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Role of Fatty Acyl Coenzyme A Oxidase in the Efflux of Oxidized Glutathione
from Perfused Livers of Rats Treated with the Peroxisome
Proliferator Nafenopin
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ABSTRACT

The diffusion of 1!.,(), into the cytoplasm from peroxisomes during
high rates of peroxisomal ÃŸoxidation of fatty acids was studied in
perfused livers from rats treated with the hepatocarcinogenic peroxisome
proliferator, nafenopin. Efflux of oxidized glutathione (GSSG) into the
bile was used as a measure of increased I !..()â€¢supply for cytoplasmic
glutathione peroxidase. Male F-344 rats were given methylcellulose
vehicle or nafenopin (80 mg/kg/day) by gavage for 5-8 days and livers
perfused in situ with Krebs-Henseleit buffer containing 50 //M taurocho-
late and 0.75 g/100 ml albumin. In livers from fed, vehicle-treated or fed,
nafenopin-treated rats basal rates of GSSG efflux were about 60 nmol/

g/h. Subsequent infusion of 350 Â¿IMlauric acid, an excellent substrate for
peroxisomal Â¡9-oxidation, had no effect on GSSG efflux. To maximize
fatty acid oxidation rats were fasted 16-20 h. In livers from fasted,
nafenopin-treated rats the basal rate of GSSG efflux was 384 Â±85 (SE)
nmol/g/h in = 8). Subsequent infusion of lauric acid increased the rate to
940 Â±138 nmol/g/h. In livers from fasted, vehicle-treated rats lauric acid

caused GSSG efflux to increase slightly from 104 Â± 14 to 286 Â±37
nmol/g/h (n = 9). Efflux of reduced glutathione in bile was similar in
livers from fasted, vehicle-treated (163 Â± 15 nmol/g/h) and fasted,
nafenopin-treated rats (135 Â± 17 nmol/g/h) and decreased about 30%
with lauric acid infusion. /V-Octanoyl and oleoyl coenzyme A were
excellent substrates for cyanide-insensitive NAD* reduction in liver

homogenates from fasted, nafenopin-treated rats whereas n-butyl, lino-

leoyl, and arachidonyl coenzyme A were poor substrates. Infusion of
octanoate and oleate caused large increases in GSSG efflux from perfused
livers from fasted, nafenopin-treated rats. In contrast, butyrate, linoleate,

and arachidonate had no effect on GSSG efflux from livers from fasted,
nafenopin-treated rats. Octanoate, oleate, linoleate, butyrate, and arach
idonate had no effect on GSSG efflux from livers from fasted, vehicle-
treated rats. Infusion of 2-bromooctanoate (600 Â¡UM)completely blocked
lauric acid-induced increases in GSSG efflux and acetoacetate and ÃŸ-
hydroxybutyrate production in livers from fasted, nafenopin-treated rats.
Infusion of l-3-bis(2-chloroethyl)-l-nitrosourea reduced glutathione re-
ductase activity by 90% but did not alter lauric acid-induced increases in
GSSG efflux or ketogenesis in livers from fasted, nafenopin-treated rats.
The data suggest that some II-O_. produced by fatty acyl coenzyme A
oxidase during high rates of peroxisomal /9-oxidation in livers from
nafenopin-treated rats escapes detoxification by catalase and diffuses into

the cytoplasm to be metabolized by glutathione peroxidase.

INTRODUCTION

A number of structurally unrelated compounds with hypoli-
pidemic properties cause hepatocellular carcinomas in experi
mental animals (1). A common characteristic of treatment with
these compounds is a marked increase in the number of per
oxisomes in hepatocytes (1). I'IN' and their metabolites do not

bind to DNA in vivo (2-4) and are unable to induce bacterial
mutagenesis in vitro (5, 6). In addition, in vivo or in vitro
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exposure to these compounds does not induce unscheduled
DNA synthesis (6-8) or DNA strand breaks (8, 9) in hepato

cytes. Because PPs are not directly genotoxic, attention has
focused on possible indirect mechanisms of PP-induced DNA
damage and hepatocarcinogenesis.

