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Abstract
Reactive oxygen species are thought to be crucial for peroxisome proliferator-induced liver
carcinogenesis. Free radicals have been shown to mediate the production of mitogenic cytokines by
Kupffer cells and cause DNA damage in rodent liver. Previous in vivo experiments demonstrated
that acute administration of the peroxisome proliferator di-(2-ethylhexyl) phthalate (DEHP) led to
an increase in production of α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN) radical adducts in
liver, an event that was dependent on Kupffer cell NADPH oxidase, but not peroxisome proliferator
activated receptor (PPAR)α. Here, we hypothesized that continuous treatment with peroxisome
proliferators will cause a sustained formation in POBN radical adducts in liver. Mice were fed diets
containing either 4-chloro-6-(2,3-xylidino)-2-pyrimidinylthio acetic acid (WY-14,643, 0.05% w/w),
or DEHP (0.6% w/w) for up to three weeks. Liver-derived radical production was assessed in bile
samples by measuring POBN-radical adducts using electron spin resonance. Our data indicate that
WY-14,643 causes a sustained increase in POBN radical adducts in mouse liver and that this effect
is greater than that of DEHP. To understand the molecular source of these radical species, NADPH
oxidase-deficient (p47 phox-null) and PPARα-null mice were examined after treatment with
WY-14,643. No increase in radicals was observed in PPARα-null mice that were treated with
WY-14,643 for 3 weeks, while the response in p47 phox-nulls was similar to that of wild-type mice.
These results show that PPARα, not NADPH oxidase, is critical for a sustained increase in POBN
radical production caused by peroxisome proliferators in rodent liver. Therefore, peroxisome
proliferator-induced POBN radical production in Kupffer cells may be limited to an acute response
to these compounds in mouse liver.
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INTRODUCTION
Peroxisome proliferators are a class of structurally diverse compounds that cause cancer in
rodents by a non-genotoxic mechanism [1–3]. The high potential for human exposure and the
known rodent carcinogenicity of these compounds has been the cause for intense debate for
several decades regarding their potential adverse health effects in people [4]. The range of
pleiotropic responses that these compounds induce in rodent liver includes increase in the size
and number of peroxisomes in parenchymal cells, hepatomegaly, and induction of β-oxidation
enzymes [5]. Considerable differences in metabolism and molecular changes induced by
peroxisome proliferators in the liver, most predominantly the activation of the nuclear receptor
peroxisome proliferator activated receptor (PPAR)α, have been identified between species
[6]. In addition, PPARα-independent events that involve activation of Kupffer cells that
involves production of reactive oxygen species have been also shown to occur after acute
exposure to peroxisome proliferators in rodents [7].

Reactive oxygen species are implicated in the carcinogenesis mode of action of peroxisome
proliferators. Oxidants have been shown to cause DNA damage, lipid peroxidation, and may
also mediate signaling [8,9]. Within hepatocytes, these compounds activate transcription of
genes encoding H2O2-generating enzymes, such as acyl-coA oxidase (ACO) and cytochrome
P450 4A (CYP4A), and these events are known to be mediated by PPARα [10]. Studies using
Kupffer cells demonstrated an increase in superoxide production in vitro 30 minutes after
treatment with peroxisome proliferator, 4-chloro-6-(2, 3-xylidino)-2-pyrimidinylthio acetic
acid (WY-14,643) [11]. In vivo studies of peroxisome proliferator-induced oxidants in rats
using spin trap α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN) and electron spin resonance
(ESR) detection reported an increase in POBN radical adducts in liver 2 hours following di-
(2-ethylhexyl) phthalate (DEHP) treatment [7]. Furthermore, early reactive oxygen species
generation as a result of DEHP administration was attributed to activation of NADPH oxidase
in Kupffer cells, but not PPARα.

While many studies demonstrated a role for reactive oxygen species in the acute effects of
peroxisome proliferators, it is not known whether Kupffer cell activation plays a role in radical
generation during the long term exposure to peroxisome proliferators, and thus is a potential
PPARα-independent mechanism of action of these compounds. The purpose of this study was
to determine if peroxisome proliferator-derived reactive oxygen species production is in fact
sustained and to identify the source of POBN radicals. These data provide direct evidence
demonstrating that peroxisome proliferators cause a PPARα-dependent prolonged elevation in
POBN radical adducts in rodent liver. Our findings suggest that Kupffer cell-derived POBN
radical production is ephemeral and may be involved only in the acute phase of the response
to these compounds in rodent liver.

