :: ·'i.8 (il.•-
83.0 :: -:'_~ I:)'"'"'" .:6 . .l = :::.1 (4r 

U6.5 = ....... ti 5 ~ ".3 = :.J '\.j) 

IJ2.0 t 7.6 16) I LJ:!: 0.7 00) 
120.4:!: 7.7 (5) I LS :t i.J 00) 
118.4 ± 12.4 15) 15.3 :t 1.9 (9) 
ll0.4 :: 7.5 ·.:~·.- :S.ol :::: :.7 !10~ 
101.5 :!: 4.1 j:s)- 44.6 z 5.J (!.:!.yo-
•)4.5 ± 1.1 •.41- 44.1 ± 5.3 (f»-

99.2 :!: 4.\Ji4)- 46.4:!: 5.6 14)-

DNA CO!'o'TIJirf. HlSTOPATHOl.OGICAL EVM.UATION, .-.NO Wu WEIGHT/DRY 'iVaGirJ 
RA TlOt5 OF l.1vus AtOM TllEA TID Mia 

DNA• 
Group (mg/g liver} 

Comroi 2.83 ± 0.17 
«JJ .. TRIIkl 2.57 ± 0.!-4• 

1600 mg TRII'\3 2.1~:!: o.os-
200 1D1 PER/q 2.52 :t 0.17 

10001111 PERikl 2.36 ± 0.21 .. 

• i ± SO (11 = 4 or 5). 
t x ± SO In = ;). 

(:t)~ 

++ 
+++ 

++++ 

Kacyorrbrul :"lccrosis 

+ 
++ + 

... (:::) 

++ + 

?'llyploidy 

+ 

,_, 

+ 

3.45 ± 0.12 
3.49 = 0.01 
3.48 :t O.IS 
3.2:3 :: 0. !)• 
3.18 ± 0.20- :., 

<Histological evaluations are graded: -,negative;+ to ++++,increasing 5evericy of llbservcd Jathology . 
• p < 0.05 . 

.. p < 0.01. 

- p < 0.001. 



ME1 A.BOUSM-EFFECT STIJDIES OF TR..l AND PER 109 

as controi rr..ice. In cont.-a.<;'._ TRI had very 
n~.k effect OD hepatic trigiyxrides. AJthough 
mice in Lite hig.best dose groups bad me-.a.n 
triglyceride concentrations twice the control 
value, the triglyceride concentrations in some 
of thesr mice were DOl elevated over those 
of controls.. Tbe gross appearances of livers 
from PER- and TRJ-treatod mice wen: con
sistent will. L'lese results. Tbe livers of almOSl 
aU mice receiving 200 m&lkg/day or mOT( of 
PER were pale and monled in appearance, a 
pattern characteristic of fatty bver. The livers 
of TRJ mice, aJt.hough enlarged, appec.red 
Dormal 

Both PER and TRl caused dose-related 
decn:ases in glucose-6-pbosphata.se activity 
(Table 1). Thc:se decreases were small, oru~· 
about lOCi, until the dose reached 800 mg 
TRI/q or 500 IIlf PER/kg_ Mice J"'e(;ej ving 

h.ighes1 d~ of TRJ anc PER had G6P 
:iri~ which were 66 to 7()Clt. of the control 

value. 
SGPT activity was not increased in TRJ

trc:at.ed mice except at the two highest d~ 
IT able 1 ). Even at the 2400-mg/kg/day dose. 
half of !he mice bad normal values. PER 
ausei! signilicant .inc~ in SGPT activit;. 
• SOO mg/kg/day. A threshold appeared to 
exist at J 00 mgF.Kg,iday. ~t the highest PER 
cica:s, SGPT activity aver.tged about 45 
bftSiminasr- u~ per l 00 ~ serum, four 
times L~ control value. Tnis increase reflects 
miki 10 mooerate hepatic damage. As a com
parison. several mice were treated with two 
or t.hree doses of CH03 ( 400 mg!lcg) or CC4 
( 1600 mg[Kg). enough to cause severe hepa
t.otox.icity; their SGPT activities ranged up to 
seYer.J hundreo units per l 00 ~l. With either 
TRJ or PER. SGPT activity rarely exceeded 
70 units per J 00 ~-

HlSiopaJhoiOCJ' 

'The livers of mice from several dose groups 
~ histopathologically examined. A sum