Peroxisomes are membrane-bound cytoplasmic structures
containing a number of oxidases that produce IM), and catalase
which detoxifies H2O2 to H2O and O2 (10). Recently, the
peroxisomal /3 oxidation system has received much attention
with respect to the mechanism of PP-induced cancer (1, 11).
The initial step Â¡nthe peroxisomal system, catalyzed by fatty
acyl CoA oxidase, is different from the mitochondrial ÃŸoxida
tion system in that electrons are donated directly to molecular
oxygen producing H2O2 (12-14). The activity of fatty acyl CoA
oxidase in liver is increased 5- to 20-fold by treatment with PP
whereas the activity of catalase is enhanced only 1- to 3-fold
(15-19). Reddy and Lalwani (1), Reddy et al. (11), and Goel et
al. (19) have therefore proposed that an imbalance between
H2O2 production and degradation due to high rates of peroxi
somal ÃŸoxidation could lead to diffusion of H2O2 from perox
isomes into the cytoplasmic and nuclear compartments. Hydro
gen peroxide could then interact directly with DNA or act as a
precursor for more reactive oxygen species such as hydroxyl
radical. Peroxisome-enriched fractions isolated from PP-

treated rats produce hydroxyl radical (20) and strand breaks in
DNA (21) when incubated with substrates and cofactors for ÃŸ
oxidation and cyanide, an inhibitor of catalase. These experi
ments (20, 21) demonstrate that DNA-damaging oxygen spe
cies can be generated by peroxisomes during .â€¢!oxidation of

fatty acids after inhibition of catalase but give no information
on the diffusion of H2O2 from peroxisomes under physiological
conditions. Given the high activity of catalase in rat liver (22),
it is generally accepted that H2O2 produced by peroxisomal
oxidases in normal liver in vivo is almost completely detoxified
by peroxisomal catalase (10).

GSSG is formed from GSH during the detoxification of
hydroperoxides and hydrogen peroxide by glutathione peroxi
dase. Once formed, GSSG is converted back to GSH by gluta
thione reducÃase.However, during high rates of GSSG produc
tion, GSSG can accumulate intracellularly and be transported
into the bile (23). Because glutathione peroxidase is located
outside the peroxisome in the cytoplasmic and mitochondrial
compartments (24, 25), changes in glutathione peroxidase-
mediated efflux of GSSG into the bile can be used as a quali
tative measure of the diffusion of H2O2 out of peroxisomes.
The goal of the present study was to investigate possible in
creases in H2O2 concentrations in the extraperoxisomal com
partment during high rates of peroxisomal ÃŸoxidation in livers
treated with the hepatocarcinogenic PP, nafenopin (26). To
achieve this goal, the effect of fatty acids on the efflux of GSSG
into the bile was determined in perfused livers from vehicle-
and nafenopin-treated rats. The data indicate that substrates
for peroxisomal ÃŸoxidation cause large increases in GSSG
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efflux in perfused livers from nafenopin-treated but not control

rats.
ratio in an Abbott VP Dichromatic Analyzer. Protein was determined
by the biuret method using a commercial kit (Abbott Laboratories).

MATERIALS AND METHODS

Materials. DL-2-Bromooctanoate was purchased from Tridon Chem
icals, Inc., Happauge, NY. BCNU was a gift from Bristol-Meyers
Laboratories, Syracuse, NY. Nafenopin was a gift from Ciba-Geigy,
Summit, NJ. All other reagents were obtained from Sigma Chemical
Co., St. Louis, MO. Silastic tubing was purchased from Dow-Corning,
catalogue No. 602-265.

Animals. Male Fischer 344 rats (150-200 g; Charles River Labora
tories, Raleigh, NC) were given methylcellulose or nafenopin by gavage
(80 mg/kg/day in 1 ml of 1% methylcellulose) for 5-8 days. In some
experiments, food was withdrawn 16-20 h before liver perfusions.

