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~. of the Role of Megbal\im iD tbe Hc:patoto&icity oC Trichloroc1h)'k:lle and 
~me; A Oae-Efi:ct Study.lluM!N, J. A., ANDO'F'l.AHEit'JY, E.l. (1985). Tt»dcr;;l. 
Appl. ~ 71, IOS-122 ~ !~ UIIOIJ& d9E, .....nbnJism aud ~ 
. ..a wbicl! rc-lbed &om lllbcblutic to the c:IIJoriaaUx1 ~ ~ 
~>~ ~>~ ::W, ~ SiJSS;COI; liDCe ~·nu 
(0 to 3200 · ~J'ER- {0 to 2000 mc/ki/~Y) iD com !Jil by PV¥ for 6 !ee;b. 
l.lriswy ~ from iDdiwKtual JDiot ~ quanti6ed to estimatt tbe extcat lO whic:b ca::il 
compoulld was mera~ Four ~ of bcpanotOxicity wen: ~ liveT ~ 
ui&l)'C!!ride$. .~IIC:Oit~batasc (G6P) activity. and SGPT activity. T1U ~CUIIly afi't:CII:d 
li>~er Miaht i..bo GOP &1livi1y; PER adliecu:d an four ~ Tlr mc:t~holilm oe TR.I ~ 
lmcarty rdat.nl to ckiE tbroUI,Ib 1600 m&fki. but tbe1l bcx:ame mllta1Cd. 'I\Ic meta~ of 
PD 'Was ~- The dose-<:frecl eums of~ afft.ctt:d t~epatoUWCity .-.~ oC ~ 
COOJpOUJd .~ D<mliueaT -' ~bled ~ dost:--mec.bOiisul ~ of tbe c:om:&I'Oudia& 
sal~ PkJI:; or lbc ~Oldcir.y data of ClloCb compound .,ai.nst tOtal urilla.I"Y ~ 
-wm linear aD. all ea.c, CQ~r'i~ tbal the b=patotoxicity of botb PER and TRJ iu mice ill 
<Rmctly ~ to ~ eD:Dt of~ IDCIIbolism. This J1a1tCtn is coU:;tent with formatina of 
the toxic iDtc:tmediate ja lbe primary ~bolic patb-y of each compound. C> 198) ~ic 

~t..c. 

::-Siadic:s by tbe National Cana:a- IDStitute 
(NO) have dem~n~ that nrice ~ 
chrl)n.icaJJy with high doses of the widely 
used industrial &Olvents trichloroethylene 
(TRI) and perchJc.roethylene (PER) had high 
incidences of bepa~ocellular carcinoma (Na
tiomU C'.ancer lnstituU:, 1976, 1977). Attempts 
to asse!iS the ca:rcin~enic risk to man of 
exposure to these aud other compounds 
found to cause tumors in animallj are being 
made. Howe:ver, such a~ments have been 
cbalJenged because of lack of infonnation 
ooncerning two h:nportant rdationsbi~ the 
relationship between disposition of the com· 

pound at hi&b and low do9cs, and the rda
tiOJJSbip between dose-TdaUd pharmaooki
netic: factors and toxic response. Insights into 
both of these rdationsbips can be gained 
from an examination of tbe pharmacokinetic 
properties of such compounds. The impor
tance of phannacokinetic analysis in inter
preting toxic response has been m'iewed by 
Andersen (1981 ). 

ln most carcinogenicity bioaays only a 
few very high doses are used. The percentaef 
of animals developing tumcm from chronic 
treattnent at these doses is determined. These 
data form the basis for assessment of the 
carcioogenjc: risk of the oompound to man . 
An cxtra.polation is made &om the aninlal 
response data at hish doses to the low doses 
more c:bara.cr.c:ris ofhwnan exposure. Such 
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106 BUBEN AND O'FUHERTY ~j 

aa emapolatioll may u.~ any of a number bolic ~ md their COIIliDOil site ~ 
of matbematiall models (F"uhbein. t 980), actiOD, makes theoJ. ideal candidata fol',,': 
but each uswnes tbat the pharmacokinetics SIUdyiDa tbe etrect of metabolism oo toxidty:~;t 
of tbe compound in question obeY$ tirst- Tbc putp01e of this scudy wm to in~ > 
Older kiuetia o"Yet the range of tbe extrapo. tbc tdaljoqbips amona TRI arad PER. ~,;' 
lation. Such an asswnption is rarely valid. ~ and hcl)lltotollicity in aW:e aftet:~: A number of proc;:esses involved in the subchrnnk exposure to dle$e solvents, with., 
disposition of a compound, particularly the putiaJlar interest in bow these ~Jation.ships ·· 
metabolic processe$., are often dose <kpcn- are a6ected at bisfl dosr.s- A dosing fol'IIUit 
dent. This dOIIe dependency bas particuJar similar to those used in the NCI carcinoge
ilnportance si.nc;e it is now wen established nici.ty bioassays was follOMd.. Studies by 
that many chemicals known to be c:ucinogeos Schumann et al. ( 1980) on PER and by Stott 
are metaboli2ed to reactive intermediate$ et al. ( 1982) on TRI have sugested l.bal the . 
which can interact witb cellular components oucinogenicity of these soLvents to mice oc- · 
to initiate the tumorigenic process (Miller. cun via an epigenetic mechanism. involving 
1978; Weisburger :md Williams, 1980). At repeated t.oxjc insult to the liver asap~ .•. 
bigb doses. the metabolism of many cbemi- uisit.t to tumQr formatiorl. AD ~~~~ .: 
c:Us is likely to be saturated. a result wb.ich of the above reJatiouships, therefo-re.. could . 
can lead to sbifts m the .rdative importance bave sipiiic:ant beariDg on an ~ ol~ 
of metabolic pathways and to reJative in- tbe ~ potential. of tbae solveoJs.. •·•·· c:reases or decreases in the toxic re:spoose. 
For tbis ~n, tbe aeed to examine the 
pbarmacolcinetics of a compound when risk 
asse:J$1Dent or other evaluation of dose-re
sponse relationships is to be undertaken ha$ 
been stressed (Munro, 1977; Watanabe et al, 
1977; Andersen, 1981). 

