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Glutathione peroxidase (GPX) activity measured using
tert-butyl hydroperoxide as a substrate detects solely
cellular/classical GPX (cGPX) in rat liver and kidney,
and extracellular/plasma glutathione peroxidase
(EC-GPX) in rat serum. To investigate the effect of
peroxisome proliferator on EC-GPX, we measured
activities of GPX and catalase in rat liver, kidney and
serum, and then we performed immunoblot and North-
ern blot analyses in the kidney. Rats were fed on a diet
containing either 2% (w/w) di-2-ethylhexyl phthalate
(DEHP) or 0.25% (w/w) clofibrate for two or three
weeks, respectively. Catalase activity was increased
1.4-fold (p <0.001) in the treated liver, but not in the
kidney. GPX activity was decreased to 59.2% (DEHP)
and 70.4% (clofibrate) of the control (p < 0.001) in the
serum but was unaltered in the liver and kidney. The
immunoreactivity for EC-GPX was also significantly
decreased in the DEHP-treated kidney compared with
the control. The mRNA levels of EC-GPX and ¢GPX
were unaltered. The immunostaining for 4-hydroxy-2-
nonenal, a maker of lipid peroxide, was more intense in
the treated kidney compared with the control. These
results suggest that EC-GPX is post-transcriptionally
decreased by peroxisome proliferator through the
oxidative stress in the renal tubules. This may be a
new deleterious effect of an endocrine disruptor DEHP.
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INTRODUCTION

Antioxidant enzymes, such as superoxide dis-
mutase, glutathione peroxidase (GPX) and cata-
lase, play an important role in tissue protection
against oxidative stress induced by reactive
oxygen species (ROS). Extracellular/plasma glu-
tathione peroxidase (EC-GPX), an isoenzyme of
selenium (Se)-containing GPX, is predominantly
produced in renal proximal tubules”? and se-
creted to the blood.!”) Rodent liver abundantly
expresses the cellular/classical GPX (cGPX), but
not EC-GPX.”* Only a trace amount of EC-GPX
remains in renal tubules, and thus cGPX
represents >99% of GPX activity in kidneys.™!
On the other hand, serum GPX activity is solely

*Corresponding author. Tel.: 81-552-73-9606. Fax: 81-552-73-6745. E-mail: kdobashi@swallow.res.yamanashi-med.ac.jp
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represented by EC-GPX, but not by cGPX."*! Thus,
tissue distribution of EC-GPX is different from
that of cGPX.

EC-GPX and cGPX are homotetramers consist-
ing of subunits with a similar molecular size."*
EC-GPX has a similar catalytic action to that
of ¢cGPX because of high homology in the active
site.l®! They catalyze the reduction of organic
hydroperoxides and hydrogen peroxide (H,O,)
using reduced glutathione as a substrate. We
previously demonstrated that the expression of
both EC-GPX and ¢GPX decreased in a parallel
manner in Se deficient rat.*!

Peroxisome proliferators include a wide range
of chemicals such as hypolipidemic drugs,
industrial plasticizers, halogenated hydrocarbon
solvents and herbicides.”*! These structurally
diverse compounds produce similar effects of
proliferation of peroxisomes and a differential
increase in peroxisomal enzymes, most markedly
in rodent liver and also significantly in the
kidneys.'™ Peroxisome proliferators are non-
genotoxic but induce hepatocellular hypertrophy,
hyperplasia and, if chronically exposed, carci-
noma in rodents. Peroxisomal proliferator
induces the g-oxidation (HyO, producing) en-
zyme fatty acyl-CoA oxidase by 30-fold,""!) and
also increases lipid peroxide,® leading to forma-
tion of 8-hydroxydeoxyguanosine in liver
DNA."™ Thus, the oxidative stress through over-
production of H,O, and other ROS can mediate
hepatic or renal cellular damage by peroxisome
proliferator.