MATERIALS AND METHODS
Animals

PPARα-null male mice (SV129 background; [12,13]), p47 phox -null male mice (C57BL/6J
background; [14]) and corresponding wild-type counterparts (6–8 weeks of age) were used in
these experiments. All animals used for this study were housed in sterilized cages in special
facilities with a 12-hr night/day cycle. Temperature and relative humidity were held at 22 ± 2°
C and 50 ± 5 %, respectively. The UNC Division of Laboratory Animal Medicine maintains
these animal facilities, and veterinarians were always available to ensure animal health. All
animals were given humane care in compliance with NIH and institutional guidelines and
studies were performed according to approved protocols. Prior to experiments, animals were
maintained on standard lab chow diet and purified water ad libitum.
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Chemicals and Treatments
DEHP, WY-14,643, 2,2’-dipyridyl, and bathocuproinedisulfonic acid were obtained from
Aldrich (Milwaukee, WI), and α-(4-pyridyl 1-oxide)-N-tert-butylnitrone (POBN) from Alexis
(San Diego, CA). Control animals were given NIH-07 powdered diet. Treated animals were
given the same diet blended with either DEHP or WY-14,643 at target concentrations of 0.6%
w/w and 0.05% w/w, respectively. Diet was administered ad libitum for 3 days, 1 week or 3
weeks. Acutely treated mice were given one intragastric injection of either saline or DEHP at
a dose of 1.2 g/kg.

Detection of Free Radicals in Bile
Animals were anesthetized with pentobarbital (75 mg/kg) and the spin trap POBN (1 g/kg,
i.p.) was administered. The gallbladder was cannulated using a 10-cm long polyvinylchloride
tube and bile samples were collected into Eppendorf tubes containing 50 μl of chelating agents,
bathocupoinesulfonic acid (12 mM) and 2,2’-dipyridyl (30 mM) for 2 hrs. Bile samples were
frozen immediately after collection and stored at -80°C until analyzed by electron spin
resonance (ESR) spectroscopy. To consume endogenous ascorbic acid in bile which can act
as reducing agent, an ascorbate oxidase spatula (Roche, Indianapolis, IN) was placed in the
flat cell and O2 and N2 were bubbled through the sample in the flat cell for 10 minutes and 5
minutes, respectively. ESR spectra were recorded on a Bruker EMX ESR spectrometer with a
super high Q cavity. Instrument settings were as follows: microwave power, 20 mW;
modulation amplitude, 1 G; conversion time, 1.3 s; time constant, 1.3 s. Spectra were recorded
on an IBM-compatible computer interfaced with the spectrophotometer and were analyzed to
determine hyperfine coupling constants by computer simulation using EPR-WinSim software
[15]. Graphical display of this data represents bile volume-corrected spectra amplitudes (peak-
to-peak).

Acyl-coA Oxidase Activity and Expression
Acyl-coA oxidase (ACO) activity and expression are commonly used indicators of peroxisome
induction [16]. The activity of ACO was determined by measuring formaldehyde, which is
formed from oxidation of methanol by hydrogen peroxide. Liver tissue (100 mg) was
homogenized in 10 volumes of 0.25 M sucrose buffer. A volume of 1.4 ml of reaction mixture
(see [17] for details) was warmed at 37°C and mixed with 100 μl of homogenate. The reaction
was terminated after 5 minutes by adding 40% trichloroacetic acid. Blanks were prepared in
parallel, in which 40% trichloroacetic acid was added before homogenate. Samples and blanks
were centrifuged to pellet protein and 1.0 ml of the supernatant was added to 0.4 ml of Nash
reagent containing acetyl acetone, which reacts with formaldehyde to form diacetyl-
dihydrolutidine [18]. The concentration of formaldehyde was measured
spectrophotometrically at λ = 405 nm. Protein concentration was determined using the BCA
protein assay [19].

