Biochimica et Biophysica Acta, 1102 (1992) 237-244 237
« 1992 Elsevier Science Publishers B.V. Al rights reserved 0003-2728,92 /805,00

BBABIO 43690

Several nongenotoxic carcinogens uncouple mitochondrial
oxidative phosphorylation
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A number of plasticizers and lipid-lowering drugs induce peroxisomes and cause hepatocellular carcinoma in rodents by
mechanisms which remain unknown. In this study. seven structurally dissimilar peroxisome proliferating agents were shown to
uncouple oxidative phosphorvlation in isolated rat liver mitochondria. For example. perfluorooctanoate (0.5 mM) increased
succinate-induced (state 4) mitochondrial respiration by over 50 while stimulation of state 3 respiration with ADP was minimal
(i.c.. uncoupling occurred). Interestingly, compounds which are potent carcinogens in vivo (c.g.. Wy-14.043 and perfluorooc-
tanoate) were more powerful uncouplers of oxidative phosphonvlation in vitro than weak tumor-causing agents (c.g.. vaiproate).
Uncoupling also occurred in vivo. Basal rates of oxygen uptake in perfused livers from chronically treated rats were increased
from 137 + 7umol g ' /h in pair-fed controls to 153 £ 5 umol g ' /h after 2.5 months of feeding Wy-14.643 (0.177 w /v in dict).
Concomitantly, rates of urca synthesis from ammonia, a process highly dependent on ATP supply. were reduced almost
completely from {04 + 10 umol g '/h to 13 + 6 gmol g '/h. Bile flow, another energy-dependent process. was also reduced
significantly by trcatment with Wy-14.643 in vivo for 24 h. Taken together. these data indicate that encrgy supply for cellular
processes such as urca synthesis and bile flow was disrupted in vivo duc to uncoupling of oxidative phosphonviation by
Wy-14.643. It is proposed that peroxisomal profiferators accumulate in the liver where they uncouple mitochondrial oxidative

phosphorylation and interfere with cellular energetics.

Introductisn

A widely publicized theory states that drugs and
chemicals which cause proliferation of peroxisomes
and are nongenotoxic carcinogens act via mechanisms
involving reduced oxygen species [1-4]. This hypothesis
maintains that the chemical agents in this class induce
the peroxisomal hydrogen pceroxide-generating acyl
CoA oxidase by interacting with specific intracellular
receptors. Hydrogen peroxide formed within the perox-
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 11 and Discussion).

Lipid-lowering drugs and plasticizers induce peroxi-
somes and cause a 5- to 20-fold increase in peroxisomal
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 are well
documented with a variety of agents. their biological
refevance remains unclear. However. one important
consideration is the relative rate of hydrogen peroxide
generation in vitro compared with rates in vivo. Cata-
li.se is capable of destroving H,O- at rates ten million
times faster than it is produced [9}k therefore. H,O,
should never leave the peroxisome. Additionally. treat-
ment of rats in vivo with ciprofibrate and perfluorooc-
tanoate increased hydrogen peroxide production via
acvl 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 ct al. reported that feeding rats
di(2-ethythexvDphthalate (DEHP) or Wy-14.643 for up
to one year led to similar increases in peroxisomal
volume and enzyme activities: however. the incidence
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of hepatic tumors was much greater in the Wy-14.043-
treated group {12} In this study, Wy-14643 but not
DEHP caused sustained cell turnover. These studies
demonstrate that tumorigenesis is not guantitatively
linked to the induction of peroxisomes.

Given these resenvations. the action of several
agents, with a range of potencies as tumor-causing
agents, was examined on isolated mitochondria in vitro
and in vivo. The data suppoct the hy othesis that
uncoupling of oxidative phosphorylaiion is a primary
event following exposure to lipid-lowering drugs and
phthalate ester plasticizers.

Materials and Methods

Animaly and nearment. Male Fisher 344 rats (Charles
River Breeding Laboratory, Raleigh. NCO) weighing 225
to 350 g were used in these studies. Rats were main-
tained on NIH-07 chow and purified water ad libitum
and housed with a 12-h night /day cycle. Treated rats
were fed the same rodent chow blended with 0.1,
Wy-14.643 for 2.5 months or given one oral dose of
Wy-14.643 (100 me/kg in olive oil) 24 h prior to
determination of bile flow.