Defipite the pmblans, assoCiated with hisb
OOse data. little bas been di:lne to examine 
the etfect of high doses on both metabolism 
and toxic nes(klnse. TRI,and PER arc: good 
models for such a stw:ly;.Not only bave both 
been sbown to cause IMpatic n.u:non in mia 
in NCI ~ bioassays, but botl:l 
are ~ to be mcrabolized th:rougb. an 
epoxide intetmediate. an intermediate often 
inYolved in initiation of carciu.ogenesis by 
other chemicals (HenscbJer. 1977; Van Du
llten. 1975; WeisbwJer and Williams, 1980). 
Both compou.ods am abo be diminated un
chaDged via the lunt;s, a nontoxic:: pathway 
(Daniel. 1963). Ho~. despite these simi
J.arities. Were is C\'idence that the kinetic$ of 
TRl a:od PER metabolism differ signiftcandy. 
The metabolism of TR1 has been reported 
to be linearly related to dose, while that of 
PER is sa.tmable (Ikeda et al., 1972). Tbi$ 
diffen:nce., together with their similar meta-
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eo ~~~iCe ~o:.. ~o control VOIIE~S co~ --------=--
l'r~~ ~to@!! 

, bepatir. 10llicity: inc:rcasl:s_ja.-liwe:l weigh!., declatcs jp 

~~ ( . . . jJI(,7CZlCS ill 

~ trirl~~-- serum utamate;:..• 

~ ~P11 ac:tiYily--:Mice ~ killod 
bJ (Zriit.t1~1be1Say~ dllcir lat. dose. A 

~~-ob~Ped~~~Thc 
Yood .... ~~~ ttl ckot and the Stnml, ~ after 

calrifapbon..,.,. 1'11=n until i~ ~Y for SGI'T. The 
1d:riar 'ltllll (2ft CJD 1be •lllden;ide m 1lle liw:r was cut, 

- die iwr" .,. .,...._ 'Mih s ml • ic:le-alia lllllioe 
\oillht left ~ of1be heart. The 1iw:r w.s n:IDO¥eC1. 
wubQd in CXI&d saiilll; bloned dry. lll'ld ~ lt was 
....... ~in 9 ~ o10.1 M T~ bWrcr (pH 
6..2). AJiqaaa; MR iumn IIDiiJ .-y. T~ (l(Ht

~ Wlm' dl:wm.iDcd 011 1-mllllillac* ~bepldc 

.._ • ..... bf t~~r:DdhCJd orv. a.dt:l-s ~ 
(l9S7) aiDIJCiiliQI b)! BulkJ fll 1111.. (1961). ~ 

.......-~ Wll~ ddsmiDed \Jy ~. 
unoiDit tl pbolpbw- relccldied ~ illc:dba1iou of 0.1 ml 
~with 25 l'ftlol of puea~e ~ iD 0.1 
M T~ buffer (pH 6.2. lOt1ll WJlume ,. J rol) fur 

210 DJin at 37"C Four miJiililm or 1~ tric:hlorcac:etir 

a - ._, 10 *"' 1be ~ ~ Wti 

JDCISUied by 1bc melhcJil of Fi* aDd Sa.,._ (1925) 

aDd "i5 ~ IS DlicNgtW of pbolpba1r per milli
JIDIDI or Jli'C*!in. Prutei:o ~ was determined 
by 1be IIICibod ofl.owr). 1!1 tJi. ( 1951) ..._ bcmDe 9CJ\Im 

~ 111 the IIUIDdBnl. SGPT liCIMty was del&mnined 
em 0.1 ml of liCnlm by lht metOOd of hibllarl aPd 

Fnmkd (I!,S7). DNA W115 llleiiSilnld by the llldbod of 

8uJtoJI (1968). 

PanioiJl. or fn:&hl:v mnovcd liver wen: fixed iD 10'1> 
JleUnl ForamliD. cmmidcd iD ,.-afm. IDd ~eel. 

~ .mo. ~ pna.aed \Jy Galldanl ~ 
..-mec!-ntt bcmatoxyii"n aad eosln. eDd mbmitted for 
histological evalua"linn. Wei~ ponioos of some liven: 

.ae Jllacec' "Ill 1111 0\'eD a1 ?S"C 1m1il a caastan1 dry 

~ was obWIIed. 
H~~~~~ "tly mal~ of 

..varia~ and eomoan~--ns-between~ its 

m~PCC~ivt control wen: done by the Studcnt-NcwDWI
IC.culs procedun- (Sakal •nd Rohlf. 1969). 

flt:iMTJ' rnt!Ulhol~ Dutiut 1De dming period, iodi
yjd~ c:acl1 of 1bc dmc groups wcrc placed 

into ,n01.11e ~m cap IUJ)plicd by Wahmann 

Manufaau.M& Com~y. Feed llld 1nltCr 'Were alwaY' 
a >'ailabk. AAer an .00 imatioll day, a 24-br urine: collec· 

lion -1Hen. Two ta four uriDe lllllllJ)kz were~ 

pee ~ lbrouehout the 6-wd; closiD& pcriocl. 
~ ~to iD~ day-lo.day aDd .'lltlek-

10-~ wDmOIIS iJl the ~ (!/ GriDal)' 1Jidaboli-res 
were a1sc> CIIJTIC(I 0t1t. For tbele audics, mic:e were 

hou.IJr.d m ll:le:lllbor&m C~FS tlu'oulboul1be cbin& period 

and ~ urine c:ollectioDs 'WI:ft: ID8de. 

too~ 

QuantifiatiQp of 1he urinary mctaboli1-e$ Uichloro

etbaaol {TCE) and ~ ldd (TCA) .as by 
die Pld.bod of Humbert aDd Femandet (1976). A Hew
lett-Packard Model 76"1-0A ps cbroDJaloSn~Pb equipped 
with a tritiWD dcctJon capture delectOr wu used for tbe 

IIDIIIysit. Tbe tdumn. CODlliDin& SfA, OV-17, WB$ heated 
at 9lgC 

()gJie acid iD ~ -was dacJmiDed b)' lbe JDelbod 
oi'Hodp:iusgu .t WilliM& (1972). A mc:dlod lqJIIItCd 
by~ aDd 1taiMiaillmaD (197S) 'Miildlli*d10 

~ wbetber ethyle!Je pyool wu a IJriDary mdab
otite of PER. 

