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Several nongenotoxic carcinogens uncouple mitochondrial 
oxidative phosphorylation 
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A number of plasticizcrs and lipid-lov.cring drugs induce peroxisomcs and cause hcpalocellul:lr carcinoma in r~deqts by 
mechanisms ~hieh remain ullkno~rn. In this study, seven structurally dissimilur peroxisomc proliferating agents sscrc shox',n to 
uncouple oxidutive phosphorylation in isolated rat liver mitochondri-i. For example, pcrfluorooclunoatc (11.5 raM) increased 
succinalc-induccd (Male 4) mitochtmdrial rcspirution by over 50rr ~.'~ hilc stimulation of state 3 rcspirali~m ~.vilh ADP was minimal 
(i.e.. uncoupling occurrcd), lntercslingly, compounds v, rhich arc po',cnl carcinogens in ~ivo (e.g.. W.~-I4:M-3 and pcrfluorooc- 
lanoate) ,.,,ere more powerfifl uncouplers of oxidative phosphor3rla!ion in vitro than ~,~,cak tumor-causing agents (e.g.. valproatc). 
Uncoupling also occurred in vivo. Basal tares of oxygen uptake in pcrfuscd livers from chronically treated ruts werc increased 
from 137 +_ 7gmol g ~/h in pair-fed controls to t53 + 5 pmol g m/h uftcr 2.5 months of feeding Wy-14.643 ((I.1% w-/v in diet). 
Concomitantly. rates of urea synthesis from ammonia, a process highly dependent on ATP supply. ~crc reduced almost 
completely from 1(14 __+ 10/amol g J/h to 13 __+ 6 ,u.mol g J/h. Bile floa. another energy-dependent process. ~as ulso reduced 
significantly by treatment with Wy-14.643 in ~ivo fi~r 24 h. Taken together, these data indicate thut energy supply fi~r cellular 
processes such as urea synthesis and bile flow wax disrupted in vivo duc to uncoupling of oxidative phospho~'lation by 
Wy-14.643. It is proposed Ihat pcroxisomal prolifcrators accumulate in the lixer ~hcrc they uncouple mitochondrial oxidative 
phosphor2,.'lation and interfere with cellular cncrgcties. 

lntroductL~n 

A widely publicized theory states that drugs and 
chemicals which cause proliferation of peroxisomcs 
and are nongenotoxic carcinogens act via mechanisms 
involving reduced oxygen species [1-4]. This hypothcsis 
maintains that the chemical agents in this class induce 
the peroxisomal hydrogen peroxide-generating acyl 
CoA oxidase by interacting with specific intracellular 
receptors. Hydrogen peroxide formed within the pcrox- 
isome is thought to generate other oxidants, such as 
lipid peroxides, leading to DNA strand breaks. Some 
experimental evidence supports this hypothesis: how- 
ever, other results are controversial or have not been 
substantiated (see Fig. 4, Table ii and Discussion). 

Lipid-lowering drugs and plasticizers induce peroxi- 
somes and cause a 5- to 20-fold increase in peroxi~mal 
enzymes, which are capable of generating hydrogen 
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peroxide at high rates in vitro [2.5-7]. Further. many of 
these chemicals, when fed chronically, cause the accu- 
mulation of lipofuscin, thought to be an index of oxida- 
tive injury [8]. Although these observations arc well 
documented with a variety of agents, their biological 
relevance remains unclear. However. one important 
consideratkm is the relative rate of hydrogen peroxide 
generation in vitro compared with rates in vivo. Cata- 
I;.se is capable of destroying H , O ,  at rates ten million 
times faster than it is produced [9]: therefore. H , O ,  
should never leave the peroxisomc. Additionally. treat- 
ment of rats in vivo with ciprofibrate and perfluortx~c- 
tanoate increased hydrogen peroxide production via 
aeyl CoA oxidase in vitro: however. H , O ,  production 
was not increased in whole cells, most likely due to rate 
limitation by fatty acid supply [10.11]. it is difficult. 
therefore, to envision how hydrogen peroxide of perox- 
isomal origin could enter the nucleus and alter DNA in 
vivo. 