ACO protein expression was measured by western blot analysis. Nuclear extracts were
prepared from liver samples obtained from mice fed control or WY-14,643-containing diet for
3 weeks. Hepatic proteins (10 μg/lane) were separated on an SDS-PAGE and transferred to a
nitrocellulose membrane. Immunodetection of ACO was performed using an anti-ACO
polyclonal antibody (a generous gift from Dr. Janaradan Reddy, Northwestern University),
followed by conjugation with an HRP-labeled rabbit anti-mouse secondary antibody.
Chemiluminescent detection of protein was employed.

Statistics
Data are represented as mean values plus or minus the standard error for three to six animals
per group. One-way ANOVA was used for statistical comparison with control (*). In cases in
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which more than two treatments were used, two-way ANOVA with Tukey's multiple
comparison test was employed for statistical comparisons of between control-(*) or DEHP-
(†) treated groups. A p value less than 0.05 was selected prior to the study to determine
statistical differences between groups.

RESULTS
DEHP and WY-14,643 cause a sustained increase in free radicals

Acute treatment with DEHP has been shown to cause an increase in liver POBN radical adduct
formation in vivo [7], but it has not yet been determined by direct detection methods whether
such radical production remains elevated for longer than 2 hrs. To investigate whether
peroxisome proliferators cause a long-term increase in radical spececies in rodent liver, mice
were fed either control or DEHP-containing diet for 3 weeks. In order to establish if radical
species that are produced after continuous treatment are similar to those that form after acute
administration of DEHP, some mice were injected with either saline or DEHP (1.2 g/kg)
intragastrically immediately before bile collection. Figure 1 shows that a DEHP-induced
increase in POBN radicals is observed after both acute (2 hrs) and sub-chronic (3 weeks)
treatment with the peroxisome proliferator compound. When injected in vivo, POBN forms a
stable radical adduct (with a t1/2 ranging from 10–15 hrs, data not shown). Thus, the rate of
radical production is proportional to the ESR spectrum amplitude and the level of induction of
radical production (i.e., the amount of the radical species being produced) caused by treatment
with DEHP is comparable at both time points (3.2- and 2.6-fold over control, respectively).

Computer simulations of the ESR spectra for DEHP-induced radicals produced at 2 hours and
3 weeks (Figure 1C and 1F, respectively) suggest that the radical species responsible for POBN
adduct formation were similar. For both time points, the POBN-trapped radicals produced a
composite six-line spectrum. Computer simulation of radical adducts produced following acute
DEHP treatment (Figure 1C) possess hyperfine coupling constants of (I) aN = 15.6 G, aβH =
3.2 G and (II) aN = 15.8 G, aβH = 2.7 G, and revealed a third species (III) aH = 2.0 G due to
the ascorbate radical (19). The relative amount of each adduct species was (I) 55%, (II) 35%
and (III) 11%. The predominant radical species (I) appears to be derived from POBN/•CO2

−

[20], while species II likely originated from a lipid-centered radical [21]. Three week treatment
with DEHP produces similar radical species with coupling constants (I) aN = 15.7 G, aβH = 3.0
G, (II) aN = 15.8 G, aβH = 2.7 G, and (III), aH = 1.9 G derived from the same three species,
POBN/•CO2

–(49%), POBN/•L (41%), and the ascorbate radical III contributing 10%. The
significant presence of formate-derived POBN/•CO2– radical adducts in both samples is likely
caused by reactive species produced by oxidizing enzymes. In a Fenton-like reaction,
endogenous formate is oxidized to form a carbon dioxide anion radical [21].

While our data indicates that DEHP is capable of invoking production of radical species in
both acute (2 hrs) and sub-chronic (3 weeks) studies, it has been shown that DEHP is a relatively
weak carcinogen that fails to produce a sustained induction of proliferative response in rodent
liver [5]. To compare the level of POBN radical induction by two classical peroxisome
proliferator compounds that differ in their carcinogenic potency, mice were fed a diet with
either DEHP (0.6% w/w), or WY-14,643 (0.05% w/w) for 3 days, 1, or 3 weeks and radicals
in bile were measured by ESR. Both DEHP and WY-14,643 caused a time-dependent increase
in POBN radical adducts (Table 1 and Figure 2), with the latter treatment causing the most
significant increase over control levels beginning at 1 week of treatment. These findings
support the hypothesis that the carcinogenic potency of peroxisome proliferators is likely to
be related to their ability to cause oxidative stress in liver [22].
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PPARα is essential to long-term reactive oxygen species production by peroxisome
proliferators