Phthalate esters, widely used as a plasticizer,
draw attention as one of the “environmental
estrogens/endocrine disruptors”, which are toxic
to sex organs."*® Not only phthalate but also
other chemical types of peroxisome proliferator,
WY-14643 and gemfibrozil, show such endocrine-
disrupting effect.’”) Adverse effect of phthalate
on sex organ function is only one example
of a diverse biological function of this com-
pound. Elucidating the mechanism of biohazard
caused by plasticizers is of critical importance,
because such compounds prevail widely in the

environment. Peroxisome proliferation as a
potential source of free radicals may play a key
role in such biohazard.

To our knowledge, the effect of peroxisome
proliferators on EC-GPX has not yet been
reported. In the present study, two peroxisome
proliferators, DEHP and clofibrate, were tested.
To determine the effects of peroxisomal prolif-
erator on the level of EC-GPX, we measured the
enzyme activity of GPX in serum, and the
immunoreactive protein and the mRNA for EC-
GPX in kidney. To visualize the free radical injury
in kidney by DEHP, we immunostained renal
tissue section for 4-hydroxy-2-nonenal (HNE).

The peroxisome proliferators induced a selec-
tive decline of serum EC-GPX level, without
affecting the level of cGPX in the liver and kidney.
The decrease was post-transcriptional modifica-
tion, possibly by free radical protein damage,
suggesting a new effect of peroxisome proliferator
on antioxidant enzyme defense system in vivo.

MATERIALS AND METHODS

Animal Treatments

DEHP was purchased from Kanto Chemical Co.,
Tokyo, Japan. Clofibrate was kindly provided
from Yamanouchi Pharmaceutical Co., Tokyo,
Japan. Six-week-old male Sprague-Dawley rats
were purchased from Japan SLC Inc., Shizuoka,
Japan, and 6 rats each were assigned to the drug-
treated and the control groups. In experiment 1,
one group was fed on a diet containing 2% (w/w)
of DEHP, and the other the same chow without
DEHP, for two weeks. In experiment 2, the drug-
treated group was fed on a diet containing 0.25%
(w/w) of clofibrate, and the controls the same
chow without clofibrate, for three weeks.

After the treatment with peroxisome prolifer-
ator animals were sacrificed under pentobarbital
anesthesia (40 mg/kg). Total RNA was extracted
from the freshly excised kidney. Blood was
collected from the aorta. For assays of enzyme
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activities, freshly excised tissue was homoge-
nized in 10 volumes (w/v) of 10mM ice-cold
potassium phosphate/0.01% digitonin buffer, pH
7.4. The enzyme activity was assayed without
freezing storage. Tissue was homogenized with
5 volumes (w/v) of 50mM Tris-HCl/2mM
EDTA/2mM 2-mercaptoethanol buffer (pH 7.4)
for immunoblot analysis.

All animals received humane care in compli-
ance with the Yamanashi Medical University’s
guidelines and the National Research Council’s
criteria for humane care as outline in “Guide for
the Care and Use of Laboratory Animals”.

Assay Methods for the Activities of
Catalase and Glutathione Peroxidase

The catalase activity was measured by the
method of Baudhuin et al."® One unit of activity
is defined as the amount of enzyme causing the
destruction of 90% of hydrogen peroxide per
minute spectrophotometrically at 405nm. The
GPX activity in tissue homogenate and serum
was assayed by the coupled enzyme method
using tert-butyl hydroperoxide as a substrate.!’”’
One unit of enzyme is defined as pmol of NADPH
oxidized per min per mg protein. The contribu-
tion of GSH transferase as GPX activity in the
present system is minimal.?” Protein was esti-
mated by the method of Bradford.l*"!

Immunoblot Analysis

The specificity of the antibodies against rat cGPX
and rat EC-GPX has been described previ-
ously.*?? The polyclonal antibodies were raised
against electrophoretically pure antigens by
immunizing rabbits. The antibodies were mono-
specific and did not crossreact each other when
evaluated by Ouchterlony plate and immunoblot
analysis. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was performed
according to the procedure of Laemmli’® using a

12.5% slab gel. After electrophoresis, the proteins
were transferred onto a polyvinylidene difluoride
membrane and incubated 150 min at room tem-
perature with 1: 3000 diluted cGPX ' or EC-GPX
antiserum,m followed by the incubation with
['®1)-labeled anti-rabbit IgG (MEM Life Science
Products, Du pont Co., Boston, MA, USA;
74 kBq/membrane) for 90 min at room tempera-
ture. Antigen~antibody complex was visualized
by autoradiography, using the Bio-imaging
Analyzer Fujix BAS-2000 system (Fuji Photo Film
Co., Tokyo, Japan).