In 1988. Marsman et al. reported that feeding rats 
di(2-ethylhexyl)phthalate (DEHP)or  Wy-14.643 for up 
to one year led to similar increases in peroxi~mal 
volume and enzyme activities: however, the incidence 
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of hepatic tumors ~as much greater in the W}-14.b43- 
treated group [12]. In this .qtld}. W}-14.643 but not 
I ) l ] l i '  caused st,stained cell turnover. "lhcsc studies 
demonstrate that tumorigenesis is not qt, antitativcly 
linked to the induction of pcroxisomcs. 

(liven these rcserxations, the action of several 
agents, v, ith a range of potencies as tumor-causing 
:tgcnls. was examined on isolated mitochondria in vitro 
and in vivo. The data suppo:t the by'. :,thesis that 
uncoupling of oxidative phospho~'la+ion is a primary 
event hdlo~ing exposure to lipid-lo~,,ering drugs and 
phthalalc cstcr plasticizcr.s. 

Materials and Methods 

..Inmud~ and tl~ atment. Male Fisher 344 rats (( 'harlcs 
River Breeding Kaboratot3'. Raleigh. N(')  weighing 225 
to 3511 g v~crc used in these studies. Rats were main- 
taincd on NII-I-117 chtw, and purified water ad libilum 
a:td housed with a 12-h night /day cycle. Treated rats 
v, crc fed the same rodcnt chow blended with I1.1', - 
Wy-14.643 l iu 2.5 months or given one oral dose of 
Wy-14.643 (11111 m.~'/kg in olive oil) 24 h prior to 
determination tff bile Ilo~. 

Liver pe~Ji~.q+m. Rats wcrc ancsthctizcd with sodium 
pcntobarbilal 1511 mg/kg  i.p.) and livers wcre perfuscd 
with Krcbs-Hcnsclcit bicarbonate buffer (pH 7.4. 37°C) 
saturated with 95% O,  : 5c; CO.  in at hemoglobin-free. 
nonrccircuhtting systcm as dcscribcd previously [13]. 
Pcrfusatc was pumped into the liver via a cannula 
placed in the portal vein. and cfllucnt pcrfusatc ~as  
collected via a cannula inserted into the infcrio, vcna 
tara.  Oxygen concentration ;n the effluent pcrfusatc 
was monitored continuot,sly employing a Clarl.'-typc 
oxygen electrode. Urea synthesis from ammonia 
(NH;CI: 4 mM) was dctcrmincd colorimctrically [14] 
and rates of oxygen uptake and urea synthesis wcrc 
calculated from the influcnt-cffiucnt concentration dif- 
ferences, the flow rate and the wet v~cight of the liver. 

M('a.suremeut +*l" hile flow. Rats were garaged with 
Wy-14.(~43 (1011 mg/kg  in olive oil) or with the vehicle 
ahmc 24 h prior to surgc~. While under ether anesthe- 
sia,. the bile duct was cannuhttcd and bile was collected 
into tared vessels every 5 min fl~r 30 rain. Rates wcrc 
calculated using the liver wet weight. 

Isohttion o1" mito('lumdria. Mitochondria wcrc iso- 
lated in a mannitol-sucrosc buffer (pH 7.111 by standard 
procedures of differential ccntrifugation [15]. Isolated 
mitt~:hondria ( I mg/ml )  were incubated at room tem- 
perature in a 2 ml wflume of buffer (pH 7.2) containing 
IIRI mM KCI. 511 mM sucrose. 211 mM Tris-HCI, 5 mM 
Tris-phosphatc. and i11 p M  rotenonc. Oxygen uptake 
was mcasurcd in a closed vessel with a Clark-type 
oxygen electrode after addition of succinatc (! #mol t  
and ADP 111.5 #molt.  Protein concentration was deter- 
mined colorimctrically [16]. 

Ahtwrialv ( ' iprofibratc was the generous gift of Stcr- 
ling-Winthop Research Institute. Rcnssclacr. NY. [4- 
('hloro-+~-(2.3-xylidino)-2-pyrimidinyllhio] acetic acid 
(W.v-14d)43) was purchased from ( 'hcmsyn Science 
Laboratories. Lcnexa. KA. Pcntadecafluon~)etanoate 
(PFO) and 2-cthylhcxanol wcrc acquired from Aldrich, 
Milwaukee. WI. All othcr chcmicals and rcagcnts wcrc 
o f  the high:st available purity from standard commer- 
cial murccs. 