{ . y of the observations is shown in Table 
~ver degeneration, manifested by swollen 

bepatocyt...-s, was common in all four treat-

ment grou~. Celis had indistinct borders: 
their cytoplasm was clumped and a vesicular 
pattern was apparenL The swelling was not 
simply due to 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 
specimens and suggested impending cell 
death. Central lobular necrosis was present 
in some specimem. Polyploidy wa5 aiso char
acteristic in the central lobular region. Hepatic 
cells had two or more nuclei or had enlarged 
nuclei containing increased amounts of chro
matin, su~esting that a regenerative process 
was ongoing. Both solvents caused similar 
pathology, but it was generally morr severe 
in the PER-treated mice. Also, fme droplets 
of lipid -were commollly present in the~ 
plasm of the bepatocytes of PER,.treated, but 
not TRl-treated, mice. 

Prehmi1Ulry Ml!laboiism Studies 

T richloroethanol and trichloroacetic acid 
wen iound in the urine of mice treated with 
TRL Verification of the metabolites was ac
complished by comparisons 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 total urinary 
metaholite. Urine from severa1 mice was 
collected daily throughout the 6-week dosing 
period. The amount of urinary metabolite 
did not show significant day-~y variability 
or week-to-week trends. 

Gas chromatographic analysis of urine 
from PER-treated mice identified TCA as 
the only metabolite. The possible presence 
of dechlorinated metabolites such as oxalic 
acid or etbyiene glycol. reponed as PER 
metabohtes by other investipton. (Pegg eT 

al.. 19':'9: Daniel, J %3: Dmitrieva. 1967). 
was investigated. Six control mice excreted 
0.327 ± 0.085 mg of urinary oxalic acid/day. 
Nine mice receiving PER doses ranging from 
200 to 2000 rng,tq/day bad 0.351 z 0.081 
mg of ox.alic acid/day in their urine. Therefore 
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"' oxalic acid was eliminated as a kinetically 
significant metabolite. Ethylene glycol also 
was not found. 

either compound was less than 5% of the ~" 

There were day-to-day trends in the 
amount of TCA excreted by mi'--e dosed with 
PER. The amount ofTCA excreted each day 
tended to incr-:::lSe. befcre leveling uff toward 
!he :::nd oi the week. This pattern occurred 
bet..--ause t..'1e metabclism and/·Jr excreucn of 
PER was siower ~han rllat of TRl. and !0 to 
l 5% of Lhe metabolized PER was n0t :::xcreted 
'Nithin 24 hr. but was carried over to the 
fC'llcwing day. :--'o week-to-week trends in 
TCA ur,nary excretion were otserved. The 
influence of the day-{o-day trend in urinary 
excretion of TCA was minimized by corusis
tentiy ..::oll~ting unne from the rr.1ce on 
specific days late in the weet. 

The contribution of tecal elimination of 
metabolites in mice doserl with <!ither TR.J 
or PER was examined. The amount of me
tabolites in the feres of mice treated with 
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amount found in urine, and its contributioa : 
was neglected 

TRJ Merabolism 

A bipilasic :-eiationship between amount 
of urinary metaboiite and TRJ dose was 
•.:-bserved (Fig. ! l. The initial por..ion d this 
curve was linear through 1600 mg Ti<J;kg, 
betcre an abrupt ;;iateau was reached. T~e 
linearity uf this initia.i portion of the cune 
was verified by the fractional metaC~liism 

occurring at each dose. With the exception 
of the 200-mg/kg dose. 27.5% of each dose 
in the range i 00 to 1600 rr:g.. K.g, da :~ ., as 
converted into urinary metaboiite. Abo'IC 
1600 m&'"-8 the fraction of eacb dose metab
~lized decreased. suggesting that TRI metab
·Jlism approached :;:uuration beyond aus 
dose. 

·2=
a.:.s..l18 

T R I Dose (rngt'kg) 

FIG. I. Relationship between the fRI dose and the amount of total unnary metabolite '!Xcre'.ed per 
day by mit."C in each group. Values represent .i :t SE. ,v = 7 to 9 mice xr ~oup exccl)t tor the iOO- and 
3200-mg TRJ/kg groups where .V = 4 md 3, rcspectJvely. The .>lope a and ,.:. value ior the \inear regression 
lit of the I 00- to 1600-mt!/kg data points an: given. 
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PER Mcw.'?o!:sm 

The reiationship herween PER metabo
lism and dose is shown in Fig. 2. The data 
points were fit with an equation <malo
gous to tbe Michaelis-Menten expression, 

Y = (Mmv.X)!!K,.. + X). which describes ca
pacity-limited kinetics .. :r is the dose. Y is 
the amount of metabolite resulting., M mu is 
the maximum amount of metabolite fonned 
and excreted in 24 hr. and K,. is. in this 
case. the dose a! which the amount of me
tabotitr excreted m a ~4-hr period is half the 
apparen1 maximum amount. The data fit the 
expression very well; r2 was 0.996. M...., was 
136 mg.rv..glday and K,., wm. 660 mg PER/kg. 