Dtltll IWily.ri.t. The "llcpatotmic:it}l ... "Mft plotlcd 
araiMt both dose and 10ial uriuary mdabolitm. The 

data points wen: lit IISing the NoDii.D oomputer propam 
provided by.- UpjobD Computy (Metzler el oL 1974), 

or by liDear rqressjoD •nalysir;, •IIPSif"OPriatc. 

RESUlTS 

JII![JQlOl.'!;Xicity 

Mice tolerated the 6-wcek po dosing with 

either compound. Few deaths OCCl1l'l'e!d cxoopr 
at the highest dose of each compound. These 
deaths appeared 10 be the n:su.It of centnll 
nervous system dtpression. Mjce in all dor.e 
groups continued to gain weight throughout 
the 6-week dosing period. 
~ !I(Jhm~ c::ausM dCJse..related incn::ases 

iD th~_]~ _i~ body we1&1if ra.ti9_ 
(Table t ). Since tbe body -weights of the: mice 
were~ una1fect.ed by a»y of the treat
ments, these increases represent true tiver 

wcigbt increases. ~· 
kg/day of eacb c:omoound-were..sufl'icjcat to 

ca~_sta~~y significant jp~ iD the 
~~-~~ig!I!/l;JQdy weight ratio. Th~~~ 
in liver size were attributable to b~ophy 
oithe liver. ceJls--&s-reve.area"bV-bistol~cal 
examination an~be DNA 
~rentration ()f_:lhe=lJvefS[Table ""2)..Mi2e_ 
in the highest dose group of eacb solvent 
disp1iyed nlivet:_~~Qbody--~rios~ 
w}licb ~ about_Z~Jc>-~er than-those of 
controls. 
~R. ~useci a nw:k.ed dose-~-~

JQ_ullltiQII ~f ~~er (Table 
1 ). Mice in the higb-<lose groups bad six 
times as mucb triglyceride per graul of liver 

. 0:) '8 3Nfl.Ld3N OO!lO 699 !lO!l 
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TABLE l 

El'nc;r 01' TIUCiu..oROE11IYUNii AND ~ ~ TK1 llJiuTM! I..Iv£R WEIGHT, HEPA11C 

GLYCEIUDE CONCENTRATION. GLUCOSE-6-PHosi'HATASE (06P) ACm'ITV, AND SEJU.JM GLlr!"AM.\1'1! I"Y1ill1Y.Il._ 

T~ (SOPT) ACTMTY OF Mia oU'T1iK A 6-WEEitll EXl'OIIUq• 

Dole LiYCf 'Mli&htlbody Liws~ 

(ma/k&l<lay) weicbt ( ... ) <mlfsliw:r\ 

Tril:bboetbyle~ 

0 S.21 ± 0.09 (24) l.08 ± 0.29 (24) 

100 S.84 ~ 0.20 (5~ 3.12 ~ 0.49 (5) 

200 S.99 ~ 0.13 (12)- 4.41 ± 0.76 (12) 

400 6.51 ± 0.12 (12) .... 4.53 ::t 1.05 (12) 

800 7.12 !:: 0.12 (\2)*- 5.76 ± 0.85 {1.2) 

1600 s.st 1: o.1o mr- 5.82 ~ 0.93 02) 

2400 8.82 ± 0.15 {12~· U9 ± 1.40 (11)-

3200 9,12 ± O.IS (4)- 1.02 ~ 0.69 (4) 

Pcrehloroethylcne 
0 5.21 ± 0.09 (26) 3.23 ± 0.29 (26) 

20 S.SI :!: 0.11 (13) 2.72 :t CU7 (13) 

100 S.97 ± O..ll (13)'- 7..66 ± 1.78 (l3.,. 
200 6.45:!; 0.12 (t.n- 13.21 :t 2..28 (I~ 

500 7.35 :!: 0.16 (1~)- 22.~ :!: 1.61 (l:))-

UIOO 7.89 :t U6 (19)'"""' 2S.63 ± l.54 {19-,-

~~ 8.10 !: 0.27 (6}- 24.52 ~ 2.59 (5)-

2000 9.00 :t 0.11 (6)- 20.10 ± 2.08 (6-,-

• Va&uo oue :i :t sa: ~ in (N) mio:. 
• p < 0.05 from c:oanvl ~ 

- 11 < o.ot rrooa CDDU'OI·srouJ1. 
- , < 0.001 &om COIJlnll group. 

TABLE 2 

G6P 
<PI~/mr; 

pmU:i41:!0 min) 

125.5 ± 3.2 (12) 11.s ~ u <m 
117.8~ 6.0 <-'> 
116.4 ± 2.8 (9) ll.J ::t 2.3 (7) 

; !7.3 "l; 4.6 (9) ll.1 ~ .2.5 (1\i 

111.7 ± 3.3 (9)•• 11.1 ± (.3 (7) 

89.9-!: 1.7 (9)- i4.1 1: 2.1 (7) . ~· . 
83.8 ± :.l (8)••• J 1.3 ± (\.8 { 11 )** 

83.0 t 7.0 (3}- 26.8 ~ l.l (4)'" ··. ~ .. 