Liver perfusion. Rats were anesthetized with sodium
pentobarbital (50 mg /Kg i.p.) and livers were pertused
with Krebs-Henseleit bicarbonate buffer (pH 7.4, 37°C)
saturated with 957 O, :5% CO, in a hemoglobin-free.
nonrecircufating system as described previously [13]
Perfusate was pumped into the liver via a cannula
placed in the portal vein. and effluent perfusate was
collected via a cannula inserted into ihe inferion vena
cava. Oxygen concentration in the effluent perfusate
wits monitored continuously emploving a Clark-type
oxvgen  clectrode. Urea  synthesis  from ammonia
(NH ;Cl: 4 mM) was determined colorimetrically [14]
and rates of oxygen uptake and urca synthesis were
calcufated from the influent-cffluent concentration dit-
ferences. the flow rate and the wet weight of the liver.

Measurement of bile flow. Rats were gavaged with
Wy-14.643 (100 mg /kg in olive oil) or with the vehicle
alone 24 h prior to surgery. While under ether anesthe-
sta. the bile duct was cannulated and bile was collected
into tared vessels every S min for 30 min. Rates were
calculated using the liver wet weight.,

Isolation of mitochondrie. Mitochondria were iso-
lated in @ mannitol-sucrose buffer (pH 7.0) by standard
procedures of differential centrifugation [15]. Isolated
mitochondria (1 mg/mi) were incubated at room tem-
perature in a 2 ml volume of buffer (pH 7.2) containing
100 mM KClL 50 mM sucrose. 20 mM Tris-HCL 5 mM
‘Tris-phosphate, and 10 uM rotenone. Oxygen uptake
wis measured in a closed vessel with a Clark-type
oxvgen clectrode after addition of succinate (1 pmol)
and ADP (L5 gmol). Protein concentration was deter-
mined colorimetrically [16].

Muaterials. Ciprofibrate was the generous gift of Ster-
ling-Winthop Rescarch Institute. Renssclaer, NY. [4-
Chloro-6-02 3-xylidino)-2-pyrimidinylthio] acctic  acid
(Wy-14,643) was purchased from Chemsyn Science
Laboratorics, Lenexa, KA. Pentadecafluorooctanoate
(PFO) and 2-cthylhexanol were acquired from Aldrich,
Milwaukee, WL All other chemicals and reagents were
of the high st available purity from standard commer-
cial sources.

Statistics. Data represent means + SE.  Statistical
comparisons were performed using Student’s t-test [17].

Results

Uncoupling of oxidative phosphonvlation in isolated
mitochondria

Several chemicals, with a range of potencies as
nongenotoxic carcinogens, were comparced for their
ability to uncouple oxidative phosphorylation in iso-
lated mitochondria. An example of the effect of the
very  potent  nongenotoxic  carcinogen, perfluorooc-
tanoate (PFO). on oxygen uptake by isolated mito-
chondria is depicted in Fig. 1. In the absence of ADP,
control mitochondria took up oxygen at rates around
25 nmol min '/mg protein. Values increased over
3-fold when ADP was added, indicating that the mito-
chondria were well coupled. In contrast, hypometabolic
rates of respiration were  stimulated to 53 nmol
min ' /mg protcin in the presence of PFO, illustrative
of uncoupling agents.
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Fig. 1. Effect of perfluorooctanoate (PFO) on oxygen uptake by
isolated mitochondria. Mitochondria were isolated from rat hiver by
standard procedures of differential centrifugation {15). Mitochondria
were incubated at room temperature in 2 ml of buffer (pH 7.2)
containing 100 mM KCL 50 mM sucrose, 20 mM Tris-HCl, 5 mM
Tris-phosphate. and 10 M rotenone. Oxygen concentration was
measured in a closed vessel (2 mb) with a Clark-type oxygen electrode
after addition of succinate (1.0 gmoD) and ADP (0.5 pmol) in the
presence or absence of PFO (1.0 umol). Rates of oxygen uptake,
shown in parentheses (nmol min ' /mg protein: average data, n = 6),
were calculated from the change in oxygen concentration per unit
time. Protein was determined by the method of Lowry et al. [16].
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Fig. 2. Uncoupling of mitochondrial respiration by pertluorooe-

tanoate (PFO). Conditions as described in Fig. 1. Mitochondria were

incubated with concentrations of PFO indicated on the abscissa.

Rates of oxygen uptake were calculated as deseribed in Fig. [
Muean + SE (i1 = 6).