Northern Blot Analysis

The cDNA probe for catalase (Accession number:
M11670,**! National Center for Biotechnology
Information, NIH, Bethesda, MD, USA) was
obtained from rat liver RNA by reverse-transcrip-
tion followed by polymerase chain reaction
(RT-PCR). Oligonucleotide primers (20 base
pairs each) for PCR were designed using Gene
Works version 2.4 software (Intelligenetics Inc.,
Campbell, CA, USA). The PCR product corre-
sponding to the nucleotide position 906-1309 for
catalase yielded single bands on 1.5% agarose gel
electrophoresis. The cDNA probes for cGPX,
EC-GPX and f-actin were described previously.™

Total RNA was isolated from the rat kidney
using the Ultraspec-Il RNA isolation system,
Biotecx Laboratories Inc.,, Houston, TX, USA.
Northern-blotting was performed as described
previously.™ In brief, denatured total RNA
(20 ug) was subjected to agarose gel electropho-
resis in the presence of 7% (v/v) formaldehyde.
After alkalization and neutralization, the RNA
was transferred onto a nylon filter by aspiration in
a Genopirator nucleic acid transfer system, Model
AE-6680, ATTO Corp., Tokyo, Japan. The RNA
was fixed to the membrane by UV cross-linking.
After prehybridization, the membrane was
hybridized overnight with a **P-labeled probe,
and then washed. Autoradiography was per-
formed using the Bio-imaging Analyzer Fujix
BAS-2000 system.
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Immunohistochemical Staining for
4-hydroxy-2-nonenal

A specific monoclonal antibody against HNE is
purchased from Japan Institute for the Control of
Aging, Shizuoka, Japan.*>?¥! The kidneys were
fixed with 10% buffered formalin, dehydrated
through a graded series of ethanol, and embedded
in paraffin. Specimens were then cut into 2 um
thickness and stained according to the indirect
immunoenzyme method as described previ-
ously.” In brief, following deparaffinization
and rehydration, tissue sections were exposed to
3% H;O, for 10min to inactivate endogenous
peroxidase activity and then to 10% normal goat
serum for 30 min to block non-specific binding.
The sections were incubated with 1:100 anti-HNE
antibody overnight at 4°C. The tissue sections
were sequentially exposed to 1:1000 peroxidase-
conjugated goat anti-mouse IgG Fab (Bio-Rad
Laboratories, Hercules, CA, USA) for 1h. The
staining was visualized by diaminobenzidine
reaction.

Statistics

Data are expressed as the means and standard
deviations (SD). Statistical significance was
determined by the unpaired Student’s t-test
using SPSS version 7.5] software (SPSS Inc.,
Chicago, IL).

RESULTS

Body Weight and Organ Weight

The body weight of the DEHP-treated group was
decreased by 6.9% and was significantly lower
than that of the controls, while the body weight
of the clofibrate-treated group was similar to
that of the controls (Table I). The percent liver
weight (g)/body weight (g) in both DEHP- and
clofibrate-treated groups was increased 1.9- and
1.5-fold (p < 0.001) compared with the respective
controls. The percent kidney weight (g)/body
weight (g) in each treated group was also sig-
nificantly higher than the respective controls,
although the increase was milder in the kidneys
than in the liver.

Activities of Catalase ¢GPX and EC-GPX

Table IT summarizes the activities of catalase and
c¢GPX in rat liver and kidneys treated with
peroxisome proliferators. The catalase activity
was increased 1.4-fold in both DEHP- and clofi-
brate-treated livers, and was significantly higher
than in the respective control livers. The activity
of catalase in kidney was unaffected by the
treatment with both drugs. The activity of cGPX
did not change significantly in the liver and
kidneys by the treatment with either DEHP or
clofibrate.