Liver Perfusions. Rats were anesthetized with 20 mg/kg sodium
pentobarbital. Livers were perfused in situ via the portal vein at 3.5-
4.5 ml/g liver/min with Krebs-Henseleit buffer (pH 7.4; 37Â°C)contain

ing 0.75% bovine albumin and 50 MMtaurocholate. Perfusate was
oxygenated by pumping it through silastic tubing contained within a
heated acrylic chamber saturated with 95% Oz:5% CO: as described
previously (27). The effluent perfusate was collected via a cannula in
the vena cava and directed past an oxygen electrode to monitor tissue
viability. Bile was collected at 3-min intervals into tubes containing 100
/.I of 2.5% metaphosphoric acid for determination of GSH and GSSG
efflux in bile (details below). Bile flow was determined gravimetrically.
Acetoacetate and /3-hydroxybutyrate were measured in the effluent
perfusate using standard enzymatic procedures (28). Short chain fatty
acids (butyric, octanoate, laurate, and 2~bromooctanoate) were dis
solved directly in 15% albumin at pH 8.5 and 37Â°C.Longer chain fatty

acids (oleic, linoleic, and arachidonic acid) were dissolved in acetone
(<0.5 ml/liter perfusate) before addition to 15% albumin at pH 8.5 and
37Â°C.After adjusting the pH to 7.4, the acetone was removed by

stirring under nitrogen. The concentrated fatty acid-albumin mixture
was added to the perfusate buffer to obtain a Final fatty acid concentra
tion of 350 MM.BCNU was dissolved in distilled HO and infused into
the inflow perfusate at a final concentration of 250 MM.The rate of
infusion of 11,() was less than 0.1% of the rate of perfusate flow and
had no effect on any of the parameters measured.

Biochemical Assays. GSH in bile was assayed as described by Hissin
and Hilf (29). The bile-metaphosphoric acid mixture (20 ><!)was diluted
in 1 ml of Krebs-Henseleit buffer (pH 7.4) containing 1% metaphos
phoric acid. GSH standards (0-15 MM)were prepared in the same
buffer-acid mixture. The assay mixture contained 0.1 ml of either GSH
standards or test samples, 1.75 ml of 0.1 M sodium phosphate-0.005 M
EDTA buffer (pH 8.25), and 0.1 ml of methanol containing 746 nmol
of o-phthalaldehyde. After 30 min at room temperature, fluorescence
at 420 urn was determined with excitation at 350 nm. GSSG in bile
was assayed as described by Akerboom and Sies (30). The bile-meta
phosphoric acid mixture (20 M!)was added to 1 ml of 0.1 M sodium
phosphate buffer containing 0.1 M EDTA-60 MMNADPH and 0.15
units of glutathione reducÃase.After a 30 min incubation at room
temperature, absorbance at 340 nm was measured. GSSG in 2.5%
metaphosphoric acid was used as a standard. Rates of metabolite efflux
into the bile were calculated from the concentration of metabolite in
the bile, the bile flow, and liver wet weight.

Glutathione reducÃasewas assayed as described by Carlberg and
Mannervik (31). One g of liver was homogenized in 10 ml of 50 imi
Tris HCl containing 154 mM KC1 (pH 7.2) and 20 M!of homogenate
added to 1 ml of 0.1 M sodium phosphate (pH 7.3) containing 1 mM
GSSG, 0.5 mM EDTA, 0.1 mM NADPH, and 1% Triton X-100. The
rate of oxidalion of NADPH was delermined by absorbance al 340 nm
and convened inlo nmol NADPH oxidized per min by comparison
with NADPH standards. Protein was measured by ihe biurel melhod
using a commercial kil (Abbott Laboratories).