Fig. 2 depicts the dosc-dependent stimulation of
state 4 rates of respiration (i.c., uncoupling) due to
perfluorooctanoate. In the concentration range from
0.6 to 0.8 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 clevated. In
fact, all seven structurally dissimilar peroxisomal prolif-
erators were shown to uncouple oxidative phosphoryla-
tion (Fig. 3). Interestingly, weak tumor-causing agents
such as valproate were mild uncouplers. whereas more
potent carciaogens. such as PFO and Wy-14,643. un-
coupled oxidative phosphorylaiion to a greater degree.
A comparison of the EDy, estimated for cach com-
pound supports this rclationship (Tabie D). 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 of oxidative phosphorylation by Wy-14,643 in
rivo

This class of compounds is very lipophilic and would
be expected to accumulate in vivo. Therefore, uncou-
pling of oxidative phosphorylation in isolated mito-

TABLE |
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Fig. 3. Uncoupling of mitochondria by seven structurally dissimilar
peroxisomal proliferating agents. Mitochondria were isolated from
rat hiver as deseribed in the legend to Fig, | and were incubated at
room temperature with valproate (VAL 3 mM). acetylsalicylic acid
(ASA. 2.5 mM). 2-cthyihexanol (EH. 2.5 mM). clofibrate (CPIB. 2.3
mM). ciprofibrate (CIPO. 0.9 mM). pertluorooctanoate (PFO, 0.5
mM) or Wy-14643 (WY, 0.125 mM). In many cases these concentri-
tions were much lower than the concentration required to inhibit
state 3 respiration. Oxygen uptake was measured with a Clark-type
oxygen electrode following addition of succinate (1 pmol). Data are
presented as the increase in oxygen uptake from basal levels (25 +3
nmol O, min '/mg protein) using succinate as substrate. Bars
represent average data from 3 rats per group + SE.

chondria with relatively high concentrations of test
chemical may not reflect events under physiological
conditions. Therefore. oxidative phosphorylation was
assessed in vivo in rats fed the potent nongenotoxic
carcinogen, Wy-14.643 (0.1% in the dict) under condi-
tions which produce tumors by one year [12]. After 2.5
months of trcatment. Wy-14.643 tended to increase
oxygen uptake per g of tissue in the perfused liver,
suggesting uncoupling of oxidative phosphorylation
(Table 1). Because of a compound-related increase in
liver size (hyperplasia) and mitochondrial content. oxy-
gen uptake by the organ was actually increased 3-fold
when the data were expressed on the basis of body
weight (Table 1)

Effect of treatment with Wy-14.643 in vivo on oxygen upiake and urea synthesis i the perfused liver

Rats were fed 017 Wy-14.643 in lab chow for 2.5 months. Livers were perfused and oxygen uptake was monitored with a Clark-type oxyvgen
clectrode. Rates of urea synthesis from ammonia (4 mM) were calculated from the infl nt-effluent concentration differences. the flow rate and
the wet weight of the liver. . tendency for P between 0.05-1.0: *. P < 0.001 as compared to control (n = 6).

Oxygen uptake Oxygen uptake

Liver weight / Urea synthesis

pmol /g liver per h wmol /100 g body weight per h 100 g body weight wmol, /g perh
Control 137+7 165 + 26 344001 104+ 10
Wy-14643 1535 1330 +45 R7+02* 13+ 67
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To test the hvpothesis that the increase in oxygen thesis was studied. Urca synthesis from ammonia is a
uptake following Wy-14.643 treatment in vivo was due process highly dependent on ATP supply and is dis-
to uncoupling of oxidative phosphorylation. urca syn- rupted by uncoupling. Treatment with Wy-14,643 for

A: Oxidative Stress Hypothesis
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Fig. 4. Schematic representations of the oxidative stress and the mitochondrial uncoupling hypotheses. (A) The oxidative stress hypothesis states
that there are specific cyvtosolic receptors for this class of chemicals (e.g.. Wy-14.643) leading to induction of peroxisomes via increases in mRNA
coded for peroxisomal protein. H,0, produced from peroxisomal g-oxidation then diffuses into the cytosol forming radical species which

damage DNA. (B) The uncoupling hypothesis states that impaired mitochondrial function leads to a decline in ATP, thereby elevating
intracelular unsaturated fatty acids which activate protein kinase ¢ leading to increased cell turnover.