Tht- fraction of each dose metabolized 
decreased with increasmg dose. consistent 
.,..;th capacity-timi1e0 metaholism. About 25~ 

very low PER cio~ was metabolized. 
out onl~ 5% of a veJ1 tugh dose. 
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E_tfe~z ofT RI .H crahohsm on H epawwxiciry 

TRI significantly affected only two of the 
fou.r hepatotoxicity parumeters, liver weight 
and G6P activity. \\'hen dose was ploned on 

a linear scale against the percentage increase 
in liver weight, or aga1nst the percentage 
inhibition of G6P activity, biphasic curves 
exactly analogous to the TRJ metabolism 
curve resulted (Figs. 3A and B). In each case, 
the relationship between dose and the toxic 

effecr w~ linear up through 1600 mg TRI/ 
kg/day. reaching a plateau at high doses. 

Howe-ver. when these same hepatotoxicity 
data points were ploned against the amount 

of metabolism (i.e .. total urinary metabolites) 
at each respective dose, linear relationships 

were observed throug.~out the entire dose 
range (Figs. 4A and B). The ~ints c.orre
spon<ling 10 the piateau region of the dose
effect curves fall around the regression line 

100( 

,.2 : 996 
Mma, : ~36 

Km = 660 

•~oc ?00( 

PER Dose (mg/kg) 

C. FIG. 2. Relationship between the PER d05C and th( amount of total urinary metabolitt ellcn:ted per 
dl!~ by micx in each group. Value!. represent i:: SE. N = 9 to II mice per group ellcept for the 1500. 
and 2000-mg/kg doses where N = 4 or 5. The points wert tit by the Michaelis-Menten equation. and the 
value; forM_ and K., an given. together with the r2 value. 
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T R I Dose (mgiq) 

.2 ' 974 . ~ ~ 
0 ' 8.27 

,2 = .aeo 
• = .ote 
•• ;z. .. 

F!G. 3. Dose-<!ifcct relationships lxtween TRl dose and the hepatotoxicity parameters •Jt •.\) liver 
"11/Cipt incras:s md (B) G6P inhibition. ~ q~uo are tbe ~ 11. intercept b. JIKi r ·r.alue for 
the linear ~ of the 100- to l~ml/tl data poiDts. 

m the metabolism-effect graphs. This indi
cates that the nonlinearity seen in the dose
effect relationships can be explained by a 
change in the lcinetics of TRI metabolism. 

Effect of PER Metabolism on Hepatotoxidty 

Graphs relating PER dose to each of tbe 
four hepatOtoxicity parameters resulted ia, 
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FIG. 4. Relationshi~ between the beoatotoxici~ parameter!. of (A) liver wetght 1~ and !Bl G6P 
inhibruon and tcnai urinary metabolite excreted per day by miet from the various TRJ dose groups. 
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l ...,erbolic curves analogous to the PER 
'Tetabolism graph in F~g. 2 (Flgs. 5A-D). 

1Dc data points in each case were fit by 

the expression Y = (EmuX)/(K'" + X), where 
Ema>. is the maximum effect, and the resulting 
Emu and Km values, as well as the r 2 values, 

j ,~ 
! !f. 
( 

~. 
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FIG. 5. Oost-df"cct rdationshi-ps between PER dose and the bepatoloxicity pararn~ iA) liver -igbt 
;ncreascs: IB) G6P inhibition; (C) triglyceride increases: {D) SGPT activity increa..~. The :llliniS were fit 
with tbr: Michaelis-Mentrn equation, and the values ior E_ and K_ and tbr: r value are JIVCD. Tbe Dl 
fOI" C was based only oo the~ to I~IDI/kl data poinD. 

are presented on each graph. The K, values 
of three of the four hepatotoxicity parameters 
are similar to the Km of PER metabolism, a 
resuit which is ~xpected if a relationship 

exists between metabolism and hepatotox
icity. 