Earlier studies demonstrated that acute production of DEHP-induced radical species in rodent
liver depends on Kupffer cell NADPH oxidase, but not PPARα [7]. To determine if long-term
production of POBN-detectable reactive oxygen species is mediated by either Kupffer cell- or
hepatocyte-related molecular events, p47 phox- and PPARα- null mice (along with their
corresponding wild-types) were treated with WY-14,643 for 3 weeks. POBN trapped radicals
were collected in vivo from liver using bile and quantitated using ESR. Though the knock-out
mice used in this study were on different background strains (SV129 and C57BL/6J), no strain-
associated differences in radical production were observed. Both wild-type strains show a
significant increase in radicals caused by dietary treatment with WY-14,643 for 3 weeks
(Figure 3). Interestingly, induction of radical production by continuous treatment with
WY-14,643 occurs in NADPH-oxidase deficient mice (p47 phox-null), but not in PPARα-null
mice. These results clearly demonstrate that PPARα is required for prolonged formation of
POBN radical adducts caused by peroxisome proliferators.

It has been hypothesized that induction of peroxisomal oxidases by peroxisome proliferators
is important for the mode of action of these agents since it may lead to oxidative damage of
DNA, proteins and lipids in rodent liver [23]. To determine if induction of peroxisomal
enzymes correlates with sustained POBN radical production observed in this study, activity of
acyl-CoA oxidase (ACO) was determined in liver homogenates from wild-type mice fed either
DEHP or WY-14,643-containing diets for up to 3 weeks. ACO is widely used as a marker of
peroxisomal β-oxidation [10,24] and increased expression or activity is hallmark to peroxisome
proliferators. Both DEHP and WY-14,643 cause a progressive increase in ACO activity, with
more potent WY causing a greater increase of almost 30-fold over control as early as 3 days
following diet initiation (Figure 4). Induction of ACO by DEHP and WY-14,643 persists for
up to three weeks. These results corroborate that reactive oxygen species levels are sustained
and progressively increase with the length of treatment. Measurements of ACO activity in liver
from both knockout mouse strains revealed an induction in ACO in p47 phox-null mice (Figure
5A). No change of enzyme activity was observed in PPARα-null mice. ACO protein expression
(Figure 5B) revealed a similar trend. When taken collectively, these results confirm that long
term production of POBN-reactive oxygen species is PPARα–dependent, and that peroxisomal
enzymes are likely a primary source.

DISCUSSION
Involvement of reactive oxygen species in the mode of action of peroxisome proliferators

Reactive oxygen species are thought to be intimately associated with the mechanism of
tumorigenesis by peroxisome proliferators. This assumption is based to a large degree on the
fact that various proteins that are induced by these chemicals in liver parenchymal cells
(peroxisomes, mitochondria and microsomes) are prone to formation of hydrogen peroxide
and free radical species. Thus, it was hypothesized that such overproduction of oxidants might
cause DNA damage and lead to mutations and cancer [10,23]. In addition, recent discoveries
show that reactive oxygen species play an important signaling role in a rapid increase of
parenchymal cell proliferation caused by peroxisome proliferators {Rusyn, 2000 4357 /id}.
Collectively, it appears that oxidant-related molecular events are intertwined with other
pathways activated by peroxisome proliferators in vivo in rodent liver.

It was initially hypothesized that fatty acyl-CoA oxidase in the peroxisome is the enzyme
responsible for oxidative stress by peroxisome proliferators [26,27]; however, mice lacking
this protein, instead of being protected from chemically induced liver cancer, develop liver
tumors spontaneously, possibly as a result of a hyper-activation of PPARα by unmetabolized
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lipids [28]. A number of indirect confirmations for peroxisome proliferator-initiated increases
in reactive oxygen species have been collected over past two decades; however, the causative
relevance of some of this evidence to the carcinogenic effect of peroxisome proliferators has
been questioned and contrasting views have been presented (reviewed in [29]). Therefore, we
provide direct in vivo evidence for sustained production of oxidants after treatment with
peroxisome proliferators, as well as information on whether POBN radical adducts are
produced by PPARα-dependent mechanisms, both of which are critical for understanding the
mode of action of these agents.