Serum GPX activity was significantly
decreased in both DEHP- and clofibrate-treated

TABLEI Body weight and organ (liver and kidney) weights in rats treated with DEHP or clofibrate

Body wt (g) Liver/body wt (%) Kidney/body wt (%)
Exp.1
Control (n=6) 291+25 3.99+£0.30 0.345+0.011
DEHP (1=06) 2714107 7.59+0.29 0.396 4:0.032
p <0.005 7 <0.001 p <0.005
Exp. 2
Control (n=6) 34876 4.16+0.14 0.322 £:0.009
Clofibrate (n =6) 341+£10.0 6.06+0.33 0.417 £0.021
ns r<0.001 p <0.005

Data are mean +SD. Statistics: Student’s #-test (unpaired). ns: not significant. Liver/body weight (wt): the
percent of liver weight (g)/body wt (g); kidney/body wt: the percent of kidney weight (g)/body wt (g).
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TABLE Il Activities of catalase and ¢GPX in rats treated with DEHP or clofibrate

Catalase cGPX
Liver (mU/mg) Kidney (mU/mg) Liver (U/mg) Kidrey (mU/mg)

Exp.1
Control (n=6) 527 35 197 +12 1.27+0.19 826156
DEHP (n=6) 742 +74 172427 1.06+0.13 818+ 86

p <0.001 ns ns ns
Exp.2
Control (n=6) 587 £ 74 200+35 1.22+0.07 840+ 108
Clofibrate (n=6) 847 +46 204 +37 1.17+£0.12 846474

p <0.001 ns ns ns

Data are mean + SD. ns: not significant.
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FIGURE ‘1 Effect of peroxisome proliferators on serum
GPX activity. Data are expressed as U/ml (n=6). The
brackets indicate SD. The enzyme activity of GPX was
assayed in rat serum. The assay was performed in dupli-
cate and one pl of rat serum was applied to assay mixture.
The GPX activity is markedly decreased in the sera of both
DEHP- and clofibrate-treated groups (closed bar) compared
with respective control groups (open bar).

groups (Figure 1). The serum GPX activity,
EC-GPX, in the DEHP- and dofibrate-treated
groups was 59.2% and 70.4%, respectively, of that
in the respective control groups.

Immunoblot and Northern Blot Analyses
for cGPX and EC-GPX in Kidney

To elucidate the molecular mechanism of change
in serum EC-GPX level, immunoblot and North-
ern blot analyses for cGPX and EC-GPX were
performed in the kidney of the rats treated with
DEHP, which had a greater effect on the serum
EC-GPX activity than clofibrate did (Figure 1).
The immunoreactivity for ¢GPX in the kidney
homogenate of DEHP-treated group was in a
similar intensity to that in the control group
(Figure 2). On the other hand, the immunoreac-
tivity for EC-GPX in DEHP-treated kidney was
significantly decreased compared to the control
kidney (Figure 2).

Figure 3 summarizes the result of Northern blot
analysis. The kidney extract gives the mRNA
bands for catalase, cGPX, EC-GPX and S-actin at
the respective mobility indicated in the Figure 3.
For each mRNA, the intensity does not appear to
change by the treatment with DEHP. Densito-
metry (n=6 for each mRNA) revealed that the
mean relative intensities to that of S-actin band for
catalase, cGPX and EC-GPX were not significantly
different from each other (data not shown).

Immunostaining for Lipid Peroxide in
Kidney

Under light microscopy with routine hematoxy-
lin-eosin staining, no appreciable degenerative
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cGPX

EC-GPX

C D

22 kDa

22.5 kDa

C D

FIGURE 2 The immunoblot analysis for cGPX and EC-GPX in rat kidneys treated with DEHP. Data are the results of a
representative experiment from 4 observations. For ¢GPX, a sample containing 40 pg of protein was loaded on each lane. For
autoradiographic detection, the BAS-2000 imaging plate was exposed to the membrane for 1h. A specific band was detected
at the 22kDa level in each lane. DEHP and control groups give an immunoreactive band with similar intensity (upper
panel). For EC-GPX, a sample containing 400 ug of protein was loaded on each lane. The exposure time for autoradiography
was 24h. An immunoreactive band of EC-GPX was detected at the 22.5kDa level in each lane. The immunoreactive bands
were much less intense in the DEHP-treated group than in the control groups (lower panel). Abbreviations: C: control,

D: di-2-ethylhexyl phthalate (DEHP)-treated group.