Graphs of the four hepatotoxicity param
eters against metabolism resuit in linear ms 
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FIG. 5-Conllnued. 

(Ftgs. 6A-D). These resul~ st.rongly suggest 
that the toxicity of PER i~ a1sc related to the 
amount of me'.abolism. The metabolism
dfcct graph of hepatic triglycerides (Fig. 6C) 

l ieviates from linearity above the I 000-mrj 
~day dose pomt. This deviation may be 

the result of achievement of a maximum 
effect. Triglyceride concentrations increase 

WJth PER dose up to 1000 mg!kgiday. but 
decrease at higher dose rates (Table 1). If a 
maximum in the total amount of hepauc 
triglycerides had been reached by the I 000-
mg/k&/day dose, the larger liver weights of 
the higher dose groups would result in a 
relative decrease in triglyceride concentration 
per gram of liver at these higher doses. I 

I 

l ., 
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Two observations suppon the concept of 
r ·triglyc:eridc mnimum: (1) total hepatic 
'-"'ds (triglyceride concentrations X liver 

weight) did not greatly differ among the three 
highest PER groups; (2) mice receiving two 

or three doses of CO. or CHO~ (1600 and 
400 m&fk&/day, respectively), bepatotoxicants 
known to induce fatty liver, bad hepatic 
triglyceride concentrations of approximately 
24 ± 1 mg/g liver, virtually identical to those 

-.:~ 
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seen in the mice receiving 1 000 and 1500 
mg PER/kg/day, suggesting that this value 
may be the upper limit of triglyceride accu
mulation in this strain of mice. 

DISCL'SSION 

T"<~e .;bjective oi :h1s >tudy ;vas co examme 
the relaucnships among ..iose. metabciism. 
and hej:atotuxici~' in mice :liter exposure to 
either TRJ or PER for 6 weeks to Jer.er:mine 
the part that metabolism piays in the h.~xici"£:1 

of these sch,.ents. The lineanty 5een in ail ;1x 
me!abolism-effect gr:.phs. which relate the 
·•anous hepatotoxic1ty parameters to the 
-lmount of meuboi.ism occurring at each 
~ose cf TRI and PER. indic:1tes that ~he 

hepatotoxicity of both tbese :cmpound.s is 
direuly proportional to the extent to which 
the solvents are metabolized. 

Such a result :.S consi::.<ent with the pro
posed metabolic scheme ofbcth compounds. 
3oL'l TRI and PER are believed to be me
:abciized by the mixed-function oXJdase sys-
te::n to epoxide intenneriiates., and then to 
>table tenninai metabolites lxcreted mainiy 
in the urine (Daniel 1963~ Hense .bier. 197'7: 
Leibman and Ortiz., 1977: Yllner. ! 961 ). TRI 
epoxide is converted into chloral hydrate. 
which is furt,:lt!r mt!tabciized to TCE dod 
TCA by alcohol dehydrogenase and chloral 
hydrate dehydrogenase, respectively. PER 
epoxide is believed to convert spontaneous1y 
to trichloroacetyl chloride, which is rapidly 
hydrolyzed 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 ai., 1978). Covalent binding of both com
pounds has been demonstrated (Van Duuren 
and BaneJjee, 1976; Banerjee and Van 
Duuren, 1978; Bolt et a/., 1977; Uehlek:e and 
Poplawski-Taban!lli. !977: Bolt and Filser, 
1977: AJlemand er -:li., 1978; ?egg et ai .. 
1979). 

Toxicity should parallel metabolism in any 
compound for wb.Jch the reactive intennedi-

-~ 

ate responsible for the toxic effect is part of '' 
the primary metabolic pathway, as is the case 
with TRl and PER. Although the data "
consistent with the view that th~ m~tabt' . J 
pathways of both compcunds mvo1ve ua;;· 

;!poxide lS the toxic inter:nediate. they are 
not restricted bv tt. R.ec:=nt1v. .\t(iiler and 
Guengench i 1982. i'~8J.l 1ave ;Jmpcset.i that 
~he epoxide [s "lOt an .;biigate <nte:cne-.iiate 
:n TR1 :netabolisrn. T:1e ri!Suits cf d1e pre:ent 
smdy ~emcnstnte that formation of ~e :-e
active inteP.Det:!iate. wttatever :ts >tructure. 
must be prcp()rt.ional 'o che ovenll amount 
of metaboiism. since ;vhen metabolism 
reaches a ;:onstant ma'"l.imum value the tox
icity also does not increase fur< ..her. 