Statistk'.~. l )ata rcprescnt means+_SE, Statistical 
comparisons were pcrfl~rmed using Student 's t-test [I 7]. 

Results 

Um'otq~fing o1" oxi:hltit'e I~lto.wlloo'htthm #t isplated 
mitoc'homb'ia 

Several chemicals, with a range of potencies as 
nongenotoxic carcinogens, were compared for their 
ability to uncouple oxidative phosphorylation in iso- 
lated mitochondria. An example of the effect o f  the 
ve~ + potent nongcnotoxic carcinogen, pcrfluorooc- 
tanoatc (PFO), on oxygen uptake by isolated mito- 
chondria is depicted in Fig. I. In the absence of ADP. 
control mitochondria ttR)k up oxygen at rates around 
25 nmol min t / r ag  protein. Values increased over 
3-fold when ADP was added, indicating that the mito- 
chondtia were well coupled. In contrast, hypomctabolic 
rates of respiration were stimulated to 53 nmol 
rain I / rag  protein in the presence of PFO, illustrative 
t ) t  u n c o u p l i n g  agents. 
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Fig. I. |;t'fcct of pcrfluor(~ctanoat¢ (PFOI on ox)gen uptake by 
i~dated mitochondria. Milochondria were b,olated from rat liver by 
qandard proccdurc~, of differential centrifugation [15]. Mit~chondria 
~crc incubated at nmm temperature in 2 ml of buffer (pH 7.2) 
containing IIX) mM K('I. 50 mM sucrose. 211 mM Tris-tlCI, 5 mM 
Trb,-pho~,phate. and I1| /xM rotenone. Oxygen concentration was 
mca~,urcd in a clo,,cd vc~,,c112 ml)with a Clark-type o.~gen electn~le 
afler addition of ,,uccinatc (I.(I /,molt and ADP (0.5 p.mol) in the 
prc~,cncc or abe, once of PFO (I.(I v.mol}. Rat¢~ of oxygen uptake, 
~hown in parentheses (nmol rain ~/mg protdn- average data. n = h). 
v;ere calculated from the change in oxygen concentration per unit 

time. Protein was determined by the method of L~,vry et al. [16]. 
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Fig. 2. Uncoupl ing of mitochondrial  rc~,piralion by pert luorooc- 
tanoale  (PFO). ( 'ondi! iom, a~ described in Fig. I. Milochondria were 
incubated ,~ilh conccntra l ions  of PFO indicated on the abscissa. 
Rales  of oxygen uptake ~erc  c,dculated a,, described in Fig. I. 

Mean + St-" (It = 6). 

Fig. 2 depicts the dose-dependent stimulation of 
state 4 rates of respiration (i.e., uncoupling} due to 
perfluorooctanoate, in the concentration range from 
0.6 to I).8 mM. perfluorooctanoatc inhibited both state 
3 and state 4 rates of oxygen uptake. Thus, it is clear 
that PFO first uncouples and then inhibits oxidative 
phosphorylation as the concentration is elevated, in 
fact, all seven structurally dissimilar peroxisomal prolif- 
erators were shown to uncouple oxidative phosphoryla- 
(ion (Fig. 3). Interestingly, weak tumor-causing agents 
such as valproate were mild uncouplers, whereas more 
potent carcinogens, such as PFO and Wy-14,643, un- 
coupled oxidative pht~phorylaiion to a greater degree. 
A comparison of the EDs. estimated for each com- 
pound supports this relationship (Table !11). As is 
observed with many uncouplers, higher concentrations 
of compound led to inhibition of active state 3 rates of 
oxygen uptake in isolated mitochondria [18]. 