. :.:~::!{( 

136.5 ± ,1.1 (15) 11.8 :!: LO (18) 
132.0 ~ 7.6 (6) lll ± o. 7 UO) · .. : ,.,.,~: 

120.4± 1.1 (5) llJ + l l{IG) . '"'f:>.: 
118.4 ::!; 12.4" (5) 1.5.3 ; \:9· (9). '"j::;~; 
110.4.!: 7.5 (5)- 28.4.!: 2.7 (10-.-
lOl.S ± 4-.118)- 44.6 :!; 5.3 (U)""""'~ ' 

94-.S .:!: 2.1 (4~ 44.1 ~ 5.3(~ 

99-.2± 4.0(4>- 46.4 ± 5.6 (4)"'" 

DNA CoN'mtr. HIS'J'OPAiHOt.OOICAL EvAW-.'l'ION. AND Wtt ~/DltY 'NExilrr 

RA'nOS oF l.rVUs FJlOM Tlt!ATED NICE. .. : ~ .. · 

-----------------------------------"·•i 
DNA" 

Group (m&lg liver) 

Coaaai 2.13 ~ 0.17 

«10 -sllUJk; 2..57 ± 0.14* 
1600 q TIU;tg 215 :!=0.08-

200 IllS PER/q 2..52 ± 0.27 
1000 1111 PS/1:8 2.36 = 0.21 "'* 

.. .i ± so (11 = 4 OC' 5). 

• i 1: so (11 "" 5). 

~ 

(:;t) .. 

++ 
+++ 
+++ 

++++ 

~ NectosiJ 

+ 
++ + 

+- {:±) 

++ + 

Polypaidy 

+ 
+ 

(:,!:) 

+ 

J.4S ±8.12 -i{:. 
l.~ ~ ut;~~r.~ 
3.<48 ± cus:/~{) 
3.23 ± 0.13• 
3.13 ±~~!i~< 

.· ·. -~-~~ 

-':~_;;·~~:i~
. · .. ·;:;_~ . 

c Hislologic:al cvahWi0115 are graded: -, nqativc; + 1Q ++++, tDCm!Sing sevi!rlty of observed patholosy . 

• p < 0.05. 
- p <0.01. 

- p< 0.001. 
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·.~ control mice. ln contrast,. TRI bad very 
)'iaJe effect on bq)atic trig1yceridcs. Although 

mice in the highest dose groupS had mean 
~ conc:eou-ations twice the control 

:....tile, the~ rona:ntrations in some 
'fd 1bcsc .-c lVete not ek'vatcd cm:r those 
:Jli.eoo~~ok. Tbe gross appearances of BYers 
l-&o. .PB.- aDd TRJ~ rai<:c: 'weft ccm-
, _$istent with these results. The livers of almost 

t, ...... ~,, .. 

t~..,. RC.leivill& 2t)O 'l#flkl/day 01' llliCR ot 
$: ,_. wuc pile aacJ lllOittb:t in appcaraacc, a 
·~ Pauem cluuacU:ristic of fatty liver. The livers 
·~. TRJ - .. kl. ......... ~. ..... lft-1 .._,_.w 
·~~,_,. 1IIICe, .......,....... ~ ...... ~--
:','~ 
;\~ PER ad TR.I caused ~ 
''~~eases in J:l~taw: actiYity 
· ('f*le J). Tbc&e dtaeaaes ~ $lmlll. only 
about J 0%. until the dose reac:bed 800 q 

. ,TIU/kl. or SOO JD1 PER/kg. Mia: receiving 
'die higbesr doses of TRl arad PER bad C'JtiP 
~ties which weR 66 to 70% of the control 

.! .. 

SGPT activity '\llt8S not incmacd m TRI
~ ~ except at ~ l\1110 highest doses 
(Table J ). Even at the 240()...mglk&lday dose, 
.ha1f of the mi<:e bad normal value$.. PER 
~ sipi6omt incnwses in SGPT activity 
• S00 ~day. A tbrcsbold appcattd to 

tJtisl at JOO m&-'k:&fday. At the bigbest. PER 
t~ SGPT actjvity aYel'IIGCd about 45 
t#iJ •minase UDits per JOO pi serum, fow 
:{·me$ tbe control value. lbis increase reflects 
·~::~ 10 modende hepatic damag~e As a rom. 
:~several mice were treated with two 
'or tlutt doses of CHa3 (400 m&fkg) or CCk 

. (1600 mg/kg). epougb to cause severe hepa.

. totoxicity; their SGPT ac:ti\'ities ranged up to 
se"CJa] hundred units per l 00 ~tl. With either 
l1U or PER. SOPT activity rudy acceded 
70 units per l 00 #Li-

Hlsiopazhology 

'Ibe li\ICIS of mic:le from several do5e groups 
. ·~ bistopafholocically examined. A sum
. mary of the observations u shown in Table 
2. Liver degeueration. manifested by swollen 
'·;~ was C:OftliJIOD in aD four treat· 

i¥ ft7·: 
r.~·~ 
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ment groups. Cells had indistinct borders; 
their cytOplasm was clumped and a vesicular 
pattern was apparent. The sweJljng was not 
simply due to edema. as wet weight/dry 
weight ratios did not inaease (Table 2). 
Evidence of karyorrh~ the disintegration 
of the nucleus. was JRSCnl in nearly all 
specimens and sugested impendins cdl 
death. Central lobular necrosis was present 
in some specimeD5 Polyploidy was also c:bar· 
actmstic in lbe cen1Dilobular ~ Hepatic 
cells had two or more nuclei or had enlarged 
nuclei containiDg increasocl amounts of clu'o
matin, St_.,.stiiJ8 that a ~ti~ process 
was ougoing_ Both solveuts caused .similar 
pathology, but it was JeDCf'8lly more s.evere 
in tbc PER~ m¥::c· Also, - droplets 
of lipid wcre commoifiy ~ in the ~ 
plasm of the ~of PER~treated, but 
not TRl~tmtted, mice. ' 