Cyanide-insensitive NAD* reduction was assayed as described by

Lazarow (32). One g of liver was homogenized in 4 ml of cold 50 mM
Tris-HCI conlaining 154 mM KCI (pH 7.2) and cenlrifuged al 2000 x
g for IO min. The supernatant was diluted 1:10 or 1:40 in homogeni-
zalion Initier and analyzed using a 1:101 sample volume:loial volume

RESULTS

Effects of Fasting and Laurie Acid on GSSG Efflux from
Perfused Livers. The basal rate of GSSG efflux in the bile from
perfused livers from fed rats given vehicle or nafenopin treat
ment was about 60 nmol/g/h. Subsequent infusion of 350 nM
lauric acid, an excellent substrate for peroxisomal ÃŸoxidation
(Table 1), had no effect on the efflux of GSSG into the bile
(Fig. 1). Fasting increased basal rates of GSSG efflux 2- and 5-
fold in perfused livers from vehicle- and nafenopin-treated rats,
respectively (compare Figs. 1 and 2). Infusion of lauric acid
increased GSSG efflux from 390 to 950 nmol/g/h in livers
from fasted, nafenopin-treated rats but only increased GSSG
efflux from 110 to 270 nmol/g/h in livers from fasted, vehicle-
treated rats (Fig. 2). Infusion of lauric acid decreased the efflux
of GSH into the bile slightly (~30%) in livers from both fasted,
vehicle-, and nafenopin-treated rats (Fig. 2). Basal rates of
acetoacetate and /3-hydroxybutyrate production were similar in
livers from vehicle- and nafenopin-treated rats (Fig. 2). Aceto
acetate and ÃŸ-hydroxybutyrate production during lauric acid
infusion was about 20% greater in livers from nafenopin- than
vehicle-treated rats (Fig. 2).

Table 1 Effect of fatty acyl CoA substrates on cyanide-insensitive NAD*
reduction in liver homogenates prepared from fasted, vehicle-treated and

fasted, nafenopin-treated rats

Rats were treated with vehicle or nafenopin (80 mg/kg) for 6 days. After a 20-
h fast liver homogenates were prepared and cyanide-insensitive NAD* reduction
assayed with 25 Â¡Â¿Mof respective fatty acyl CoA compounds (see "Materials and
Methods"). Assays of octanoyl, lauroyl, and oleoyl CoA in homogenates from
nafenopin-treated rats contained one-quarter the protein of the other assays in
order to insure maximal initial rates of NAD* reduction. Data are mean Â±SE (n
= 3 rats).

Fatty
acyl CoA

addedn-Butyryl
(4:0)Â°

n-Octanoyl (8:0)
Lauroyl (12:0)
Oleoyl (18:1)
Linoleoyl(18:2)
Arachidonoyl (20:4)nmol/mg

protein/minVehicle

treated03.2

Â±0.2
8.8 Â±0.4
5.2 Â±0.3

0
0Nafenopin

treated1.5

Â±0.1
31.9 Â±1.4
52.7 Â±1.6
40.7 Â±I.I

4.6 Â±0.2
0

* Numbers in parentheses represent number of carbon molecules and double

bonds.

TINE OF PmuSlOM-MlHUTES

Fig. 1. Effect of lauric acid on GSSG efflux into the bile of perfused livers
from fed, vehicle-treated and fed, nafenopin-treated rats. Rats were given vehicle
or nafenopin (80 mg/kg/day) by gavage for 5-8 days. After 30 min of perfusion,
350 iiM lauric acid were infused as indicated by Â¡., I, bile flow; B, GSSG efflux
into the bile. Data are averages and SE (Aars) is shown at selected time points. O,
vehicle treated, n = 6; X, nafenopin treated, n = 5.
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OLEATE, 350 pH

Fig. 2. Effect of lauric acid on GSSG and GSH efflux into the bile and
ketogenesis in perfused livers from fasted, vehicle-treated and fasted, nafenopin-
treated rats. Conditions are as in Fig. I except that rats were fasted 16-20 h
before liver perfusions. A, bile How; B, GSSG efflux into the bile; C, GSH efflux
into the bile; D, sum of acetoacetate and 0-hydroxybutyrate release into the
effluent perfusate. O, vehicle treated, n = 9: x, nafenopin treated, n - 8.