Uncoupling o]" oxidatit'e pho.ff~hoo'lathm hy Wr- 14, 643 m 
cit "o 

This class of compounds is very lipophilic and would 
be expected to accumulate in vivo. Therefore, uncou- 
pling of oxidative phosphorylation in isolated mito- 
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Fig. 3. Uncoupling ol  mil*.:hondria h+s seven slruclurally dissimilar 
pcroxisomal prolifcradn,, a~ent~,. Milochondria ~,.'re i,,olaled from 
ral Ikcr  a~, de~,cribed in lhe legend to Fig. I and ~er,.- incubated at 
r,,~m tempera ture  ~ith ,~alproale ( V A L  3 mM). acel}lsalic.~lic acid 
(ASA. 2.5 raM). 2-elhylhcxanol (El l .  2.5 raM). clolihrale (( 'PIB. 2.5 
raM). ciprofibrat¢ (('IPO, 11.9 mM), perfluon~clanoale (PF(), 11.5 
mM) or Wy-14.643 (WY. (LI25 mM), In man.~ cases these concenlra- 
lions were much Io~er than the conccnlralion required to inhibil 
Mate 3 respiration. Ox~,gcn uptake v,a~, measured s~ith a ( ' lark-type 
ox~rgen electrode fl)lh)~'ing addit ion of suecinale 11 ,~mol). Data are 
presented m, Ihe increase in oxygen uptake from ba~al letel,, (25 + 3 
nmol O ,  rain [ / r a g  protein) using succinate as sub,,(rate. Bar~; 

repre,,ent a,.erage data  from 4 rat,, per g r o u p ±  SE. 

chondria with relatively high concentrations of test 
chemical may not reflect events under physiological 
conditions. Therefore, oxidative phosphoryhttion was 
assessed in vivo in rats fed the I~tent nongenotoxic 
carcinogen, Wy-14,643 ((I.!~:; in the diet) under condi- 
tions which produce tumors by one year [12]. Alter 2.5 
months of treatment. Wy-14,643 tended to increase 
oxygen uptake per g of tissue in the perfused liver, 
suggesting uncoupling of oxidative phosphorylation 
(Table I). Because of a compound-related increase in 
liver size lhyperplasia) and mitochondrial content, oxy- 
gen uptake by the organ was actually increased 3-fold 
when the data were expressed on the basis of I~dy 
weight (Table I). 

T A B L E  I 

l'.~[fi'ct o f  treatment with II~v-14,64.¢ m t il o o;~ mlgen uptolu, am/urea ~ymtw~i~ m tin, i~ ' f luwd ht er 

Rat~ ~cre fed O.IG Wy-14.h43 in lab cho~' lor 2.5 month~. Livers ~eru wrfu.~ed and oxygen uptake ~'as monilored ~ith a ( ' lark- tyw oxygen 
electrode. Rates  of urea synthesis from ammonia  (4 m M ) ~ ' e r e  calculated from the infl ,nt-effluent concentrat ion diflerenc¢~,, the fl(w~ rate and 
the v,'et weight of the liver. ". tcndenc3' fi~r P N..l~ecn I).()5-1.(l: *. P < 0.fl01 as compared  to control  (n = h). 

Oxygen uptake Oxygen uptake Liver ~eight  / Urea synthesis 

# m o l / g  liver per  h #mol/l(MI g I~dy v, eight per  h liN) g N)dy v, eight ~ . n ~ l / g  per  h 

Control  137+7  4¢~5 =+ 2fi 3.4 ± (I.I 1114-,- 10 
Wy-14.M3 1534-_5 " 13311±45 * N,7"11.2 * 13+ 6 * 
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To test the hypothesis that the increase in oxygen 
uptake lolloxsin.~ Vs'y-14,(~43 treatment in vivo was due 
t(~ uncoupling of oxidative phosphoo'lation, urea syn- 

thesis w~ts studied. LIrca synthesis from ammonia is a 
process highly dependent on AI 'P supply and is dis- 
rupted by uncoupling. Treatment with Wy-14,t~43 for 

A: Oxidative Stress Hypothesis 
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B: Mitochondrial Uncoupling Hypothesis 
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Fig. 4. Schemalic rcprc~,enlalions of lhe oxidaliv~: stress and lhe mih~chondrial uncoupling, hypolheses. (A) The oxidative slress hypolhesis slates 
dl~Jl ll~::r¢ are specific cytosolic receplors tier lhis class of chemicals (e.g.. Wy-14.643) leadin[z Io induclion of peroxi~mes via increases in mRNA 
cod~'d fl~r p,:roxisomal protein, t!,O3 produced from peroxisomal /3-oxida:ion then diffuses into the cylosol forming radical species which 
d;m~;~ge I)NA. (B) The uncoupling h vpolhesis stales thai impaired milochondrial funclion leads to a decline in ATP, thereby elevaling 

inlracellular unsaluraled fallv ~,cids which activate prolein kinase c leading to increased cell turnover. 