Preli71Ji111Jry Metabolism Stuliies 

Triclll~l and trichloroacetic acid 
were found in thb urine of uria: treated witb 
TRI. V eriJi<:ation of the metabolitt$ was ac
complished by comparisons with mown 
staDdatds. 1'CE 'WaS ~predominant meblb
olite, and much of it was conjugated with 
glUCUJ'Oilic; acid. TCA ae:ocnDy .ccounted 
for between IS and 30% of the total urinary 
metabolite. Urine from several mjce was 
collc:ctr:d daily throogbout the (,..week dosing 
period. The amount of urinary metabolite 
did not show signi&ca.nt day-t.o-<Jay variability 
or week-to-weelr:: trends. 

Gas chromatographic analysit> of urine 
from PER-treated Jilice identified TCA as 
the only metabolilx:. The possible pn::seJicc 
of dechlorinated metabolites such as oxalic 
acid or ethylene glycol. reported as PER 
metabolites by other investigators (Pegg et 
al.. 1979; Daniel, 1963; Dmitrieva., 1967). 
was investip~ Si1 control mice excreted 
0.327 :t 0.085 mg of urinary oxalic acid/dBy . 
N"me mice receiviDg PER doses ranging from 
200 to 2000 mtJkl/day bad 0.351 ± 0.081 
Pl8 of oxalic ac:id/day io their urine. Therefon: 

141005 
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oxalic acid was eliminated as a kinetically either compound was ltsS thu 5% of J1: 
significant metabolite. Ethylene glycol also llilOWlt bmd in urine., and its contributioli :f, 
was not found. was ~ ·. 

'There were day-to-day trends in the 

amouut of TCA ucreted by mice dosed with 

PER. The amount ofTCA excreted each day TRJ Metabolism 

tended to increase, before leveling off' toward 

the end of the week. This panem QCCU.I'red 

beca~ the m~lism and/or excretion of 

PER was slower than that of TRl, and to to 

15% of the metabolized PER was not excreted 
within 24 hr, but was carried over to the 

following day. No week·to-week trends in 

TCA urinary excretion were ob!'lerved. The 

inOuencc of the day~to.day trend in urinary 

excretion of TCA was minimized by co~ 

tently coUe<..-ting urine from the mice on 
specifie days late in the week. 

The c:ontributioa of fecal elimina1ion of 
metabolites in mice dosed with either TRI 

or PER was excunined.. The amount of me

tabolites in the f'etts of mice treated with 
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A bipba!sic relationship between amount 

of uriuuy metabolite and TRI dose was 
observed (Fig. 1). The initial portion of this 

C'lltVe w.w linear through 1600 mg TlUfk& 
betore an abrupt plateau was reached. Tbe 

linearity of this initial portion of the curve 

was verifted by the fractional metabolism 

occumng at each dose. With the exc:eprioo 

of lhe 2QO-mg.tkg dose. 27.5% of each doe . 

in the ran~ 100 to 1600 mgfkg/da: was· 

convertced into urinary metabolite. Abowe- . 
1600 mgtq the fiaction of each cbw: ~, 

ol~ dccrea.'ICd. suggestins that TRJ meta&.. · 

olism approached saturation beyond this 

dose. 

f'IG_ l. Relationship between the TRI dose and tlte :un0011t of total tlrtiW)' mcrabolite c:xcren:d pa 

day by mice: in e3\:b group. Valua rcpn:sent .i ;t; SE. N "' 1 to 9 l'4ice per group eXI;CI7l fot tbe 100- and 

3200-mg TRifk8 youps ~ N z 4 u4 3, recpet:t;ivdy. The slope a ;md t'- value for the linear ~oo 

fit of the 100- to 1600-mglq daQI. points are~ 

.'1 . 

. :i.?~ , . 
. "·· 

oogo 699 gog XVd 6T!TT lad 00/16/tO 



MET AIIOUSM-EFFECT S'JUDJI?.S OF l1t.l AND PER 111 

The relationship between PER meta~ 
lism and dose is shown in Fig. 2. Tbe data 

points W"eTe fit with an equation analo
IOUS to the Michaclis-Menten expression, 

y ... (M~)/(K, +X). wlUcb describe$ ca
. p.city..fimitc:d kinetics. X is the dose. Y is 

,Jhe amount of mc:tabolite resulting, M_ is 
tbe maximum amount of me1abolitc: funDed 
.ad e~ in 24 hr. aDd K,. is, iD this 
case. the dose at which the amount of me-

1abolite e~ in a 24-hr period is baJf the 
.~t maximum amounL 11le data fit~ 
aprasion very well; r2 was 0.996. M_ was 
136 DJ&fk&'day and K., was 660 mg PER/kg. 

Thr: fraction of each dose metabolized 
decreased with increasing dose. coPSistent 
tri1h capacity~lhnitU:t metabolism. About 25% 
of a very low PER dose was metabolized, 
but only 5'1> of a veey bigb dose. 
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l:.'jJect ofTRJ Metabolism on Hepatowxiciry 

TRJ significantly affected only two of the 
four hepatotmcicity parameters, livm weight 
and G6P activity. When dose vvas plotted on 

a linear scale against the percentage increase 
in Ji~ weight, or agaillS'l the peroentase 
inhibition of 06P activity, bipbasic c:urves 
exactly analogous to the TRI metabolism 

curve resulted (FiS$- 3A and B). Ill each case, 
the rdationsbip between dose and the toxic 

effect was linear up through 1600 mg TRI/ 
k&Jday, reaching a plateau at high doses. 