Substrate Specificity for Fatty Acyl CoA Oxidase Compared
to GSSG Efflux from Perfused Livers. To evaluate the impor
tance of peroxisomal ÃŸoxidation on fatty acid-induced increases
in GSSG efflux, fatty acids with varying substrate specificities
for peroxisomal ÃŸoxidation (13, 14, 33) were infused into
perfused livers from fasted rats and GSSG efflux measured. N-
Octanoyl and oleoyl CoA were excellent substrates for cyanide-
insensitive NAD+ reduction in liver homogenates from fasted,

nafenopin-treated rats. In contrast, linoleoyl CoA had low
activity in the peroxisomal ÃŸoxidation assay and //-butyl and
arachidonyl CoA were inactive (Table 1). /V-Octanoate (data
not shown) and oleate (Fig. 3) nearly tripled GSSG efflux in
perfused livers from fasted, nafenopin-treated rats. Linoleate
caused a slight increase in GSSG efflux in livers from nafeno
pin-treated rats (Fig. 4). Butyrate (Fig. 5) and arachidonate
(data not shown) had no effect on GSSG efflux from livers
from fasted, nafenopin-treated rats. Infusion of octanoate,
oleate, linoleate, butyrate, and arachidonate had no effect on
GSSG efflux from livers from fasted, vehicle-treated rats (Figs.
3-5, data not shown). Rates of acetoacetate and /3-hydroxybu-
tyrate production in the presence of fatty acids were not statis
tically significantly different in livers from fasted, vehicle-
treated and fasted, nafenopin-treated rats (Table 2).

Effects of BCNU and 2-Bromooctanoate on Increases in GSSG
Efflux with Lauric Acid. To investigate the possible role of
glutathione reducÃasein lauric acid-induced increases in GSSG
efflux, livers were perfused with BCNU, an irreversible inhibitor
of glutathione reducÃase(34). Infusion of 250 Â¿IMBCNU for 20

Â»*r

MKI OF r-EUFVStOM-IIMITES

Fig. 3. Effect of oleate on GSSG efflux from perfused livers from fasted,
vehicle-treated and fasted, nafenopin-treated rats. Conditions are as in Fig. 2
except that 350 MMoleate were infused. I, bile flow; B, GSSG efflux into the bile.
O, vehicle treated, n = 4; X, nafenopin treated, n = 5.

Fig. 4. Effect of linoleate on GSSG efflux from perfused livers from fasted,
vehicle-treated and fasted, nafenopin-treated rats. Conditions are as in Fig. 2
except that 3SOMMlinoleate were infused. A, bile flow; /(, GSSG efflux into the
bile. O, vehicle treated, n = 5; x, nafenopin treated, n = 5.

MÂ« O' PEtFUSlOI

Fig. 5. Effect of butyrate on GSSG efflux from perfused livers from fasted,
vehicle-treated and fasted, nafenopin-treated rats. Conditions are as in Fig. 2
except that 350 Â«\rbutyrate were infused. A, bile flow; B, GSSG efflux into the
bile. O, vehicle treated, n = 3; x, nafenopin treated, n - 4.

min caused about a 50% decrease in Ihe efflux of GSSG inlo
ihe bile in livers from fasled, vehicle-lrealed and fasled, nafen-
opin-irealed rals (Fig. 6). Ten min after termination of BCNU
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Table 2 Effect of fatty acids on ketogenesis in perfused livers from fasted, vehicle-
treated and fasted, nafenopin-treated rats

Rats were treated with vehicle or nafenopin (80 mg/kg) for 5-8 days (see
"Materials and Methods"). After a 16- to 20-h fast livers were perfused. Steady-
state rates of ketogenesis (acetoacetate plus tf-hydroxybutyrate production) were
measured after 20-30 min of perfusion. Fatty acids (350 MM)were infused after
30 min of perfusion and new steady-state rates of ketogenesis achieved after 40-
60 min of perfusion as in Fig. 2.

