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Abstract

Development of a preventive strategy against tubular damage associated with proteinuria is of
great importance. Recently, free fatty acid (FFA) toxicities accompanying proteinuria were found
to be a main cause of tubular damage, which was aggravated by insufficiency of peroxisome
proliferator-activated receptor alpha (PPARa), suggesting the benefit of PPARa activation.
However, an earlier study using a murine acute tubular injury model, FFA-overload nephropathy,
demonstrated that high-dose treatment of PPARa agonist (0.5% clofibrate diet) aggravated the
tubular damage as a consequence of excess serum accumulation of clofibrate metabolites due to
decreased Kidney elimination. To induce the renoprotective effects of PPARa agonists without
drug accumulation, we tried a pretreatment study using low-dose clofibrate (0.1% clofibrate diet)
using the same murine model. Low-dose clofibrate pretreatment prevented acute tubular injuries
without accumulation of its metabolites. The tubular protective effects appeared to be associated
with the counteraction of PPARa deterioration, resulting in the decrease of FFAs influx to the
kidney, maintenance of fatty acid oxidation, diminution of intracellular accumulation of
undigested FFAs, and attenuation of disease developmental factors including oxidative stress,
apoptosis, and NFxB activation. These effects are common to other fibrates and dependent on
PPARa function. Interestingly, however, clofibrate pretreatment also exerted PPARa-independent
tubular toxicities in PPARa-null mice with FFA-overload nephropathy. The favorable properties of
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fibrates are evident when PPARa-dependent tubular protective effects outweigh their PPARa-
independent tubular toxicities. This delicate balance seems to be easily affected by the drug dose.
It will be important to establish the appropriate dosage of fibrates for treatment against kidney
disease and to develop a novel PPARa activator that has a steady serum concentration regardless
of kidney dysfunction.
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Introduction

Tubulointerstitial damage is closely correlated with aggravation of kidney function in
various kidney diseases, and existing tubular protective strategies are still insufficient
(D’Amico, 1999). Therefore, it is of great importance to develop a novel beneficial therapy
against tubulointerstitial damage. Recently, considerable attention has been paid to
proteinuric toxicity as a causative factor associated with tubulointerstitial injury. Indeed,
earlier studies have suggested that proteinuric toxicity is related to various macromolecules
including free fatty acids (FFAs) (Kamijo et al., 2007a), albumin (Tang et al., 2003),
transferrin (Chen et al., 1998), complement factors (Nangaku et al., 1999), and oxidized
LDL (Ong and Moorhead, 1994). Among these molecules, we recently reported the
importance of FFA toxicity accompanying proteinuria, using a murine experimental model
called “protein-overload nephropathy” (Kamijo et al., 2007a). “Protein-overload
nephropathy” is an established model frequently used for investigating the relationship
between proteinuria and tubulointerstitial damage (Suzuki et al., 2001). In this model,
massive proteinuria is artificially induced by excess increase of serum protein due to
intraperitoneal administration of bovine serum albumin (BSA) without major glomerular
injury; severe proximal tubular injuries develop as a consequence. In our earlier study, we
used this model to compare FFA-binding BSA to FFA-free BSA, and demonstrated that
FFAs were the main toxic molecules, as FFA-free BSA was less toxic. Overloading of FFAs
is more important than that of protein itself for developing tubular injuries; therefore we
defined the protein overload model using external BSA containing FFAs as “FFA-overload
nephropathy (FAON)”. This earlier study also characterized the details of the FFA toxicities
accompanying proteinuria. The excess amounts of FFAs binding to BSA are filtrated
through the undamaged glomeruli, and reabsorbed via endocytosis into proximal tubular
epithelial cells (PTECs). The absorbed FFAs are subjected to catabolism; however excess
influx of FFAs caused accumulation of undigested FFAs in PTECs. Electron microscopic
analyses demonstrated that excess loading of FFAs to PTECs induced mitochondrial
swelling and rupture, nuclear shrinkage, disruption of the brush border, and the extravasation
of cell contents. These organelle injuries resulted in vacuolation of PTECs, tubular dilation,
tubular hyaline cast formation, detachment of PTECs from the tubular basement membrane,
and an increase of tubular damage marker molecules including osteopontin and vimentin.
Biochemical and pathological analyses also demonstrated that the increase of FFA influx to
kidneys, intracellular accumulation of undigested FFAs, decreased fatty acid oxidation
capacity, increased oxidative stress, promotion of apoptosis and activation of the NFxB
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signaling pathway in PTECs were closely related to tubular damage. These developments
cause acute kidney dysfunction, resulting in urine volume reduction, insufficient excretion of
urine protein induced by external BSA, systemic water retention, and accumulation of
uremic toxin. With excess increase of body water, pulmonary congestion appeared and
became fatal. By discontinuing FFA-overload treatment before reaching a lethal situation,
these tubular changes were reversed with regenerative epithelial proliferation, and kidney
function was recovered. The severity of the tubular damage could be controlled by the
dosage of overloaded FFA.