Direct evidence for peroxisome proliferator-induced sustained production of POBN radical
adducts in rodent liver

Despite the fact that few question a role of oxidative stress in the mechanism of action of these
compounds, direct evidence that radicals are produced under conditions of continuous exposure
to peroxisome proliferators, as well as knowledge on precise molecular source(s) of reactive
oxygen species that are involved were still lacking. It has been previously reported that
PPARα is not required for generation of reactive oxygen species in mouse liver after acute
exposure to peroxisome proliferators [7]. The same study demonstrated that Kupffer cell
NADPH oxidase was the source of radical species production in rodent liver within hours after
administration of DEHP. Thus, Kupffer cells have been suggested to be a potential source of
radicals in rat and mouse liver after treatment with peroxisome proliferators [7,30].

In this study, we provide the first direct evidence of peroxisome proliferator-induced
sustained radical production in vivo in mouse liver. It appears that ability of peroxisome
proliferators to increase radical production in mouse liver correlates with the carcinogenic
potency. Specifically, WY-14,643, which is known to be highly tumorigenic in rodents, causes
greater radical production than DEHP, a weaker rodent liver carcinogen.

We also show that irrespective of the duration of treatment with peroxisome proliferators when
the cellular source of radicals (i.e., Kupffer cell or hepatocyte) may differ (see below), the
ultimate macromolecule-reactive species produced in mouse liver are similar and consist of
roughly equal amounts of •CO2– and •L. While Kupffer cell-derived radicals (e.g., superoxide
anion) can either react directly with the surrounding lipid membrane (at low pHs [31]), or be
converted to a hydroxyl radical that will react with lipids; in hepatocytes, excess peroxisomal
H2O2 conversion to a reactive hydroxyl radical in the presence of iron is the presumed
mechanism of formation of lipid peroxides [32]. It should be noted that the utility of spin
trapping with POBN for direct detection of hydroxyl radical, superoxide or nitric oxide is
limited [33]; thus, the results of this study should be interpreted with caution. However, the
high reactivity of the hydroxyl radical, abundance of lipids in liver and the chain reaction nature
of lipid peroxidation are likely to facilitate the formation of •L as a key terminal radical detected
here by POBN.

Our results indicate that continuous treatment with peroxisome proliferators causes a time-
dependent significant increase in POBN radical adducts in mouse liver. It is interesting,
however, that the initial increase in POBN radical adducts following acute exposure to DEHP
was short-lived, as an appreciable increase in radical production is not observed until after 3
weeks of treatment with DEHP and after 1 week of treatment with WY-14,643. This result
implies that the early, Kupffer cell-mediated, effect on increased reactive oxygen species is
not sustained and we suggest that Kupffer cell activation by peroxisome proliferators is short
lived (see below).

The peroxisome proliferator-induced PPARα-dependent (see below) prolonged radical
production in liver, detected here by POBN spin trapping and ESR, may result from several
sources in the parenchymal cell. A number of peroxisomal (e.g., fatty acyl-CoA oxidase) and
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microsomal (e.g., 4A superfamily of cytochrome P450 enzymes) oxidases are regulated by
PPARα and are involved in the catabolism of long chain and very long chain fatty acids by
β- and ω-oxidation, respectively. These enzyme systems are "leaking" electrons and are known
to generate considerable amounts of secondary reactive oxygen species even under normal
physiologic conditions [10].