BasalratesFatty

acid
addedButyrate

Octanoate
Laurate
Laurate'

Oleate
Linoleate
ArachidonateVehicle

treated69
Â±3Â°(3)*

48 Â±14(5)
67 Â±3 (9)
18 Â±6(6)
78 Â±4 (4)
64 Â±8 (5)
58 Â±11 (4)Nafenopin

treated72

Â±7 (4)
12 Â±12(5)
84 Â±3 (8)
28 Â±8 (5)
82 Â±4 (4)
62 Â±8 (5)
54 Â±3 (5)Minol/g/hRates

in presence of
added fattyacidVehicle

treated113Â±5

213Â±5
173 Â±7
135Â± 11
164 Â±8
158 Â±20
109 Â±13Nafenopin

Nafenopin/
treatedvehicle123

Â±14253
Â±15

205 Â±9
169 Â±13
203 Â±8
190 Â±8
176 Â±20.09

.19

.18

.25

.24

.20

.61
' Mean Â±SE.
* Numbers in parentheses, number of livers.
c Fed rats were used as in Fig. 1.

iP IO
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Fig. 6. Effect of BCNU on lauric acid-induced increases in GSSG efflux and
ketogenesis in perfused livers from fasted, vehicle-treated and fasted, nafenopin-
treated rats. Rats were treated as in Fig. 2. BCNU (250 MM)and lauric acid (350
i.MIwere infused as indicated by horizontal boxes and ,. GSSG was not measured
in the presence of BCNU because of inhibition of glutathione reducÃasein the
assay mixture. A, bile flow; B, GSSG efflux into the bile; C, sum of acetoacetate
and ff-hydroxybutyrate release into the effluent perfusate. O, vehicle treated, n =
4; x, nafenopin treated, n â€”5. Bars, SE.

infusion, lauric acid was infused and GSSG efflux increased 6-
fold in livers from fasted, nafenopin-treated rats but not control
rats (Fig. 6). BCNU had no effect on lauric acid-induced in
creases in ketogenesis (compare Figs. 2 and 6). In the absence
of BCNU, glutathione reducÃase activity in homogenates of
perfused livers from fasted, vehicle-treated and fasted, nafeno
pin-treated rats was 42 Â±3 and 36 Â±4 (n = 3) nmol/mg
protein/min, respectively. BCNU treatment decreased glutathi
one reducÃase activiiy in livers from vehicle- and nafenopin-
irealed rals lo 20 Â±3 (n = 7) and 4 Â±2 (n = 6), nmol/mg
prolein/min, respeclively.

2-Bromooclanoale is a polenl irreversible inhibilor of thio-
lase (35, 36), an obligalory enzyme in the ÃŸoxidation of fatty
acids in both mitochondria (35, 36) and peroxisomes (12, 13).

Infusion of 600 MMbromooctanoale for 24 min decreased rates
of ketogenesis in livers from both fasted, vehicle-treated and
fasted, nafenopin-treated rats by about 60%. Ketogenesis did
not increase during the subsequent infusion of 350 /*Mlauric
acid (Fig. 7). Rates of GSSG efflux decreased by about one-half
in the presence of bromooctanoate and returned to original
steady-state values after termination of bromooctanoate infu
sion (Fig. 7). Subsequent infusion of lauric acid had no effect
on GSSG efflux from livers from vehicle- and nafenopin-treated
rats (Fig. 7). Infusion of 200 UMH2O2 after 2-bromooctanoate
treatment increased GSSG release by about 5-fold in livers
from fasted, nafenopin-treated rats (data not shown).

DISCUSSION

Several observations suggest that livers from rats treated with
PP undergo damage by active oxygen species. Lipofuscin (37-
39) and conjugated dienes (19) increased after chronic treat
ment with PP. Coadministration of the antioxidants ethoxyquin
and 2(3)-fÃ³rf-butyl-4-hydroxyanisole decreased tumor incidence
and lipofuscin accumulation in rats treated with PP (40). In
addition, peroxisomes can produce DNA-damaging oxygen spe
cies in liver homogenates after inhibition of catalase (19, 20).
The above data are consistent with the hypothesis (1, 11, 19,
40) that H2O2 produced by fatty acyl CoA oxidase plays a role
in the formation of lipofuscin, conjugated, dienes, and hepatic
cancer following PP treatment. Inherent in this hypothesis is
the assumption that some H2O2 produced by fatty acyl CoA
oxidase escapes detoxification by catalase and diffuses out of
the peroxisomes. In the present report glutathione peroxidase-
mediated formation of GSSG was used to assess the possible
diffusion of H2U2 from peroxisomes in livers from PP-treated
rats.