EC-GPX
cGPX
Catalase
B-Actin 4 mg% 1.9 kb
C C DD

FIGURE 3 Northern blot analysis for EC-GPX, cGPX, cata-
lase and fB-actin mRNA in DEHP-treated kidneys. The
Northem blot analysis was carried out as described in the
Methods section. The sizes of mRNAs were determined on
the basis of 185 and 285 rRNA visualized by ethidium bro-
mide staining. Data are the results of a representative
experiment from 6 observations. The same filter was used
for the 4 blots. The bands of control (C) and DEHP-treated
(D) groups appear to be similar in intensity for 4 mRNA
studied here.

change was detected in the DEHP-treated kidney
tissues (data not shown). The results of immuno-
histochemical staining for HNE are summarized
in Figure 4. In the low power view, the DEHP-
treated kidney (Figure 4B) is more intensely

stained for HNE than the control kidney
(Figure 4A). The high power view (Figure 4C
and D) shows that the proximal tubules are
stained more intensely than the distal tubules
and the glomeruli are stained less intensely than
the tubules. Each tissue component of DEHP-
treated kidney (Figure 4D) is stained more
intensely than the respective component of the
control kidney (Figure 4C).

DISCUSSION

In the present study, rats were administered a
standard dose of peroxisome proliferators for
a relatively short period, so that we investigated
an early phase of the drug treatment. The protein
level of EC-GPX, but not cGPX, was decreased in
the rats treated with the peroxisome proliferators,
DEHP and clofibrate. Both DEHP and clofibrate
appeared to induce a similar change in EC-GPX
and catalase. The mRNA levels for both EC-GPX
and ¢GPX were unaffected by the treatment
with DEHP, indicating that the selective decrease
in EC-GPX was due to post-transcriptional
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FIGURE 4 Immunohistochemical staining for 4-hydroxy-2-nonenal in DEHP-treated and control kidney. Data are the
results of a representative experiment from 4 observations. Formalin-fixed paraffin-sections of rat kidneys obtained from
control (A and C) and DEHP-treated group (B and D) are stained for 4-hydroxy-2-nonenal by indirect immunoenzyme
method. The tubular epithelial cells in DEHP-treated kidney are more intensely stained than control. Magnifications: A and
B, x100; C and D, x400. G: glomerulus, PT: proximal tubules. Bar =100 um.

regulation. The immunoblot analysis of EC-GPX
in the kidney homogenate indicated that EC-GPX
protein was decreased within the kidney and
before the step of secretion into circulation.

Little is known about the regulatory mecha-
nism of EC-GPX expression. We previously
reported that Se deficiency suppressed the
expression of both EC-GPX and cGPX in a parallel
manner at pre-translational and translational
levels.™! Nafenopin, a peroxisome proliferator, is
reported to decrease liver Se level, leading to the
suppression of cGPX activity, but not renal Se
level.”®! In the present study, the levels of cGPX in
the liver and kidney were unaffected. Thus, the
present change in EC-GPX did not appear to be
due to the alteration of Se level.

Effect of peroxisome proliferator is most
marked in rodent hepatocytes, because hepato-
cytes are most abundant in peroxisomes among

all tissues.”2112%30] The effect on kidney is less
marked.?**" Among the kidney tissues, the
proximal tubules are most rich in peroxisomes, 74!
and therefore, most sensitive to the effect of
peroxisomal proliferators.

cGPX is widely distributed in kidney of both
cortex and medulla.’®™ ¥ On the other hand,
EC-GPX is more preferentially expressed in the
proximal tubules than in other cellular compo-
nents of kidney.'* Thus, cGPX occurs in the
proximal tubules and also in other kidney tissues
that are not affected by peroxisomal proliferators.
Even if both ¢GPX and EC-GPX decrease in a
parallel manner in proximal renal tubules, pre-
servation of cGPX in the rest of renal tissues can
neutralize the change.