However, when these same hepatotoxicity 
data points were plotted apinst the amount 

of metabolism (i.e., ~ urinary metabolites) 
at eacb respective dose, linear relationships 

were observed throughout the entire dose 
ranee (Figs. 4A and B). The ppints eorre-. 

sponding to the plate:au region of the dose
effect curves fall .around the regression line 

.~ .. -
M .... • 13e 

l(m = 6EiO 

PER Dose (mg/kg) 

FIG. 2. R.elaliooWp bctwcetl the PER doet: and the l!nlOUDt of total urilllll'y meu~ excreted per 

day by mict in c:IIC:b 8f'OUP. Values JCPI'CSt:lll x ± SE. N ,. 9 10 II mice tJtt atOUP excc:pt for tbe I SOO
a.Dd 20()G.Illllka &.! wtleR N = 4 or S. Tbe points were 6t by the ~Mc:aten equation, IUld the 

Vlhlcs fCA" M- IIDd K... 11n: ~ t.opdler with the r' val~e. 
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in the metabolism-effect graphs. This indi- Effect of PeR Metabolis1n (J1t. HepatOl .'.:~, A; 
cates that the nonlinearity seen in the dose- .. I·~ 

eft'ect relationships can be e:qJlained by a Graphs relating PER dose to each of ~,) 

cbaage in the kinetics of l'RI ~bolism- four bepat.ow~ty par.ameters resulted :~, 
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Fl<i. 4_ R.elati~ bm=tl the llt:paUJ(oxicity ~ or (A) liver \llleitdJt ~ and (B) G6P 

iMibition IUid UMal 1lriuKty ~ ex~ per clay by ~~Doe &om 1bc various TRl dose p-oups. 

1udic:atcld val~ ~ tbe slope 4. iateJCqJt b. aDd ,-2 vall!( (11 the: liDcaT ~0 of till poin~ 

llyperboJic curves analogollS to tbe PER 

metaboliJm graph in F"lt- 2 (FJtS. SA-D). 

-'Tbe data pOints in each C2Se were fit by 

OTO~ 

the expression Y""' (E_}{)/{K,. + X). where 
E_ is the maximum effect, and the resulting 
E-. and K.. values, as wdl-as tbe r 2 values. 
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BUBEN AND O'FLAHEillY ··. 

PEA Dose (mgikg) 

PEA Oou (nlgnr;!J) 

,2 = .!ll'Q 

1!- .• &\.e 
Km ~ $37 

1111111 

• 

r2 • .11112 
ll!mb" 31.11 

Kill= alii 

• 

• 

-i"l:4_~~ :?,~. -: 

~,··: r 
~ ', .. ~: 
' ·~ ' 

/:f~ 
.~ : ·:~~[' FIG. !1. ~cct ~between PER.~ lllld.lbe bepato(omty ~(A) liwr weipt 

i~ (B) 06P inhibition; (0 trislycmde iDCI'eillleS: {D) SGPT activity i~ Tbe i'l)iR'IS ~Jl: fit 

Wla tbe Mic;badis-Madea eq~ aad 1be values h E-. aad K. .ad the ~ -.al~ 111: Jivea. The fit 

b' c -- baed only Qll lbc (). 10 1000-IJI&Ik& data paiDD. '~ ·~~;/::·1 

~n metabolism and hepat~}~f are presented on each graph. The K,. values 
of~-Qf·the four hepatotoxicity parametets 

.-------aie:" simibu' to the K,. of PER mdabolism, a 
result wbich i$ expected if a relationship 

exists 

• 0:> l!1 3N!1J..d3N 

icity_ 
Graphs of the four hepatotoxicity ~ 

etets api:nst metabolism result in linear ~41( 
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{Figs. 6A-·D). These results strongly SUggest 

that the toxicity of PER is also related to the 

amount of metabolism. The metabolism

effect graph of hepatic trig1yceride5 (r~~o 6C) 

deviates from ~ty above tbe l()()O..mg/ 

kg,/day dose point. This deviation may be 

tbt result of athievement of a maximum 

effect. TrislY~ concentra-tions increase 

with PER dose up to 1000 mg/kg/day, but 

decrea$e at higher dose rates (Table 1 ). lf a 

maximum in the total amount of hepatic 

trig\yccrides had beeD reached by the 1 ()()().. 

JD&Ik&lday dose. the 1~ liver 'Weich1S of 
the higher dose groups would result in a 

relative decrease in triglyc::eride concentration 

per gram of liver at these hiper doses. 
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FIG. 6. ~P' between till: ~xic:ity paJ'llllldC!'l" (A) liver wcilllt iDcRaKs. (BJ GQ" 
iallibilioa. (C) uisl~ i~ add (D) SOPT aaivity ~ ollld rocal uriaaly' ~ 
escrctal per day by mice from tbe variow PER do$!: BJDUP5.. Data points were lit by liDear ~ 
(only the 0 to 1000 dat:i JX)ints wm:: UBCd f"or C). and tbe ~ a. in~ b. and r values ate 
i~. 
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Two observations support the concept of 

a trislyoeride maximum; ( 1) total hepatic 

lipids (triglycc:ride coocenuations x liver 

weight) did llOt gR:atly differ among the tbm: 

b.igbest PER groups; (2) mice receiving two 

or three doses of ~ or CH03 ( 1600 and 

400 mg,/J(&Iday, respectively), bepato\oxicaflts 

known to induce fatty liver, bad hepatic 

triglyceride concentrations of approximately 

24:!: 1 mglg liver, virtually identical to those 
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:. ;, the nbco IO<eivill& 1000 "': ,: :=: for the toxic cft'<a is port .,, 
mg PER/ki/day, suaestin& that this value the primary metabolic pathway, as is the case,~:~; 
may be the upper limit of triglyceride accu- with TRl and PER. Although the data are ' 
roulation in tlUs strain of mice. consi$t.eut with the vtew that the metabQtic . 