It should te poinud c::ut th.:u '-':5<:! of ti;ta! 
urinary metabolites as dle index oi metabo
lism is an approximation. Most of the TRJ 
or PER which is me13bolized through l'ea\.-tive 
intermediates is ..:on•1erted to eit!:Ier TCA or 
TCE and excreted in the urine. Very linJe is 
~xc:-eted in the feces. Sume metaboiized 
..:ornpound (both TR1 and PER) is xund to 
macromolecules., and some is metabolized to 
caP-An dioxide (Daniel.. i 963; Pegg I!! af .. 
! 9"79; Schumann et af.. !980~ Stott <!! ai., 
i 982: Parchman and Magee. 1982). -:;.:J :he 
~xtent to which these facwrs are inv0i• 
total 1.1rinary metabciite is .1n 'lnderestm. 
0f :he actual amount of meubclism. How
ever, at the doses ased. urinary excretion is 
by far the major route of disposition of 
metabolized compound Therefore, total uri
nary metabolites should be a reasonable lq)

proximation of the amount of metabolism. 
The relationship between the meuboiism 

of these compounas 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 (Mitcheil et ai., 1976; Gi1'ktte t!l 

ai.. 1974). and Mcslen et ai. ( 1977) have 
demonstrated an association betw~n TRJ 
metabolism and hepatotoxicity. However, the 
implications of such a relationship. part.icu
lariy the quantitative association demon
strated here, are important. 
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Fmt., it is noteworth: that the relationship 
bc:tween tox.ici~ and metaboilsm ts demon
strated by both TR! and PER despite differ
ences in the lcinetics and rates of their met
abolic processes.. The metabolism of TRl is 
linear ,.,jth dose until high doses are reached 
TbeD it abruptly reaches saturation and levels 
otf{F'lg. 1). Ttri!i rype ofbehavior has recently 
been described in inhaJanon uptake studies 
of a number of small balogen.atod com
pounds, including TRI (Filser and Boh, 1 979; 
Andersen er al.. i 980; Andersen, 1981 ). and 
bas been termed "flip-flop" kinetics. h occurs 
~ the hepatic e~ arc able 10 metab
olix the substntc readily (i.e., the K, value 
is ~). At low and intermediate doses, the 
major factor limiting the rate of mctabolism 
is the blood fiow to the liver {Andersen, 
·~I). If the concentration of the compound 

;be biood is proporuonal to the dose. the 
~"":imoant of metabolism would also be pr~ 

portionaJ to dose. As long as perfusion re
mains :ate limiting.. fi.m-order kinetie5 will 
be obeyed However, as dose is increaseCl, at 
some point the capacity of the metabofu.ing 
enzymes is reached and they become satu-
171led At that point the kinetics shift from 
first Oidc:r to zero order, and a plateau in the 
dose-metabolism relationship occurs. This 
k:iDetic behavior seen with TRl indicates that 
~ of TRl by the liver is a high 
affimty. high capacity process. 

ln contrast. the metabolism of PER (Fig. 
::!) displays ciassical saturable lcinetics. This 
pattern suggests. especially with its high Km 
vaJue of 660 mg PER/kg., that extrac.:tion 
and'or metabolism of PER by the hepatic 
t:nzyrnes is not efficient. The extent of PER 
me-.abolism is dose dependent. even at low 
concentrations. In addition. the liver has a 
iow capac~ for metabolizing PER: theM ...... 
of i 36 mg TCAlkg)day is less than one-fifth 
(20%) of the extent to which TRJ can be 
metabolized. This limited capacity for PER r 'etabolism bas been observed in numerous 

~es (Ikeda er al.. 1972: Daniel. l 963; 
Monster, 1 979; Pegg er al.. 1979). Despite 
the contrasts in the lcinetie5 of TR1 and PER 

meta~lism. the toxicit~ of each c::>mpound 
is proportional to 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 comparison of the 
hepatotoxicity elicited by TR1 and PER shows 
that there were both quantitative and quali
tative differences. Both compounds caused 
increases in liver weight. decreases in glucose-
6-phosphata.se activity, and similar histopa
thology. Comparison of the doses which resuh 
in equivalent effect suggest that PER is at 
least twice as potent as TRJ on a molar basis 
with respect to these toxic indi~ The dif
ference in potency is considerably greater 
witb regard to SGPT and triglyceride in
creases. Since at any given dose from two to 
nve tim~ more TRl than PER is metaboliz.ed. 
n foHows that -j}e tox.ic metabdlite of PER is 
consider-c~bly more potent than that of TRJ. 