Furthermore, we found that the acute tubular injury caused by FFA toxicity was enhanced in
peroxisome proliferator-activated receptor alpha (PPARa)-null mice. PPARa.,, a member of
the steroid/nuclear receptor superfamily, is a transcriptional regulator that regulates
mitochondrial fatty acid oxidation, and its insufficiency is known to lead to a decrease in
fatty acid oxidation (Kamijo et al., 2002; Aoyama et al., 1998; Watanabe et al., 2000). We
demonstrated that the very low capacity for fatty acid oxidation in Ppara-null mice enhanced
FFA toxicities in FAON. This result suggests that activation of PPARa might be a
therapeutic option for kidney diseases with proteinuria.

Fibric acid derivatives (fibrates) are representative ligands of PPAR that are prescribed for
the treatment of hyperlipidemia. Fibrates are relatively high-affinity ligands that bind to
PPARa and increase the transcriptional activity of this receptor, resulting in enhanced fatty
acid oxidation and a reduction of plasma triglyceride levels (Schoonjans et al.,
1996).Therefore, fibrates might be beneficial agents for protecting PTECs from FFA
toxicities accompanying proteinuria. To confirm this hypothesis, we previously tried an
experiment using wild-type (WT) mice with FAON that were administered high-dose
clofibrate (0.5% clofibrate-containing diet); however, this treatment could not exert
significant tubular protective effects (Kamijo et al., 2007a). In this animal model, excess
serum accumulation of fibrates occurred due to decreased drug elimination via kidney
dysfunction. This drug accumulation was probably related to over-activation of PPARa and
overproduction of reactive oxygen species (ROS), and disease progression of the treated
mice. In order to prevent excess drug accumulation, we tried another experimental protocol
using low-dose fibrates. Since the serum accumulation of fibrates had been reported to
increase with kidney dysfunction, we employed a pretreatment protocol in which the fibrate
treatment was started before an acute kidney injury episode. This study shows that
stimulation of the PPARa function via pretreatment using low-dose fibrates may be useful
for the prevention of acute tubulointerstitial injuries accompanying FFA toxicity of
proteinuria.

Materials and methods

Animals and experimental design.

SV/129 female mice were used for this study (age, 26 weeks; bodyweight, 26 to 30 g). The
mice were maintained in a facility free of specific pathogens, housed in a temperature- and
light-controlled environment(25 °C; 12-h light/dark cycle) and given tap water ad /ibitum.
All procedures were performed in accordance with the guidelines of Shinshu University, the
National Institutes of Health, and the Association for Assessment and Accreditation of
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Laboratory Animal Care. The mice were divided into two groups, regular-diet and
clofibrate-pretreatment groups (n = 14 for each group, respectively). A conventional rodent
chow was crushed to powder, and 0.1% (drug weight/food weight) clofibrate was admixed.
The clofibrate-pretreatment group was fed this 0.1% clofibrate-containing diet throughout
the experimental period from two weeks before BSA injection. We measured body weight
and daily food consumption every day using the Roden CAFE system (Oriental Yeast Co.,
Tokyo, Japan). Body weights did not change significantly throughout the experimental
period, and did not differ between the regular-diet and clofibrate-pretreatment groups (day 0,
25.8+0.8 vs. 25.5+1.5 g; day 10, 25.3+0.8 vs. 25.0+£1.6 g; day 17, 25.3+1.0 vs. 25.5+1.7 ¢
for the regular-diet and clofibrate-diet group, respectively). Food consumption was also
stable and similar in the regular-diet and clofibrate-pretreatment groups (day 0, 1.3+0.2 vs.
1.3+0.5; day 10, 1.4+0.6 vs. 1.2+0.7; day 17, 1.3+0.5 vs. 1.4+0.8 g/day/mouse for regular-
diet and clofibrate-diet group, respectively). Using these data, the meanz SD of clofibrate
dosage was calculated as 52.8+7.8 mg/kg body weight/ day. Clofibrate was obtained from
Wako (Tokyo, Japan). Both groups of mice were given daily intraperitoneal bolus injections
of 0.375 g FFAs-binding BSA in 1 ml sterile saline every day, for 17 consecutive days. BSA
was obtained from Sigma Chemical (St. Louis, MO, catalog No. A4503, fraction V, albumin
>96%). From this commercial data, calculated dosage of albumin was 0.360 to 0.375 g/day/
mouse. FFAs content of the BSA (A4503) was calculated via the measurement of FFAs
concentration in the BSA solution, and it was 2.56+0.37 uEqg/g of A4503. Therefore, the
dosage of FFAs was 0.96+0.14 pEq/day/ mouse. The concentration of endotoxins in the
BSA solution was measured using a highly sensitive endotoxin-specific assay (ES-test;
Wako, Osaka, Japan), and it was very low (18+3.4 pg/ml). No mice of either group died
except for protocol sacrifice throughout the experimental period. The numbers of mice
euthanized for analyses according to the protocol were as follows: n=3 for each group at day
0, n=5 for each group at day 10, and n=6 for each group at day 17.