DISCUSSION 

The objective of this study was to examine 
the relationships among dose. metabolism. 
and hepatotoxicity in mice after e:'l.p<>:sure to 
either TRI or PER for 6 weeks to determine 
lh~ part that metabolism plays in lhe toxicity 
of lh~ solvents. The linearity seen in :ill six 
metabolism-effect graphs, whlch relate the 
various hepatotoxicity parameters to the 
amount of metabolism occurring at each 
dose of TRI and PER.. indi<.."'3tes that the 
hepatotoxicity of both these compounds is 
ditectly 'PfOI)Ortion.al to the extent to wbicb 
tbe solvents are metabolized. 

Such a result is consistent with th~ pro
posed metabolic ~ ofboth COUlpouuds. 
Both TRI and PER are believed to be me
tabolized by the mixed~function olt.idase sys
tem to epoxide intennediat:~ and then to 
stable temlinal metabolites ~ mainly 
in the urine (Daniel 1963; Renschler. 1977: 
Leibman and Ortiz, 1977; Yllner, l96i). TR.l 
epoxide is converted into chlotai hydrate, 
whiclt is fu.rtJ:ter metabolizoo to TCE and 
TCA by aleobol debydr0gennse and chlor.U 
hydrate dehydrogenase, respectively. PER 
epoxide is belieYcd to con\'ett spontaneoiWy 
to tricbloroacetyl chloride, whicb is rapidly 
bydr~ed to TCA. The epoxide is believed 
to be the toxic intermediate in each case, 
reat."tive enough to bind to cellular macro
molecules (Heuschler, 1977; Van Duucen., 
1975; Leibman and Ortiz. 1977; AJkmand 
et. al., 1978). Covalent biDding of both com~ 
pounds lias been demonstrated (Van Duun:n 
and Banerjee, 1976; Banetjee and Van 
Duuten, 1978; Bolt 1!1 a/., 1977; Uehleke and 
Poplavt$1cl-Ta~. 1977; Bolt and Fiber, 
1977; Allemand et a/., 1978; Pegg et a/., 
1979). 

Toxicity should pa.nlllcl metabolism in any 
compound for which the reactive intermedl-

pathways of both compOunds involve tbe · 
epoxide as the toxic intermaiiate, they am 
not restricted by it. Recently, Miller and 
Guengerich ( 1982, 1983) have pro(Xmed that 
the epoxide is not an obligate intennedia:te 
in TRJ: metabolism. The resuLts of the pr~:5ent 
Study demonstrate that formlltion of me re
a(:tiv~ intermediate, whatevef its structure. 
must bt propOrtional to the overall amount 
of metabolism, since when metabolism 
reaches a constant maximum value the tox- . 
icity also does not increase further. 

It should be point~ out that use of total 
urinary m~ as the in~ of m~. · .. 
lism is an appromnation. Most of tbt m· · ·· 
or PER which is metabolized through reactive 
intam<:diates is converted to either TCA or 
TCE and excn:ted iD the uril\te.. V ecy little is 
excreted in the lC:ces.. Some metabolized 
compOund (both TR1 and PER) is bound to 
rnat:ro111olecules, and some is metabolized to 
carbon dioxide (Daniel~ 1963; Pegs et IJI .• 
1979; Schumann et aJ.. l980; Stott l!l al., 
1982~ Parchman and Magee. 1982). To tbe 
-;:xtent to which these factors are involved. 
total urinary metabolite is an underestimate 
of the actual amount of metabolism. How~ 
ever, at the doses used. uriDary exctetion is 
by far the ~ route of disposition of 
metabolized compound. Tberefote. toral uri
nary metabolites should be a teasOuable ap
proJtimation of the amount of metabolism. 

Tbe relationship between the metabolism 
of these coQ1pounds and their toJLicity is not 
:au ~ fiuding_ It bas been shown 
that tbe to~ic;ity of oumen)U$ compounds is 
a result of their metabolism to reactive inter
mediates (Mitcbell et aJ.. 1976; Gillette ~ · ,. 
al. 1974), and Moslen et a/. (1977) have 
den'ton$t1ated an association between TRI 
metabolisDl ami hepatotoxicity. However, tbe 
implications of such a relationship, particu
larly the quantitative association demon
strated here, are important. 
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f -:. First, it is noteworthy that the relationship 

·'·bCiween toxjclty and metabolism is demon

Sbafed by both TRl and PER despite differ-

. ences in lhe kine<jc:s and ratdi (lf their mel

L aiJc;jic proce$tCS.. Tbe mctabolisw of TRl is 
',!; 1iDear witb dose until bigb dolc:s aR; reached. 

.qn:.c. il abnlpdy rr.acbcs Sidudbon aDd levels 

'~:;~(Fig. 1). This type ofbebavior bas ncently 

<ii.i~ described in inhalation uptake studies 

;~¥:ia. llumbc:c of 5Pl8ll haJograased com· 

:;~\~ ~ TRJ (FiJseraDd Bolt, 1979; 

-~ ADde~n ~ a!., 1980; Andersen, 1981 ), and 

;;, ha beeo termed ••tlip-.ftop .. kinetics. Jt occurs 
f· ,, .. <,._ tbe hepatic~~ able to~ 

·:;J. tbe substnttt .readjJy (ie., the K.,. value 

.·,,jj_..,.U). At low -.d intenrtectiate dosr$, the 

· · 1llijoc factor limitiu& the n.te of metabolism 

is tbe blood flow to the liver (Anders:en, 

l~ 1)_ If the concenttation of the compound 

in ~ blood is proportioua! lO the dose, the 

.;, , amount of metabolism would also be pro

pcnioaal to dose. As long as perl'usion te· 

main~; rate limiting. fusl..order kinetics will 

be obeyed. HoWever, as dose is incmllied, at 

some poiut the capacity of the metaboliring 

f:Ileyi:Oc:s is ~ned and they become satu .. 