The intracellular activity of glutathione peroxidase is sensi
tive to small increases in cellular H2O2 concentrations because

Ã•
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Fig. 7. Effect of 2-bromooctanoate on lauric acid-induced increases in GSSG
efflux and ketogenesis in perfused livers from fasted, vehicle-treated and fasted,
nafenopin-treated rats. Rats were treated as in Fig. 2. 2-Bromooctanoate (2BO)
(600 MM)and lauric acid (350 MM)were infused as indicated by horizontal boxes
and [. A, bile flow; B, GSSG efflux into the bile; C, sum of acetoacetate and tf-
hydroxybutyrate release into the effluent perfusate. O. vehicle treated, n = 3; X,
nafenopin treated, n = 4. Bars, SE.

4798

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/18/4795/2428528/cr0470184795.pdf by guest on 19 M

ay 2023



FATTY ACID-INDUCED GSSG EFFLUX

of its low apparent Km for H2O2 (4 JIM)(41). Increases in H2O2
concentrations in the cytoplasm by exogenous H2O2 (23, 42,
43), monoamine oxidase activity (23,42), redox cycling of drugs
(23, 44), and high rates of mixed-function oxidation (42, 45)
increase GSSG efflux from hepatocytes. Thus, the efflux of
GSSG from hepatocytes is a sensitive indicator of increased
H2O2 concentrations in the extraperoxisomal compartment.
The fact that H2O2 production by a variety of peroxisomal
oxidases did not alter GSSG efflux from hepatocytes (42, 43,
46, 47) suggests that H2O2 produced in peroxisomes in livers
of normal rats is detoxified at the site of generation by catalase
(10).

Fasting increases GSSG efflux due to metabolism of H2O2
and hydroperoxides by glutathione peroxidases (42). This is
likely due to decreases in NADPH generation via the pentose
phosphate shunt (48) and subsequent inhibition of glutathione
reducÃase(42). Inhibition of glutathione reducÃaseallows GSSG
to accumulate and be transported into the bile. The inhibition
of glutathione reducÃasein the fasted state likely explains why
lauric acid caused increases in GSSG efflux in livers from fasted
bui noi fed rals (Fig. 1 and 2).

To evalÃºaleIhe relalionship belween peroxisomal ÃŸoxidalion
and fally acid-induced increases in GSSG efflux, we look ad-
vanlage of Ihe subslrale specificily of Ihe peroxisomal ÃŸoxi
dalion syslem. As expecled from earlier work (13, 14, 33),
oclanoyl, lauroyl, and oleoyl CoA were excellenl substrates for
Ihe peroxisomal ÃŸoxidalion syslem in vitro, whereas bulyl,
linoleoyl, and arachidimyl CoA had minimal activity (Table 1).
Only oclanoale, laurale, and olÃ©alecaused increases in GSSG
efflux from livers from fasled, nafenopin-lrealed rals (Figs. 2
and 3; "Results") demonslraling a good correlalion belween
peroxisomal ÃŸoxidalion in liver homogenales and fally acid-
induced increases in GSSG efflux. In addilion, Ihe complele
inhibition of lauric acid-induced increases in kelogenesis and
GSSG efflux by 2-bromooclanoale indicates lhal ÃŸoxidalion is
obligatory for increases in GSSG efflux (Fig. 7). The data
suggest that some H2O2 produced by nafenopin-induced fatly
acyl-CoA oxidase escapes deloxificalion by peroxisomal cala-
lase and diffuses inlo Ihe cytoplasm to be metabolized by
glulalhione peroxidases.