J 



2.5 m o n t h s  d imin i shed  u rea  synthesis  dramat ica l ly  from 
104 _+ I0 to 13 + 6 # m o l / g  pe r  h (Tablc  I). Bilc flow, 
a n o t h e r  e n e r g y - d e p e n d e n t  process,  was assessed as wcll 
in an imal s  t r ea t ed  with Wy-14,643 for 24 h. Exposure  
to Wy-14,643 for this  shor t  pe r iod  of  t ime dcc reascd  
bile flow significantly f rom 121 + 10 to 79 _+ 5 * # l / g  
pe r  h (* P < O . ( I I ;  n = 4), indica t ing  that  uncoupl ing  
occurs  rapidly. 

D i s c u s s i o n  

M i t o c h o n d r i a  as  a p r i m a r y  target  of nongeno t ox i c  car-  

c inogens  

We hypothes ize  tha t  peroxisome prol i fcra tors ,  which 
a re  highly l ipophilic,  accumula t c  in mi tochondr ia l  
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m e m b r a n e s  where  they uncottple  oxidalivc phospho-  
rylation and  interfere  with  cel lular  cncrget ics  and  ion 
gradients .  The  fact that  the l ipid-lowering drug  chtfi- 
bra tc ,  which causes  hepat ic  tumors  in rodents ,  and  
many of  its s t ructura l  analogs  uncouplc  mi tochondr ia l  
rcspir~l ion in vitro has bccn  known for s o m c t i m c  
[19-22].  in this study, a compar i son  was madc  of thc  
effects  of seven dif fcrcnt  peroxisome prol i fcra tors  on  
isolated mi tochondr ia .  All seven compounds  uncoup led  
oxidative phosphory la t ion  to varying degrees  (Fig. 3; 
Table  !!!). Interest ingly,  agen ts  which are more  po ten t  
ca rc inogens  in viw~ ( P F O  and  Wy-14,643) a p p e a r e d  to 
bc more  powerful  uncouple r s  of  oxidatb, c phosphoryla-  
t ion in vitro. There fo re .  the re  may be a cor re la t ion  

TABLE II 

('ompari~o, Of ,'/cmeltt.s Of o.~idalit ~" strc.~ a ,d  mitoclumdri, d to ¢'o qd I g IlYl~othc~c.~ 

I lypothesis E~idencc for Reference 
or ; iga iNsl  

Oxidative slrcss hypothesis 
Specific receplor 

Induce peroxisomcs 

in vitro 1120 = production 

in vivo 11.0 2 production 

Lil'a~fuscin accumulation 
8- Hydrox3,deoxyguano ,ine adducts 

Mutagenic 

Tumor production 

Mitochondrial uncoupling hypothesis 
Lipophilic properties 
Uncoupler of oxidative 
phosphorylation in vitro 

Uncoupler of oxidative 
phosphorylation in vivo 
Weight loss 

Elevated unsaturated free 
fatty acids 
Activation of protein kinase C 
Stimulated cell turnover 
Tumor production 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

l.al'~,ani ct al.. 1983 
Issemann and Green. 1990 
Millon el a].. 1988 
M,~dy and Rcddy. 1978 
Gray el al.. 1983 
Fahl et al.. 1984 
Feller ctal.. 1987 
Moody and Rcddy, 1978 
Gray el al.. 1983 
Fahl et al.. 1984 
Feller et al., 1987 
Focrster ctal.. 1981 
Ilandlcr and Thurman. 1988 
Tamura et al.. 1991) 
]landlcr et al.. 1992 
('onway el al.. 1989 
Kasai c1 al., 1989 
llegi e! al.. 1991) 
Vtm Danikcn el al.. 1981 
Goel et al.. 1985 
Gupta el al.. 1985 
Svoboda and Azarnoff, 197~t 
Reddy and Lalwani. 1983 

l.ake ctal.. 1987 
Katyal el al.. 1972 
Mackerer ctal.. 1973 
Goudonnet el al.. 1978 
This paper: fig. 3 
This paper: Table I 

Svohoda and AzarnofL 1979 
Rhodes et al,. 1986 
Marsman et al.. 1988 
Lock et al., 1989 

Bojes et al.. 1992 
Marsman et al.. 1988 
Svol~a and Azarnoff. 1979 
Reddy and Lalwani. 1983 
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between mitochondrial uncoupling and the ability of 
these chemicals to c;<itlSe tUnltllS. 