Histopathological analyses.

Tissues from kidneys and livers in each group were fixed in 4% paraformaldehyde.
Deparaffinized sections were stained with hematoxylin and eosin, periodic acid Schiff, or
periodic acid-methenamine-silver. For semiquantitative histologic analyses, more than 20
randomly selected glomeruli from each kidney section were examined. To evaluate
glomerular size, the diameters of glomeruli were measured using an objective micrometer.
Degrees of tubulointerstitial damage were estimated using a scale that ranged from 0 to 3 (0,
normal; 1, mild; 2, moderate; 3, severe), which was categorized as tubular dilatation, tubular
atrophy, or tubular hyaline cast formation. Indices were calculated using the following
formula: Index = (ng x 0) + (N1 X 1) + (ny x 2) + (n3 % 3) / Z, (£,>20). These
histopathologic analyses were performed in a blinded manner by two observers who were
unaware of the study protocol. The MEBSTAIN Apoptosis Kit Il (Medical & Biologic
Laboratories, Nagoya, Japan) and streptavidin-conjugated peroxidase (DakoCytomation,
Glostrup, Denmark) were used for TUNEL staining. Ten randomly selected microscopic
fields magnified x200 were examined for each section, and the mean number of TUNEL-
positive cell nuclei per 1000 PTECs was determined for each mouse.
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Immunoblot analyses.

Renal cortex extracts were subjected to SDS-polyacrylamide gel electrophoresis and then
transferred to nitrocellulose membranes. The membranes were incubated with a primary
antibody followed by incubation with an alkaline phosphatase-conjugated secondary
antibody. Immunoblotting was performed using antibodies against rat long-chain acyl-CoA
synthetase (LACS) (Shindo and Hashimoto, 1978), very long-chain acyl-CoA
dehydrogenase (VLCAD) (Aoyama et al., 1993, 1995, 1989), mitochondrial trifunctional
protein a and B subunits (TPa and TPB) (Uchida et al., 1992), short chain-specific 3-
ketoacyl-CoA thiolase (T1) (Miyazawa et al., 1980), peroxisomal bifunctional protein (PH)
(Osumi and Hashimoto, 1980), peroxisomal thiolase (PT) (Miyazawa et al., 1980), and
catalase (Furuta et al., 1986). Primary antibodies to glutathione peroxidase-1 (GPx-1),
Cu,Zn-superoxide dismutase (SOD), Mn-SOD, Bcl-2, Bcl-x, , Bax, and tBid were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Band intensity was quantified
densitometrically, normalized to that of actin, and subsequently expressed as fold changes
relative to that of control mice (regular-diet group of mice at day 0).

Analyses of mRNA.

Analyses of mMRNA were performed using quantitative real-time PCR. One microgram of
total RNA, extracted from the renal cortex of each mouse in each group, was reverse-
transcribed using oligo(dT) primers and Superscript reverse transcriptase (Invitrogen,
Carlsbad, CA). The cDNAs were quantified with an ABI PRISM 7700 sequence detection
system (-Applied Biosystems, Foster City, CA) using specific primers and SYBR Green
double-stranded DNA binding dye 1. The specific primers were designed as shown in Table
1. Glyceraldehyde-3-phosphate dehydrogenase was used as the internal control for PCR
amplification.

Miscellaneous methods.

Throughout the experimental period, urine collections were carried out daily. Urine protein
concentrations were measured as described previously (Kamijo et al., 2002). Serum urea
nitrogen was measured with a clinical analyzer (i-STAT 200; i-STAT Corporation, East
Windsor, NJ). Serum concentration and tissue content of protein were measured using a
BCA protein assay kit (-Pierce, Rockford, IL). Serum concentrations and tissue contents of
FFAs and total phospholipids (PL), and serum concentration of aspartate amino transferase
(AST), alanine transaminase (ALT), and -y-glutamyltranspeptidase (y-GTP) were measured
using an assay kit purchased from Wako (Osaka, Japan). Serum concentrations and tissue
contents of triglycerides (TG) and total cholesterol (TC) were measured using an assay kit
purchased from Sekisui Medical (Tokyo, Japan). Fatty acid composition in BSA solution
and that in serum and total lipid extraction of kidney were quantified by gas chromatography
at the SRL Co. (Tokyo, Japan). Palmitic acid p-oxidation activity was measured as described
previously (Aoyama et al., 1998). Renal contents of malondialdehyde and 4-hydroxynonenal
(MDA/HNE) were measured using a colorimetric assay kit (Bioxytech LPO-586; Oxis
International, Inc., Portland, OR, USA). Plasma concentrations of clofibric acid (clofibrate
metabolite) were measured using HPLC as described elsewhere (Barra et al., 1994).
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Statistical analysis

Results

Analysis of significant differences with respect to the interactive effects of the two factors
(fibrate treatment and FFA-overload treatment) was performed using one-way ANOVA.
Throughout the manuscript, significant differences from the respective day 0 group are
indicated with asterisks (*P<0.05, **P<0.01, and ***P<0.001) while significant differences
between regular-diet and clofibrate-diet groups are indicated with number signs (#P<0.05,
##P<0.01, and ###P<0.001).