· ated. At that point the kinetics shift from 

· ·lnitordc:r to zero order, and a plateau in the 

dose-metabolism relationship occurs. This 

·~·., tiDd.ie behavior acen witb TRI iudicates that 

:}/~sm of TRl by tbe Hver is a high 

· ·· affinity. high capacity pr~ 

. lo contrast, tile metabolism of PER (Fi&-

2) displays clas.<ical saturable kinetics. This 

panern suggests, especially with its high Km 
vaJue of 660 mg PElt/kg. that extrac.1ion 

andlor metabolism of PER by the hepatic 

enzymes i:> not efficient. The extent of PER 

metabolism is dose dependent, even at low 

concentrations. In addition, the liver bas a 

low capacity for metabolizine PER; the Mmw• 
of 136 mg TCAfkg/day is less than one-fifth 
(20%) of the extent to which TRl can be 

melabolUed. Tnu limited capacity for PER 

metabolism lw; been obierved in uumerou5 

spcries (Ikeda et Q)., 1972; Daniel. 1963; 

Monster. 1979; Pegg et al., 1979). Despite 

the oontrasts in the kin~ of TRl and PER 
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metabolism, the loxiLity of each compound 

is proportional to the extent of its metabolism 

ewer 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 TRJ and PER sbO"NS 
that there were both quantitative and quaJi. 

tative differences. Both oompounds caused 

~ in ti"Ytl' wcight, decrease5. in glucose.. 

6.pbospbatase activity, and similar histopa

thology. Comparison of the doses which result 

in equivalent effect sug:st tha1 PER is at 

least twice as potent a$ lRI OD 8. molar ~ 

with respect to these toxic indices. Tbe dif
ference iD potency is considerably gn:at.er 

with rq,ant to SGYf and uigiyoeride in
creases. Since at any .1Pvm dose from two to 

five times m~ TRl.tban PER is_metabol]zed, 

ii follows that the toxic metabdlite of PER is 

considerably more potent than that of TRl. 

Third, the dose-effect graphs (FigS. 3 :and 

S) iDustrate that a muimum occurs iD each 

etfect as dose is hlcreased- With the exception 

of the effect of PER on bepatie trigiycerides,. 

each maximum resuhs from a change in the 

kinetid of metabolism. This result illustrates 

one way by which a nonlinearity between 

d0$e and effect can arise. 
FinaDy. the fuJdin~ shed light on several 

factors involved m risk asses:sxnent. F'lf'St, 

they establish that th~ amount of metabolism 

of botb TRl and PER is directly related to 

their hepatotoxicity. lt is the internal param. 

eter upon which assessment of their toxicity 

should be baf.ed. Since there is strong evidence 

supporting the proposal that TRl and PER 

cause hepatocellular tumon; in mice as a 

result of an epigenetic mechanism involving 

repeated liver clam~ (Schumann ez al .. 1980; 

Stott et Q)_, 1982), tht:Se results involving the 

effect of metabolism of TRl and PER on 

hepatic to~· have implications with respect 

to their carcinogenicity as well. 
Risk extrapolation estimate5 to 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 and PER. metabolism are \lllusu.l. The m~ ·~,, 

has been demonstrated to be dependent on tabotism of many compouuds wiB likely ro

metabolic activation. Other authoa have dis- semble tbe kinetics of one or the other. Thus. 

cussed tbe merits of using ioternal psr.uneters implicatiOns.. drawn from the ~ of this 

to explain toxic response or t:Stimate caxci- study, conccming the use of biBb <be:s ill 

nogenic potential (Gillette. l974a.b; Gehring risk 3:W'.351D.eDt have general appticability. 

and Blau. 1977: Andersen. ! qgl ). For risk The nonliDearities of t:he dose--effect curves 

assessment purposes.. preliminary pbarma- wbich result from saturation of metabolic 

colcinetic studies should be undetta.ken to proce5leS dtmonstrate the need to include at 

relate the admirustered dose ro the signiticant least one d'l!C ~Bp.ific;antly tuwer than the 

internal parameter of metaboli"roi. This prin- maximllln. toletatai dose in carcinOgenicity 

ciple may apply to many genetic carcinogens bioassay:s. 

as well. Many of these agents are first metab-

olized to tOJfic intermediates which reac1 with 
ceUular nucleic acids.. The extent of their 

metabolism would likely be more directly 
rdated to their carcinogenic activity than 

would dose. 
Sec:ood, the results of this study demon

strate that use of hlgh doses io studies 
such as the NCI carcinogeuicity bioassays 
often lead to satut'ation. of IIldabolism. The 

metabolism of PER deviatoi &om lin~ty 
at doses above 100 mg/kg. coll$ider'Ably lower 

than the d~ utilized in 1 die NO .~dy 
(National Cancer Institute, 1977). Even the 
metaboli~ of TRl, a co~Wld which is 
readily metabolized, ~ sat\lr.\tion 
at 2400 mg/\cg, a dose equivalent to tbe 
muimum tolerated dose used in the NO 
bioassay (N~tional Caucer lnstitu~, 'i 976). 

As pointed out earlier. sudl saturated metab
olism wa-; associared with the C)I:CtlOellce of 
maxhna in measull:d dfects. This saturated 
metabolism may explain tbe absence of a 

d0$t:-related response in tbe hepatic tumori· 
genicity data of mice in the NO study of 
PER, as wdl as the nrther smail i.ocrease 
observed a~MGg male mice dle:spite a doubling 
of the TRI dose (National Cancer IDstitute, 
1976, 1977). Extrnpolation for p~ of 

list ~ent ci such hi8b-dose d:d:a wilhout 
correetion for tbe phatmacokinetia of the 
metabolic process may lead to erronrous 
results (Watanabt: et a/ .. 1977) and may 

greatly overestimate the actual risk. It is 
unlilcely that the pbarm.acoldnetics of iRI 
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