In the present study, the activity of catalase was
increased in the liver but not in the kidneys by
the treatment with the peroxisome proliferators.
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In previous studies, catalase activity in the kidney
treated with peroxisome proliferator was variably
reported to be increased® or unaltered.®® In
such studies, renal peroxisomes were activated
by the treatment of peroxisome proliferator, as
evidenced by the induction of acyl-CoA
oxidase®! and D-amino acid oxidase!®” more
than that of catalase. Such peroxisomal oxidases
produce H,O, via direct two-electron reduction of
molecular oxygen during oxidation of their
specific substrates. Thus, peroxisome proliferator
can enhance oxidative stress by an unbalanced
induction of HyO,-producing system and
scavenger.

The peroxisome proliferator significantly mod-
ulates renal metabolism in an early phase of
treatment. Clofibrate markedly increases the
activities of glucose 6-phosphatase, pyruvate
carboxylase and phosphoenolpyruvate carboxy-
kinase in kidney cortex and facilitates gluconeo-
genesis from glutamate, lactate, pyruvate,
glycerol and malate in rat kidney cortex within
one week of the feeding."**

There has been only one previous report
demonstrating that the lipid peroxide production
is enhanced in kidney by peroxisome prolife-
rator.’” Dehydroepi-androsterone (DHEA), a
peroxisome proliferator, increased the NADPH-
dependent lipid peroxidation estimated by the
formation of thiobarbituric acid-reactive sub-
stances in microsomes of rat liver and kidney
cortex. According to this report, the lipid peroxi-
dation by DHEA was an early event, starting from
day 2 and reaching maximal level at one week
in male rats.?l -

Membrane lipids are one of the major targets of
ROS, which initiate free radical chain reaction,
resulting in the formation of lipid peroxidation
products. Many kinds of aldehydes are generated
as a consequence of lipid peroxidation caused by
ROS in biological systems.® Some of these
aldehydes are highly reactive and relatively
long-lived than ROS. Among them, HNE is one
of the major products derived from w6-unsatu-
rated fatty acids such as linoleic and arachidonic

acids. HNE inhibits cellular synthesis of protein
and DNA as the second attack.®*”! In biological
systems, HNE is considered to be the most reliable
marker of lipid peroxidation.’ In the present
study, HNE was increased in DEHP-treated
kidney. To our knowledge, this is the first histo-
chemical evidence of lipid peroxide increase in
kidney treated with peroxisome proliferator, sug-
gesting free radical injury in renal proximal
tubules.

A question arises whether increased HNE in the
proximal tubules is due to decreased production
of EC-GPX. EC-GPX is a secretory-type glycopro-
tein,™ and remains in the secretory system even
when it is retained in the proximal tubular cells. It
does not afford protection against H,O, of peroxi-
somal origin. Thus, increased HNE in the proxi-
mal tubules did not appear to be caused by the
decreased EC-GPX. The function of EC-GPX has
not yet been well established. EC-GPX has been
suggested to reduce submicromolar levels of free
fatty acid hydroperoxides and phosphatidylcho-
line hydroperoxides,®® because of a high affinity
to such substrate.®”’

Chronic DEHP treatment causes renal cysts in
rodents and deteriorates renal function estimated
by creatinine clearance.***!! Renal failure and
interstitial nephritis occur after chronic clofibrate
treatment in rat.*? The present study has pro-
vided histochemical evidence that peroxisome
proliferator induces free radical production from
early phase of treatment, leading to protein loss in
certain kidney tissue. Continuous peroxisomal
activation associated with long-lasting enhanced
oxidative stress can result in macro-histological
kidney tissue destruction, as was reported
previously.[*>-42

In conclusion, the observed decrease in EC-
GPX by peroxisome proliferator can be due to
protein modification by drug-induced oxidative
stress in the renal proximal tubules. These results
suggest that peroxisome proliferators induce the
imbalance of not only intracellular redox status in
renal proximal tubules but also the extracellular
antioxidant enzyme defense system in vivo. This
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new function of DEHP potentially relates to an as
yet unknown mechanism of diverse biological
hazard caused by this endocrine disrupting
substance.
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