Pretreatment by low-dose clofibrate prevents tubular damage caused by FFA-overload

Daily intraperitoneal injections of FFAs-binding BSA were administered to regular-diet and
clofibrate-pretreatment groups of mice for 17 consecutive days. Daily urine volume, daily
urinary protein excretion, and total serum protein of both groups gradually increased with
repeated injections, and were identical in the two diet groups (Figs. 1A and B). The protein
contents in major organs in both groups, including kidney and liver, were not affected
significantly by the BSA treatment (data not shown). Serum concentration of urea nitrogen
was also increased in both diet groups; however, it was higher in the regular-diet group than
the clofibrate-pretreatment group (Fig. 1C). To evaluate kidney damage, we carried out
histopathological analyses. Light microscopy did not detect any glomerular pathological
changes except for glomerular hypertrophy, suggesting secondary glomerular hyperfiltration.
This pathological analysis revealed obvious tubular damage including tubular atrophy,
tubular dilatation, and tubular hyaline cast formation in the regular-diet group at day 17,
while these pathologic changes were not significantly observed in the clofibrate-
pretreatment group (Fig. 2). These findings suggest that clofibrate pretreatment prevented
the tubular damage caused by the FFAs-binding BSA injections. Throughout the
experimental period, the plasma concentration of clofibric acid, a clofibrate metabolite, did
not exceed toxic levels as evaluated in past studies (2513 ug/ml for the pretreatment group
before BSA injection, 63+26 pg/ml after BSA injection at day 10, 16347 ug/ml at day 17).
Serum hepatic damage markers including AST, ALT, and -y-GTP were not increased, and no
pathological change of liver was detected in either group (data not shown), suggesting that
hepatic damages were scarcely induced via the processes of FFAs-binding BSA injections
and clofibrate treatment.

Analyses of the tubular protective effects of clofibrate pretreatment

Earlier studies have suggested that tubular injuries caused by FFA-overload were enhanced
via PPARa deficiency followed by an increase of FFA influx to the kidney, decrease of fatty
acid oxidation, intracellular accumulation of undigested FFAs, increased oxidative stress,
increased apoptosis, and activation of NFxB signaling (Kamijo et al., 2007a). Therefore,
these factors were examined. Initially, alterations of lipids in serum and kidney were
compared in the regular-diet and the clofibrate-pretreatment groups. The concentrations of
FFAs and TG in the serum and kidney at day 0 (at the start point of BSA injection) were
lower in the clofibrate-pretreatment group than in the regular-diet group (Figs. 3A and B and
Table 2). The concentrations of PL and TC at day 0 did not differ significantly between the
two diet groups (Table 2). FFAs-binding BSA injections caused a marked increase in the
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serum and renal FFA concentrations in the regular-diet group at days 10 and 17; however,
these changes were suppressed in the clofibrate-pretreatment group (Figs. 3A and B). FFAs-
binding BSA injections did not affect the concentrations of TG, PL and TC, indicating that
the FFAs-binding BSA injections certainly introduced overloading of FFAs (Figs. 3A and B
and Table 2). The FFAs binding to BSA included palmitic acid (16:0), stearic acid (18:0),
oleic acid (18:1), and linoleic acid (18:2), and their composition was approximately similar
to the composition of fatty acids in serum and lipid extraction of kidney tissue (Table 3).
Clofibrate pretreatment and the FFA-overload treatment scarcely affected the fatty acid
composition of the serum and kidney. These results suggest that clofibrate pretreatment and
FFA-overload treatment caused marked quantitative changes of FFAs, but not qualitative
changes, in the serum and kidney. Fatty acid B-oxidation ability at day 0 was identical in the
two diet groups (Fig. 3C). The renal contents of some of the fatty acid catabolic enzymes
(representative PPARa target genes) at day 0 were increased in the clofibrate pretreatment
diet groups (Fig. 3D). FFA-overload treatment decreased fatty acid oxidation and protein
levels of these enzymes in the regular-diet group in a time-dependent manner, while these
reductions were attenuated in the clofibrate-pretreatment group (Figs. 3C and D). These
findings suggest that low-dose clofibrate pretreatment allowed for the maintenance of renal
fatty acid catabolism.