2.5 months diminished urca synthesis dramatically from
104 + 10 to 13 + 6 pmol/g per h (Table 1. Bile flow,
another energy-dependent process, was asscssed as well
in animals treated with Wy-14,643 for 24 h. Exposure
to Wy-14,643 for this short period of time decreased
bile flow significantly from 121 £ 10 to 79+ 5 * nl/g
per h (* P<0.01; n=4), indicating that uncoupling
occurs rapidly.

Discussion

Mitochondria as a primary target of nongenotoxic car-
cinogens

We hypothesize that peroxisome proliferators, which
are highly lipophilic, accumulate in mitochondrial

TABLE 1
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membranes where they uncouple oxidative phospho-
rvlation and interfere with cellular energetics and ion
gradients. The fact that the lipid-lowering drug clofi-
brate. which causes hepatic tumors in rodents. and
many of its structural analogs uncouple mitochondrial
respiration in vitro has been known for some time
[19-22]. In this study, a comparison was madc of the
effects of seven different peroxisome proliferators on
isolated mitochondria. All seven compounds uncoupled
oxidative phosphorylation to varying degrees (Fig. 3;
Table HI). Interestingly, agents which are more potent
carcinogens in vivo (PFO and Wy-14,643) appeared to
be more powerful uncouplers of oxidative phosphoryla-
tion in vitro. Therefore. there may be a correlation

Comparison of elements of oxidative stress and mitochondrial uncoupling hvpotheses

Hypothesis
Or against

Evidence for

Reference

Oxidative stress hypothesis

Specific receptor +

+
Induce peroxisomes +
in vitro H,0, production +

in vivo H.0, production -

Lipofuscin accumulation +
8-Hydroxydeoxyguano.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 +

Lalwani et al.. 1983
Issemann and Green, 1990
Milton et al.. 1988

Maoody and Reddy. 1978
Gray et al., 1983

Fuahi et al.. 1984

Feller et al., 1987

Mouody and Reddy, 1978
Gray et al.. 1983

Fahl et al.. 1984

Feller et al., 1987

Foerster et al., 1981
Handler and Thurman, 1988
Tamura et al., 1990
Handler et al., 1992
Conway et al.. 1989

Kasai et al., 1989

Hegi et al.. 1990

Von Daniken et al., 1981
Goel et al., 1985

Gupta et al., 1985
Svoboda and Azarnoff, 1979
Reddy and Lalwani. 1983

Lake ct al.. 1987
Katyal et al.. 1972
Mackerer et al.. 1973
Goudonnet ¢t al.. 1978
This paper: fig. 3

This paper: Table |

Svoboda and Azarnoff, 1979
Rhodes et al.. 1986
Marsman et al.., 1988

Lock et al., 1989

Baojes et al.. 1992

Marsman et al.. 1988
Svoboda and Azarnoff, 1979
Reddy and Lalwani. 1983
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between mitochondrial uncoupling and the ability of

these chemicals to cause tumors.

Recently, it was demonstrated that 2-cthylhexanal, a
metabolite of the common plasticizer  ditethyihexyD)
phthalate. uncoupled oxidative phosphorylation in iso-
lated mitochondria. dissipated the mitochondrial mem-
brane potential, and prevented the uptake of radiola-
beled Ca™* [23.24]. Therefore. as a consequence of
mitochondrial uncoupling in vivo, ATP supply for ion
pumps would be decrcased which could indirectly in-
crease levels of intracellular calcium. 1t is possible that
calcium is involved in the stimulation of cell turnover.
Indeed, norepinephrine, which increases intracellular
free calcium pools [25]. potentiates the effect of growth
factors on cell replication {26].

Onc argument against this hypothesis is that there is
little indication that established mitochondrial uncou-
plers (e.g.. dinitrophenol (DNP)Y and long-chain fatty
acids) are nonmutagenic carcinogens. On the other
hand. fatty acids, like the chemicals being considered
here. have fong been known to be tumor promoters
[27-29] and mild peroxisome proliferators [30). Fur-
thermore. pentachlorophenol has been shown to be a
hepatic carcinogen in rodents [31]. Further. the fact
that DNP is not known to cause tumors may have a
trivial explanation. The feeding studies performed with
this agent. largely in the 1930°s, most likely led to death
long before tumors could appear [32].