Thini the dose-effect graphs (FJgS. 3 and 
5) illusrrate that a maximum occurs in each 
effect as dose i~ increased. With the exception 
of the effect of PER on hepatic trigiycerides. 
eacb maximum results from a change in the 
kinetie5 of metabolism. This result illustrates 
one way by which a nonlinea!·ity between 
dose and effect can arise. 

Finally, the findings shed light on several 
factors involved in risk assessment. First, 
they establish that tht amount of metabolism 
of both TRI and PER 1s directly related to 
their hepatotoxicity. lt is the internaJ param
eter upon which assessment of their toxicity 
should be based. Since there is strong evidence 
supponing the proposal that TR1 and PER 
cause hepatocellular tumon in mice as a 
result of an epigenetic mechanism involving 
repeated liver damage (Schumann er al .. l9RO: 
Stott er al .. l982t. these results invoiving the 
effect of metabolism of TRI and PER on 
hepatic toxic~, have irnplicatiom with respect 
to their carcinogenici~ as well. 

Risk extrapolation estimates to date have 
related dose to response. 1t 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 toxicit)' or carcinogenicity' 
has been demonstrated to be dependent on 
metabolic activation. Other authors have dis
cussed the :nerits of using internal parameters 
to explain ~oxic res-r:--onse or estimate carci
nogenic ;>etenual \Gillene. l ~~4a.b: ~hring 
and Blau. ~ 97"1~ -\ncersen. ; '~8!1. F0r risk. 
assessment purposes. ~rei.immary pnarma
-:cianet:ic s1uilies should :X ·.mdertak.~n to 
re!ate the admm1stere-J .lese to the sig...·uticant 
mterna.i par3meter oi :ne!.abolism. This prin
ciple may apply to :nanv ge:1enc ·~:rrci::wgens 
:15 well. Many of these agents arP. first metab
viized to tcxic intermediates which react Nith 
cellular nucleic acids. The extent of their 
metabolism would likeiy be more directly 
:-e:ated tc :heir c::m:1noger:.ic ;Ictiviry chan 
would dose. 

Second, the results of this study demon
strate that use of l>jgh doses in studies 
such as the NCl carcinogenicity bioassays 
often lead ~o saturation of metabolism. The 
metabolism of PER deviated from \inl!arlty 
at doses .!hove l 00 mg: kg, ::onsidenbly lower 
than the doses utilized in the "iCl -rrudy 
(National Cancer institute. t:n7). Even the 
~etabciism of TRI. a compound which is 
readily metabolized. appn~hed 3aturation 
at 2400 mg.'kg. a dose equivaient to the 
maximum toterated dose used in the 'iCI 

0 • 

bioassay (National Cancer Institute. l •P6). 
As pointed out earlier. such saturated m~ 
olism was associated with the ~.x:currence of 
maxima in measured effects.. This saturated 
metabolism may ~xpiain the absence of a 
dose-related response in the bepatic tumori
genicity data of mice in L'le :'-fO 5tudy of 
PER, as well as the rather small increase 
observed among male mice despite a doubting 
of the TR! dose (National Cancer Institute, 
1976, 1977). Extrapolation for purposes of 
risk assessment of such bigh-da;e data without 
correction for the pbannacokinetics of the 
metabolic process may iead to erroneous 
results (Watanabe et ai.. 1977) and may 
greatly overestimate the actual risk. It is 
unlikely that the pharmacokinetics of TRl 

and PER mdabolism are unusual. The me
tabolism of many compounds will likdy re
semble the kinetics of one or the vther. Tho 
implications.. drawn from the resuJts of z 
nud}', concernill@ the use of high doses . 
risk assessment have general appiicatility. 
The :10nJinearities of the .jcse~Ifecr car1es 
which result from 5atur:mcn vr" :netabci.ic 
processes demonstrate ·Jle :1~ :o induce at 
\east cne dnse sJgnifil::lntly \ower :.'1an ill.e 
max:rnum ~oieTated dose in carcinogerucny 
b10assays. 
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