Next, renal oxidative stress was examined in both diet groups. Clofibrate pretreatment did
not increase the renal contents of MDA/ HNE, a representative lipid peroxidation marker, at
day 0. FFA-overload treatment increased this oxidative stress marker in both diet groups;
however, the increase was moderated in the clofibrate-pretreatment group (Fig. 4A).
Immunoblot analyses demonstrated that FFA-overload treatment decreased the expression of
antioxidant enzyme proteins (i.e., catalase, Cu,Zn-SOD, Mn-SOD, and GPx-1) in the
regular-diet group in a time-dependent manner. In the clofibrate-pretreatment group, the
renal contents of several antioxidant enzymes, such as catalase and Cu,Zn-SOD, were
increased at day 0, while that of Mn-SOD and GPx-1 was not affected by clofibrate
pretreatment. This enhanced antioxidant status was maintained despite FFA-overload (Fig.
4B). These findings suggest that clofibrate pretreatment might exert antioxidative effects in
the kidney.

To examine apoptosis, TUNEL staining was carried out. Clofibrate pretreatment did not
increase the number of TUNEL-positive PTECs at day 0. FFA-overload markedly increased
the number of positive cells in the regular-diet group at days 10 and 17; this effect was
moderated in the clofibrate-pretreatment group (Fig. 5A). To obtain biochemical
confirmation of the apoptosis, the renal contents of Bcl-2 related proteins (Bcl-2 and Bcl-xg ,
antiapoptotic proteins; Bax and tBid, apoptosis-stimulatory proteins) were examined.
Clofibrate pretreatment increased the renal contents of Bcl-x| , and did not affect those of the
other enzymes at day 0. FFA-overload reduced the renal contents of Bcl-2 and Bcl-x(_ in the
regular-diet group at days 10 and 17, while these reductions were moderated in the
clofibrate-pretreatment group (Fig. 5B). FFA-overload induced no changes in the levels of
Bax or tBid in either diet group (Fig. 5C). These findings suggest that clofibrate
pretreatment might exert an antiapoptotic function in the kidney.
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Finally, to evaluate the renal inflammatory cell invasion, an immunohistochemical analysis
was conducted. Clofibrate pretreatment did not increase the number of macrophages in the
interstitial area at day 0. FFA-overload markedly increased the number of macrophages in
the regular-diet group at days 10 and 17, but this effect was moderated in the clofibrate-
pretreatment group (Fig. 6A). Since renal expression of PPARa has been reported to inhibit
the NFxB signaling pathway via induction of 1xBa expression (Kamijo et al., 2007a, 2007b;
Kono et al., 2009), PPARa and IxBa expressions were examined. Renal expression of
PPARa in the regular-diet group was decreased in a time-dependent manner, indicating
PPARa deterioration caused by renal injuries (Fig. 6B). On the other hand, clofibrate
pretreatment increased PPARa. expression at day 0, and maintained this elevated expression
in spite of repeated FFA-overload. IxBa mRNA was increased in both diet groups at days
10 and 17, with a higher increase in the clofibrate-pretreatment group. Renal expression of
PPAR-y, which was also reported to have an effect of suppressing the NFxB signaling
pathway, was not changed, while levels of mMRNAs encoding target molecules of NFxB
signaling (i.e., cyclooxygenase2 [COX2], tumor necrosis factor-a [TNFal], and intercellular
adhesion molecule 1 [ICAM1]) showed increases in both diet groups at days 10 and 17 (Fig.
6B). However, these changes were moderated in the clofibrate-pretreatment group. These
findings suggest that clofibrate pretreatment could maintain renal expression of PPARa,
which in turn moderated the renal NFxB signaling pathway by upregulation of IxBa.

Tubular protective effects of other fibrates

We next examined whether pretreatment using other types of fibrates would exert similar
effects. We tested fenofibrate (PPARa-specific ligand, from Wako, Osaka, Japan), and
bezafibrate, (PPARa and PPARR ligand, from Kissei, Matsumoto, Japan). These fibrates
(low dose, 5 mg/kg body weight; medium dose, 20 mg/kg body weight) were administered
once daily by gavage from two weeks before FFA-overload treatment. The procedure of
FFA-overload was the same as in the clofibrate experiment. Pretreatments of neither fibrate
induced tubular damage, oxidative stress, apoptosis, or activation of NFxB signaling
pathway at day 0. At day 17, both fibrate pretreatments exerted tubular protective effects in a
dose-dependent manner, with the effects of fenofibrate tending to be stronger than those of
bezafibrate (Fig. 7). These findings suggested that tubular protective effects are common to
various types of fibrates, and that these effects might be dependent on PPARa activation.