Recently, it was demonslrated thal 2-cthylhcxan:~l. a 
melabolitc of the common plasticizer dilethylhcxyl) 
phthalatc, uncoupled oxittativc phospho~lation in iso- 
lated mitoehondria, dissipated the nlitoehondrial mem- 
brane potential, and prc~ented the uptake of radiola- 
holed ( 'a-" [23.241. Thcrclilrc. as a conscqucnce of 
mitochondri;ll uncoupling in vko. ATP supply for ion 
pumps would bc decreased which could indirectly in- 
crease levels of inlracellular calcium. It is possible thai 
calcium is involved in the stimulation of cell turnover. 
Indeed, norcpincphrinc, which increases iniraccllular 
frcc calcium pools [25], potentiates the effect of growth 
factors on cell replication [26]. 

One argument against this hypothesis is that there is 
litth: indication that established nlitochondrial uncou- 
plers (e.g.. diliill+ol+henol I i)NP) and long-chain fatly 
acids) liic nonnltllagcnic carcinogens. O n  the other 
hand, fally acids, like Ihc ehcnlicals being considered 
here. have long been known to be tumor promoters 
127-2~1 and mild peroxisomc proliferalors 130]. Fur- 
thernlore, pentaclllorophenol h a s  b e e l l  shown to b c a  
hepatic carcinogen in rodents [31]. Further. the fact 
thai DNP is not known to cause tumors may have a 
trivial explanation. The feeding studies pcrfi~rmcd with 
this agent, largely in the Iq311"s. most likely led to death 
long bcfllrc tumors could appear [32]. 

Comparison of  o.rhhuit'e stress and mitoclunulrial tm- 
couplittg h.17~otlw,se,s 

Oxhhttire stress. The oxidative stress and mitochon- 
drial uncoupling hypotheses arc compared in Fig. 4. 
The oxidative stress hypothesis states that specific cy- 
tosolic receptors for these compounds exist and lead to 
an increase in mRNA coded for pcroxisomal proteins 
(Fig. 4A). Following induction, hydrogen peroxide pro- 
duccd fronl /3-oxidation of fatty acyl CoA within the 
pcroxisomc diffuses from the organellc into the cytosol 
forming highly reactive radical species which damage 
DNA. These activated oxygen species also lead to 
formation of lipofuscin, indicative of increased lipid 
pcroxidation. In contrast, the uncoupling hypothesis 
states that impaired mitochondrial function leads to a 
decline in cellular ATP, thereby elevating free fatty 
acids which activate protein kinasc c, leading to 
rcplicativc DNA synthesis (Fig. 4B). 

Evidence that some chemicals in this class react with 
specific receptors in cytosol from rat liver has been 
presented [33]. Rcccntly, a cloned member of thc 
steroid hormone receptor family was shown to bc acti- 
vated by Wy-14,643, nafcnopin and clofibrate [34]: 
however, whether it plays a role in tumor formation 
has not bccn established. Also, it is well established 
that this class of chemicals does not interact directly 
with DNA [35-38] (Table il). One report describes 

l A l l l . l !  III 

I-lll'¢l of.w/i'#, slrtl¢'ttl,tllly di.~simihn" I~ern.lis~Jml ̀  prolil~'tators on milo-  
chondrial oridtt l l l i lc IJhov~/un3"httion 

Rat  li~cr mih~chondr ia  t~crc i , ,olalcd ~J,, dc , ,c r ibcd  in Matcr ia l~  :ind 
Mctl lod~ Zllltl ineub~ltCd v, i ih v~lritltl~ clinCCllll';.llillll~, Ol the ;IbO'¢¢ 
t'llnlpi~untls in CXl~crimcTll~, lyp i l icd t1% Fig. 2..~l; i lc 4 rc*,pir;i l i i ln w;i~ 
illl.';ir, urcd in ~i t-lll~t'tl t 'h; inibcr ;ll lc r  addi t ion o f  ~iccin; l l t '  ( 1.11/i tool). 
l 'hc  I { I ) . .  ~ l~  t, Minl~llt, d l' lonl Ihc do,,,~-dl2pt=lldi.'nl Mi i l l i l la l ion o f  
Malt' 4 rt 'kl l i l ; i lhln by 12~it'll agt'nl, 