Disproportionately large increases in expression of hydrogen peroxide-generating fatty acyl-
CoA oxidase, as compared to hydrogen peroxide-degrading catalase, have been reported
following treatment with peroxisome proliferators in rodents [24,27]. However, given the
extremely high rate at which peroxisomal catalase converts H2O2 into H2O and O2, it should
not escape peroxisomes [34]. Furthermore, peroxisomal β-oxidation is limited by substrate
availability. In fact, it has been shown that treatment with peroxisome proliferators increased
H2O2 in vitro, but not in the perfused liver because fatty acid supply is rate-limiting in intact
cells [35,36]. Indeed, the timing of the increases in radical production observed in this study
did not correlate with that for the induction of ACO protein level and activity. However,
peroxisomes devoid of catalase but capable of production of H2O2 via beta-oxidation of fatty
acyl CoA compounds or via the activity of urate oxidase have been observed following
clofibrate treatment and massive liver regeneration [37,38]. Thus, with continuous peroxisome
proliferator treatment, there may be increased formation of microperoxisomes that leak
catalase; hydrogen peroxide produced in the microperoxisome would not be scavenged
immediately, but rather may be available for reaction with cellular components ultimately
leading to the formation of POBN radical adducts. Marked induction of CYP4A [39] may be
another likely source of oxidants under condition of continuous treatment with peroxisome
proliferators.

An alternative explanation for lack of increase in radicals until after 1 week of treatment could
also be related to peroxisome proliferator-induced changes in iron homeostasis in rodent liver.
Reactive species produced at early time points (2 hours or less) are presumably Kupffer-cell
derived radicals (e.g., superoxide anion) that would not depend on availability of excess
transition metals for conversion to POBN/ESR-detectable species. However, a sufficient level
of iron in the liver is critical for conversion of non-radical oxidants, like H2O2, to POBN-
reactive radical species. Several studies have shown that dietary treatment with peroxisome
proliferators in rodents creates a condition of iron overload in liver [40–42]. An increase in
hepatic iron stores is thought to be one of the potential reasons for chronic oxidative stress in
liver by peroxisome proliferators. In fact, an enhancement in lipid peroxidation as a result of
hepatic iron overload after treatment with WY-14,643 was observed recently [42]. In addition
to increased intracellular pools of iron, altered expression of proteins responsible for iron
transport from the liver to plasma (i.e., transferrin receptors, ferritin, and iron regulatory protein
1) has been reported [40,43].

NADPH oxidase is not a source of POBN radical adducts under condition of chronic
administration of peroxisome proliferators

Several studies used p47 phox-null mouse model to demonstrate that Kupffer cell NADPH
oxidase-derived reactive species, as detected using POBN and ESR, are critical for the
pathogenesis of liver and lung injury [44,45], as well as the early effects of peroxisome
proliferators in mouse liver [7,46]. Since it was not known whether Kupffer cell-specific events
play a role in long-term effects of peroxisome proliferators, this study determined if this cell
type may be involved in peroxisome proliferator-induced reactive oxygen species production
when animals are administered these compounds for up to 3 weeks. We show here that radical
species formation still occurs in the absence of active NADPH oxidase (as observed in
p47 phox-null mice), but is PPARα-mediated. The importance of PPARα for
hepatocarcinogenicity of peroxisome proliferators is well known [47]. Importantly, here we

Woods et al. Page 7

Free Radic Biol Med. Author manuscript; available in PMC 2008 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



demonstrate, by direct measurements of POBN radical adducts in liver, that PPARα-dependent
pathways are responsible for the long-term increase in oxidants after continuous treatment with
peroxisome proliferators. This work, together with measurements of the functional outcome
of increased production of reactive species such as oxidative DNA damage under similar
conditions [48], establishes a link between activation of PPARα, radical production and DNA
damage, a key step in the mechanism of carcinogenesis.

In conclusion, this study is the first to provide direct in vivo evidence that increased production
of POBN radical adducts in mouse liver is sustained following dietary treatment with
peroxisome proliferators. Despite the apparent temporal shift in the cellular source of radicals
(from Kupffer cells to hepatocytes) as peroxisome proliferator treatment is continued, there
appears to be no difference in the radical species that are produced. Finally, we have
demonstrated that long term reactive oxygen species production is mediated by PPARα and
that NADPH oxidase-derived reactive species may only be important as early responses to
peroxisome proliferators.
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ABBREVIATIONS
WY-14,643  