Tubular protective effects of clofibrate treatment were based on a PPARa-dependent

mechanism

To determine whether these favorable properties of fibrates were dependent on PPARa, the
effects of the clofibrate pretreatment on Ppara-null mice (SV129 genetic background, Lee et
al., 1995) with FAON were examined. Since clofibrate is known to be a pan-agonist of
PPARa and PPAR~y (Willson et al., 2000), the effects of pretreatment by the PPAR-y agonist
pioglitazone were also examined in these mice. Ppara-null mice were fed a 0.1% clofibrate-
containing or 0.05% pioglitazone-containing diet from two weeks before FFA-overload
treatment. It was reported that Ppara-null mice were susceptible to FFA toxicity
accompanying proteinuria, and that FFA-overload markedly decreased the survival rate in
Ppara-null mice until day 4 (Kamijo et al., 2007a). Therefore, a reduced amount of FFAs-
binding BSA (0.325 g/day) was administered to each group of mice for 4 days. Pretreatment
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by either agonist did not exert significant effects at day 0, and did not suppress the tubular
damages caused by FFA-overload treatment at day 4. Surprisingly, the clofibrate-
pretreatment group of Ppara-null mice exhibited more obvious tubular damage than the
control group (Figs. 8A to C). The fatty acid oxidation capacity of the clofibrate-
pretreatment group of Ppara-null mice was identical to that of other groups of Ppara-null
mice (Fig. 8 D), while the oxidative stress, apoptosis and inflammation of this group were
obviously increased (Figs. 8 E to G). These findings suggest that the beneficial effects of
clofibrate pretreatment are dependent on PPARa function, and that the treatment might
induce PPARa-independent tubular toxicity in the PPARa-deficient animals. Clofibrate
might exert double action, PPARa-dependent tubular protective effects and PPARa-
independent tubular toxic effects.

Discussion

This study demonstrated that pretreatment using low-dose clofibrate reduced acute tubular
injury caused by FFA-overload through a PPARa-dependent mechanism. Prevention of
tubular injury appeared to be associated with the reduction of FFA influx, maintenance of
fatty acid catabolism, diminution of intracellular accumulation of FFAs and suppression of
oxidative stress, apoptosis, and NFxB activation.

FFAs-binding BSA injections led to increased levels of serum FFAs and the decrease of fatty
acid oxidation in the regular-diet group of WT mice, resulting in excessive intracellular
accumulation of FFAs. On the other hand, these metabolic changes were attenuated in the
clofibrate-pretreatment group of WT mice. Since FFAs-binding BSA introduces many
external FFAs, its injection causes a higher serum level of FFAs. Fibrate treatment is known
to decrease serum FFA levels due to stimulation of intracellular catabolism of fatty acids in
various organs including the liver, skeletal muscle and kidney (Kersten et al., 2000). Many
studies have demonstrated that these metabolic effects of fibrates are mediated by
transcriptional activation of PPARa, which enhances the expression of the fatty acid
transport protein (FATP) (Martin et al., 1997), LACS (acyl-CoA conversion protein)
(Schoonjans et al., 1995), and several mitochondrial and peroxisomal enzymes involved in
fatty acid p-oxidation (Aoyama et al., 1998). Therefore, the decrease of serum FFA levels in
the clofibrate-pretreatment group of WT mice would be derived from systemic PPARa
activation. The reduction of serum FFAs might reduce the oversupply of FFASs to the kidney.
An earlier study indicated that FFA-overload treatment also led to a reduction in levels and
activities of renal fatty acid metabolic enzymes including LACS and p-oxidation enzymes, a
consequence of tubular mitochondrial damage (Kamijo et al., 2007a). The genes encoding
these enzymes are transcriptional targets of PPARa.; therefore, PPARa activation via
clofibrate pretreatment appeared to maintain the amounts of these enzymes. These results
suggested that PPARa. activation via clofibrate pretreatment would suppress the influx of
FFAs to kidney, maintain fatty acid catabolism in PTECs, and diminish the intracellular
accumulation of FFAs in PTECs.