Mechanisms olher lhan H2O2 produclion by fally acyl CoA
oxidase musi be considered in evalualing fally acid-induced
increases in GSSG efflux. High rales of mixed-funclion oxida
lion by phenobarbilal-induced cytochrome P-450s can cause
increases in GSSG efflux from hepatocytes (42, 45, 47). Since
PP trealmenl causes large increases in the u oxidalion of fally
acids by cylochrome P-450s (49-51), u oxidalion could Iheo-
relically conlribule lo increases in GSSG efflux observed wilh
fatty acids. However, induction of u>oxidation by PP Irealment
and fally acid-induced GSSG efflux have different subslrale
specificilies. Oxidalion of arachidonate by cylochrome P-450s
is increased severalfold by irealmenl wilh PP (50, 51) whereas
oxidalion of olÃ©aleis unchanged (50). However, olÃ©alebul noi
arachidonale caused increases in Ihe efflux of GSSG from
perfused livers (Fig. 3 and "Resulls"). Thus, il is unlikely lhal

induclion of a oxidalion explains falty acid-induced increases
in GSSG efflux in the present studies.

The rale of GSSG reduclion lo GSH by glulalhione reduc-
lases helps regÃºlale Ihe efflux of GSSG inlo Ihe bile (42, 47).
Therefore, it is possible lhal fally acids could increase GSSG
efflux by direcl inhibilion of glulalhione reducÃaseor depletion
of Ihe required cofaclor NADPH. Deplelion of NADPH has
been used lo explain inhibilion of mixed-funclion oxidalion by
olÃ©alein perfused livers (52). However, BCNU inhibited glu

tathione reducÃaseby 90% in livers from nafenopin-lrealed rals
bul did not affect lauric acid-induced increases in the efflux of
GSSG (Fig. 6). This resull suggesls lhat decreases in GSSG
reduction by glutalhione reducÃaseare noi responsible for in
creases in GSSG efflux observed upon infusion of lauric acid
inlo perfused livers from nafenopin-treated rals. Nafenopin is
noi unique in ils effects on glutathione metabolism since per
fused livers from fasted rats lhal had been ireated for 6 days
with Ihe PP, WY-14,643 (11, 40 mg/kg/day), also released
large amounls of GSSG upon infusion of 350 /Â¿Mlauric acid.3

We conclude lhal induclion of peroxisomal ÃŸoxidalion by PP
causes increases in subslrale supply (i.e., H2O2) for glulalhione
peroxidase.

Our results suggesting lhat H2O2 concentralions are in
creased in Ihe extraperoxisomal compartmenl of livers from
PP-treated rats addresses one aspect of the mechanism of
carcinogenesis of PP as proposed by Reddy and Lalwani (1),
Reddy et al. (11), and Goel et al. (19). However, il is noi clear
how H2O2 produced by fally acyl CoA oxidase escapes deloxi-
flcalion by peroxisomal catalase. Il is possible lhal PP-induced
fally acyl CoA oxidase is localized in a subpopulation of per
oxisomes with abnormally low catalase activily or lhal some
fally acyl CoA oxidase is localized oulside Ihe peroxisome.
H2O2 or hydroxyl radical derived from Fenlon reaclions may
be involved in Ihe accumulation of conjugated dienes and lipo-
fuscin in livers of PP-trealed rals (19, 37-39). Decreases in
glulalhione peroxidase aclivities after PP trealmenl (18, 19)
may also promole H2O2-medialed oxidalive damage. However,
ihere is little dala supporling Ihe hypolhesis (1, 21) lhat I !.â€¢().
produced during peroxisomal i! oxidation of fatly acids results
in oxidalive damage lo DNA and initiation of Ihe carcinogenic
process. I-!valuations of PP for genoloxicity have thus far been
negative (2-9), and oxidalive damage lo DNA bases (53) has
noi yel been demonslrated. Allernalively, increased inlracellu-
lar H2O2 concenlralions may be primarily involved in Ihe
promolional segmenl of Ihe carcinogenic process.
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