( 'Ol l l f~lui ld I ' l )~ .  ( n iM ) 

Wy- 14.643 (}.(18 
Pc rlltlorOot't  ;i nt,1;i I ¢ (i.114 
( ' iprof ihr~l lc  0.35 
Acctylsa l icyl ic  acid  I .(111 
2-Eihylhcx; ini l l  1.21) 
( ' lo f ih r ic  zlcitl t.41) 
Va lp ro i c  ;icitl I.ql l  

formation of 8-hydroxydcoxyguanosinc following treat- 
ment with ciprofibrate [39]. suggesting interactions of 
oxygen radicals with DNA: however, background levels 
in that study were very high, making interpretation 
difficult. Furthermore, Hegi et al. reported that 8-hy- 
droxyguanosinc did not increase following treatment 
with nafenopin [40]. 

The observation that lipofuscin appears following 
exposure of animals to plasticizers and lipid-lowering 
drugs is consistent with the oxidative stress hypothesis. 
However, one must interpret this result cautiously, 
since lipofuscin may not be a specific marker for radi- 
cal production. Proof that peroxisomal proliferators 
cause the formatkm of oxygen radicals could be ob- 
tained with techniques such as spinlrapping of lipid 
radicals [41] or measurement of lipid hydroperoxides in 
viw~ [42]. Unfortunately, such experiments have not yet 
been performed in vivo. Since evidence for the role of 
specific receptors and alterations in DNA and the basis 
for lipofuscin in cancer causation is not compelling, the 
oxidative stress hypothesis must be questioned. 

Mitochomlrial IOICouplillg hyi~othesis. The conse- 
qucncc of uncoupling in vivo is a declinc in intra- 
cellular ATP synthesis. In this study it was shown that 
urea synthesis, a process highly dependent on ATP 
supply, was almost re,tally abolished in the pcrfused 
liver after chronic treatment with Wy-14,643 (Table I), 
indicating that Wy-14,643 diminished ATP supply. This 
reduction in urea synthesis determined in vitro by 
addition of ammonia to the perfused liver most likely 
does not occur to the same extent in vivo since the rats 
appeared healthy throughout the duration of Wy-14,643 
treatment and did not go into a hepatic coma. Bile 
flow, which is also energy dependent [43,44], was also 
diminished significantly 24 h after treatment with Wy- 
14,643 (see Results). it is possible that uncoupling of 
mitochondrial oxidative phosphorylation diminishes the 
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synthesis of ucyl C¢,A compounds due to lack of energy 
and. thereby, clcvutes intraccllular frec fatty acids I Fig. 
4B}. Fatty acids activulc protein kinusc c [45], which is 
known to stimulalc cell p,aflil'cration [27-2'4]. lndccd, 
phorbol esters, which arc classical tumor pronlotcrs, 
stimulutc protcin kinasc (" [4~q. This sequence of events 
may or may not be linked to the increase in pcroxi- 
~macs after exposttrc to this class of chemicals. 

In support of the involvement of cctl tttrmwcr, a 
strong (Wy-14.f1431 but not a weak (DEHP) tumori- 
genic agent cuuscd sustuincd cell turnover during many 
months of chronic fccding [12]. Moreovcr, a positive 
correlation was madc recently bctwccn incrcascd cell 
proliferation and hepatocarcinogencsis [47], 

Whilc support for the mitochondrial uncoupling hy- 
pothesis exists (Tublc ii), it is by no meuns firmly 
established. Only after more information on protein 
kinase c [56] und fatty acids is obtained in viw~ after 
chronic exposure to Wy-14,643 and related compounds 
can this sequence of events bc assessed in its entirety. 
Then it will be clear if mitochondriul uncoupling by 
lipid-lowering drugs und plasticizcrs is inwdved in the 
mechanism of action of pcroxisomc proliferating car- 
cinogcns in the liver. 
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