A previous study demonstrated that severe fatty acid catabolic insufficiency in Apara-null
mice with FAON caused intracellular accumulation of undigested FFAs (Kamijo et al.,
2007a). These accumulated FFAs are prone to react with ROS generated through
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mitochondrial energy production, resulting in obvious lipid peroxide toxicity (Schrauwen
and Hesselink, 2004). Furthermore, Ppara-null mice have a lower anti-oxidative capacity
than WT mice, and therefore are exposed to more oxidative stress and tubular injury
(Kamijo et al., 2007a). These results indicated that PPARa exerts antioxidative effects, as
well as maintaining FFA influx and catabolism in PTECs. The present study demonstrated
that clofibrate pretreatment increased or maintained the amount of antioxidant enzyme
proteins in the renal cortex. For example, an increase of catalase protein was prominent in
the clofibrate-pretreatment group of WT mice. Indeed, catalase is known to be expressed at
higher levels in the kidney compared to other organs (Ishikawa et al., 1986), and this enzyme
lowers hydrogen peroxide levels and thereby reduces the cellular injury caused by oxidative
stress. Two recent studies reported that catalase deficiency enhanced oxidative stress in
PTECs in a murine unilateral ureteral obstruction model and 5/6 nephrectomy model,
followed by remarkable tubulointerstitial injury, fibrosis, and tubular cell apoptosis (Sunami
et al., 2004; Kobayashi et al., 2005). Another study demonstrated that increased catalase
activity inhibited cisplatin-induced nephrotoxicity (Ma et al., 2007). These studies indicated
that catalase is one of the most important antioxidant enzymes for protecting PTECs from
oxidative stress. It was reported that catalase promoters possess PPAR response elements
and that PPARa is a main regulator of catalase gene expression (Girnun et al., 2002).
Therefore, the induction of catalase through PPARa activation via clofibrate pretreatment
might be involved in the inhibition of tubulointerstitial injury caused by FFA toxicity
observed in this study. On the other hand, high-dose clofibrate pretreatment (0.5%
clofibrate-containing diet) is reported to cause aggravation of tubular injuries in WT mice
with FAON (Kamijo et al., 2007a). Some earlier studies reported that high-dose fibrate
treatment could exert unfavorable effects through an overproduction of ROS due to a
PPARa-dependent mechanism, such as induction of PPARa-regulated ROS-generating
enzymes (acyl-CoA oxidase, cytochrome P450 4A, and NADPH oxidase) and enhancement
of mitochondrial fatty acid B-oxidation (Kamijo et al., 2007a; Nakajima et al., 2010).
Furthermore, the present study revealed the PPARa-independent toxicity of clofibrate-
enhancing oxidative stress. These unfavorable actions of clofibrate might have outweighed
its beneficial effects in the case of a high-dose treatment study. At this time, the mechanism
of PPARa-independent toxicity via clofibrate treatment is unknown. Further analysis will be
needed in the future.

Many earlier studies reported that FFA-overload led to the induction of tubular cell apoptosis
(Arici et al., 2003). Our previous study demonstrated that this type of cell death was
remarkably induced in Ppara-null mice under FAON, as these mice had lower expression of
antiapoptotic proteins such as Bcl-2 and Bcl-x; (Kamijo et al., 2007a). The present study
demonstrated that clofibrate pretreatment maintained the amount of antiapoptotic proteins in
the renal cortex of WT mice on FAON. Several earlier studies also demonstrated
antiapoptotic effects of PPARa ligands in the liver and kidney (Roberts et al., 2002). A
study using cisplatin-treated mice further demonstrated that fibrate treatment could attenuate
acute renal injury through the maintenance of the expressions of these antiapoptotic proteins
(Nagothu et al., 2005). These results all point to the antiapoptotic effects of fibrates in the
kidney.
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It is well known that PPARa exerts suppressive effects on the NFxB signaling pathways in
many organs via induction of 1xBa expression (Kamijo et al., 2007b; Kono et al., 2009;
Delerive et al., 2001; Li et al., 2005). A previous study reported that Apara-null mice with
FAON exhibited greater activation of the NFxB signaling pathway via the absence of IxBa
induction, resulting in enhanced tubular inflammation (Kamijo et al., 2007a). The present
work revealed that clofibrate treatment increased 1xBa mRNA expression and inhibited the
increased expression of MRNAs encoding NFxB target genes (i.e., COX2, TNFa, and
ICAML1) in WT mice under FAON. These results suggest that fibrates can exert PPARa-
dependent suppression of the NFxB signaling pathway in the kidney.

Taken together, the current results suggest that low-dose clofibrate pretreatment exerts a
protective function against acute FFA toxicities via a PPARa-dependent mechanism. A very
recent study using transgenic mice also demonstrated that over expression of tubular PPARa
attenuates acute kidney injury caused by ischemia— reperfusion injury or treatment with
cisplatin (Li et al., 2009). These favorable properties of PPARa activation are evident when
the PPARa-dependent tubular protective effects outweigh the tubular toxicities of fibrates.
This delicate balance seems to be easily affected by the drug dose. Most fibrates are excreted
through the kidney, and kidney dysfunction causes the accumulation of the drugs, which can
result in tubular damage (Lipscombe et al., 2001). Furthermore, there are known to be
species differences in PPARa activation via fibrate treatment between rodents and humans
(Gonzalez et al., 1998). Therefore, it will be important to establish the appropriate dosage of
fibrates for treatment against human kidney disease. In the future, the development of a
novel PPARa activator that has a steady serum concentration regardless of kidney
dysfunction will be needed.
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Fig. 1.
Systemic effects of low-dose clofibrate pretreatment in FFAs-binding BSA-injected mice.

(A) Daily urine volume and daily urinary protein excretion. (B and C) Serum concentrations
of total protein and urea nitrogen, respectively. The clofibrate-pretreatment group was fed a
0.1% clofibrate-containing diet from two weeks before daily FFAs-binding BSA injection.
The start time point of FFAs-binding BSA injection was designated as day 0. Values
represent means+SD (n = 3, 5, and 6 for each group at day 0, 10, and 17, respectively).
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Light microscopic analyses of kidney injuries. (A) Representative micrographs of the kidney
in FFAs-binding BSA-injected mice. Kidney sections were stained with periodic acid
methenamine-silver (PAM). (B-D) Quantification of glomerular diameters and
semiquantification of tubular damage indices (medulla and cortex). Values are means+SD
(n=3 for each group at day 0; n=5 for each group at day 10; n=6 for each group at day 17).