Comparison of oxidative stress and mitochondrial un-
coupling hypotheses

Oxidatire stress. The oxidative stress and mitochon-
drial uncoupling hypotheses are compared in Fig. 4.
The oxidative stress hvpothesis states that specific cy-
tosolic receptors for these compounds exist and lead to
an increase in mMRNA coded tor peroxisomal proteins
(Fig. 4A). Following induction. hydrogen peroxide pro-
duced from B-oxidation of fatty acyl CoA within the
peroxisome diffuses from the organelle into the cytosol
forming highly rcactive radical species which damage
DNA. These activated oxygen species also lead to
formation of lipofuscin. indicative of increased lipid
peroxidation. In contrast, the uncoupling hypothesis
states that impaired mitochondrial function leads to a
decline in cellular ATP, thereby clevating free fatty
acids which activate protein kinase ¢. lcading to
replicative DNA synthesis (Fig. 4B).

Evidence that some chemicals in this class react with
specific receptors in cytosol from rat liver has been
presented [33]. Recently, a cloned member of the
steroid hormone receptor family was shown to be acti-
vated by Wy-14.643, nafcnopin and clofibrate [34]:
however, whether it plays a role in tumor formation
has not been established. Also. it is well established
that this class of chemicals does not interact directly
with DNA [35-38] (Tablc 11). One report describes

TABLE 111

Eftect of sever: structieally dissimilar peroxisome proliferators on mito-
chondrial oxidatitice phosphorviation

Rat liver mitochondria were isolated as deseribed in Materials and
Methods and incubated with various concentrations of the above
compounds in experiments typilied by Fig. 2. State 4 respiration was
measured in a closed chamber after addition of s accinate (1.0 gmol).
The ED, wits estimated from the dose-dependent stimulation of
state 4 respiration by cach agent,

Compound EDs, {mM)

Wy- 14,643 0.08
Perfluorooctanoate 0.18
Ciprofibrate 0.38
Acetyisalicvhic acid 1.00)
2-Ethyvihexianol 1.20
Clofibric acid .40
Valproic acid 1.90

formation of 8-hydroxydcoxyguanosine following treat-
ment with ciprofibrate [39), suggesting interactions of
oxvgen radicals with DNA: howcever, background levels
in that study were very high, making interpretation
difficult. Furthcrmore. Hegi ct al. reported that 8-hy-
droxyguanosine did not incrcase following treatment
with nafcnopin [40].

The obscrvation that lipofuscin appears following
exposure of animals to plasticizers and lipid-lowering
drugs is consistent with the oxidative stress hypothesis.
Howcever, one must interpret this result cautiously,
since lipofuscin may not be a specific marker for radi-
cal production. Proof that peroxisomal proliferators
cause the formation of oxvgen radicals could be ob-
taincd with techniques such as spintrapping of lipid
radicals [41] or measurement of lipid hydroperoxides in
vivo {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.

Mitochondrial uncoupling hypothesis. The  conse-
quence of uncoupling in vivo is a decline in intra-
cellular ATP synthesis. In this study it was shown that
urca synthesis, a process highly dependent on ATP
supply, was almost tetally abolished in the perfused
liver after chronic treatment with Wy-14,643 (Table 1),
indicating that Wy-14.643 diminished ATP supply. This
reduction in urca 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 (sce Results). It is possible that uncoupiing of
mitochondrial oxidative phosphorylation diminishes the



svathesis of acyl CoA compounds duc to lack of cnergy
and. thereby, elevates intracellular free fatty acids (Fig.
4B). Fatty acids activate protein kinase ¢ [45] which is
known to stimulatc ccll proliferation [27-29] Indeed.
phorbol csters. which are classical tumor promoters,
stimulate protein kinase C [46]. This sequence of events
may or may not be hnked to the increase in peroxi-
somes after exposure to this class of chemicals.

In support of the involvement of ccll turnover. a
strong (Wy-14.643) but not a weak (DEHP) tumori-
genic agent caused sustained cell turnover during many
months of chronic feeding [12). Moreover., a positive
corrclation was made recently between increased cell
proliferation and hepatocarcinogenesis [47],

While support for the mitochondrial uncoupling hy-
pothesis exists (Table . it is by no mcans firmly
established. Only after more information on protein
kinase ¢ [56] and fatty acids is obtained in vivo after
chronic exposure to Wy-14.643 and related compounds
can this scquence of events be assessed in its entirety,
Then it will be clear if mitochondrial uncoupling by
lipid-lowering drugs and plasticizers is involved in the
mechanism of action of peroxisome proliferating car-
cinogens in the fiver.
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