4-chloro-6-(2,3-xylidino)-2-pyrimidinylthio acetic acid

POBN  
α-(4-pyridyl-1-oxide)-N-tert-butylnitrone

ACO  
fatty acyl-coA oxidase

CYP4A  
cytochrome P450 4A

DEHP  
di-(2-ethylhexyl) phthalate

ESR  
electron spin resonance spectroscopy

PPAR  
peroxisome proliferator activated receptor

PP  
peroxisome proliferators
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Figure 1. Production of POBN radical adducts caused by peroxisome proliferators is sustained
Representative spectra and computer simulations of radical adducts in C57BL/6J mouse liver
following DEHP treatment are shown. Bile was collected for 2 hours after POBN
administration (i.p.). Radical adducts in bile were detected using ESR. (A) ESR spectrum of
radical adducts detected 2 hours following i.g. treatment with saline. (B) Same as A except
treated with DEHP (1.2 g/kg). (C) Computer simulation of spectrum in panel B. (D) ESR
spectrum of radical adducts detected following 3 weeks of feeding of NIH-07 diet. (E) Same
as panel D, except diet contained DEHP (0.6% w/w). (F) Computer simulation of spectrum in
panel E.
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Figure 2. WY-14,643 causes a greater induction of POBN radical adducts in C57BL/6J mice
Mice were fed either a DEHP (0.6% w/w)-, or WY-14,643 (0.05% w/w)-containing diet for 3
days, 1 week, or 3 weeks. Free radical adducts in bile were measured by ESR 2 hours after
POBN (i.p.) administration. Statistical significance (p<0.05) is indicated with asterisks (*,
different from Control; †, different from DEHP). N.D: No Data
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Figure 3. Prolonged radical species production is PPARα dependent
PPARα-null and p47 phox-null mice were fed a WY-containing diet (0.05% w/w) for 3 weeks.
Following POBN administration, bile was collected for 2 hours. POBN radical adducts were
detected in bile using ESR. Statistical significance (p<0.05) is indicated with an asterisk as
compared to the data for control diet-fed animals.
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Figure 4. DEHP and WY-14,643 cause a sustained increase acyl-CoA oxidase activity
Mice were fed either a DEHP (0.6% w/w) or WY-14,643 (0.05% w/w)-containing diet for 3
days, 1 week, or 3 weeks. ACO activity was measured as described in the Experimental
Procedures. Statistical significance (p<0.05) is indicated with asterisks (*, different from
Control; †, different from DEHP).
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Figure 5. Induction of ACO correlates with peroxisome proliferator-induced radical production
PPARα-null and p47 phox-null mice were fed WY-14,643 (0.05% w/w) containing diet for 3
weeks. (A) ACO activity was measured as described in the Experimental Procedures. (B) ACO
protein expression was measured by western blot analysis. Statistical significance (p<0.05) is
indicated with an asterisk as compared to the data for Control-fed animals.
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Table 1
ESR spectra amplitudes for peroxisome proliferator-treated C57BL/6J mice.

Time course Treatment N Liver Weight (%
Body Wt.)a

Bile Volume (ml) ESR Amplitude
(Arbitrary Units)

Vol Corrected
ESR Amplitude

(Arbitrary Units)a
Control 6 4.6 ± 0.3 0.15 ± 0.01 23.63 ± 3.47 3.39 ± 0.38

3 days DEHP 6 5.4 ± 0.5b 0.17 ± 0.02 9.43 ± 1.34 1.57 ± 0.25
WY 3 6.5 ± 0.9c 0.23 ± 0.03c 8.89 ± 3.52 1.94 ± 0.56

Control 4 5.7 ± 0.5 0.18 ± 0.03 13.83 ± 2.16 2.96 ± 0.78
1 week DEHP 5 7.1 ± 1.3 0.19 ± 0.04 14.62 ± 1.99 3.06 ± 0.98

WY 6 8.2 ± 1.0c 0.44 ± 0.08c 12.69 ± 2.49 5.48 ± 1.64b
Control 4 4.4 ± 0.3 0.17 ± 0.01 11.96 ± 0.72 1.99 ± 0.18

3 weeks DEHP 6 6.3 ± 0.3b 0.19 ± 0.02 27.55 ± 1.57 5.23 ± 0.65b
WY 5 11.3 ± 1.1c 0.76 ± 0.08c 10.78 ± 2.00 7.62 ± 0.57c

Data is represented as mean ± SEM.

a
Bile volume was used to determine a volume corrected ESR amplitude.

b
Denotes statistically significance from Control-fed animals (p<0.05).

c
Denotes statistical significance from DEHP-treated animals (p<0.05).
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