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 December 20.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnue Joyiny

Takahashi et al.

>

[JFibrate(-)
Il Fibrate(+)
##

#H#
Hokk
Hke
ok
*hek

»
L

##

- |

0 10 17

Serum free fatty acids
(mEg/L)
N

(day)

D

LACS
(78 kDa) ™™

VLCAD
(70 kDa)™

TPa
(83 kDa) ™"
TP,
(51 kBa)—’

T1
(42 KDa) " S —

PH
(79 kDa) " S e

(45 kDa) ™

o s

Actin —
(42 kDa) ™™ R ——r
(day) 0 10 17 0 10 17

Fibrate(-) Fibrate(+)
£
g Y
£ [y
© #
£
5 - F
° -
s
© 11 ek
> -
=
T 1 ek
]
o
0-

0 10 17 (day)
-
£

#tt
[] #i# P
£ |
©
£
2 .
o
s
@ 1- *k
= o
=
T -
&

0-

0 10 17 (day)

Fig. 3.

oy}

Renal free fatty acids
(mEg/mg tissue)

Relative protein amount

Relative protein amount

Relative protein amount

N

(=3

o
1

-

o

o
i

1

o
I

1

L

-
1

o
1

-
1

o
|

-
1

1

# ##

*hk

10 17 (day)

10 17 (day)

10 17 (day)

Palmitic acid B-oxidation ability ()

Page 18

T
£ [T
T 304 4
3 |_‘
=
5 4
o .
204
£
£ 4
§10 *xk
3 104
£
&
0.
0 10 17 (day)
1 -_VLCAD
3
2 '
c A ud "
s | lg
g . r
]
o *
=
o
o - ok
=
=
o
[
[+
0-
0 10 17 (day)
z
g ) |ﬂ| # ##
© *
R IF Ry
g - ..
B
a
>
=
s
s 4
)
= 0
0 10 17 (day)
-
E
(=]
E
©
£
S 1
o
=
o -
]
2
=
E -
[
u:0
0 10 17 (day)

Analysis of renal fatty acid metabolism. (A and B) Serum concentration and renal content of
FFAs in FFAs-binding BSA-injected mice, respectively. (C) Palmitic acid p-oxidation
capacity in the renal cortex. Values are means+SD (n=3 for each group at day 0; n=5 for
each group at day 10; n=6 for each group at day 17). (D) Immunoblot analyses of fatty acid-
metabolizing enzymes, including LACS, VLCAD, TPa, TP, T1, PH, and PT. Renal
cortical lysates (20 ug protein) from all kidneys of each group were used. Immunoblots were
performed in triplicate. Band intensity was quantified densitometrically, normalized to that
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of actin, and subsequently expressed as fold changes relative to that of control mice (regular-
diet group at day 0).
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Zn-SOD, Mn-SOD, and GPx-1. Five micrograms of renal cortical lysate protein was used
for catalase determinations; 20 g of lysate protein was used for determination of other
antioxidant enzymes. Immunoblotting and densitometric analyses were carried out in
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triplicate. Each protein amount was normalized to that of actin (see Fig. 3), and protein
amounts relative to that of control mice are indicated. Values represent means+SD.
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Analysis of apoptosis. (A) Representative light micrographs of sections stained by the
TUNEL method. Percentages of TUNEL-positive cells in each group are indicated. (B)
Relative quantification using immunoblot analyses of antiapoptotic proteins, including Bcl-2
and Bcl-x, . (C) Relative quantification using immunoblot analyses of apoptosis-stimulating
proteins, including Bax and tBid. For immunoblotting, renal corticallysates (40 pg protein)
from all kidneys from each group were used. Immunoblots and densitometric analyses were
carried outin triplicate. Each protein amount was normalized to that of actin (see Fig. 3), and
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protein amounts relative to that of control mice are indicated. Values represent means+SD (n
= 3 for each group at day 0; n=5 for each group at day 10; n=6 for each group at day 17).
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Fig. 6.

Analysis of inflammation. (A) Immunohistochemical analyses of renal tissues. Renal
sections were stained for the macrophage marker F4/80. The numbers of macrophages of
each group of mice are indicated. (B) mRNAs were obtained from all kidneys in each group
of mice. Expression of mRNAs for factors related to the NFxB signaling pathway, including
PPARa, PPARY, IxBa, COX2, ICAM1, and TNFa, were measured with real-time PCR.
GAPDH mRNA was used as an internal control. Amounts of mMRNA are indicated as target
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gene copy number/GAPDH copy number. PCR reactions were carried out in triplicate.
Values represent means+SD.
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Fig. 7.

Tugbular protective effects of other fibrates including fenofibrate and bezafibrate. (A—E)
Alterations of tubular damage, kidney function, oxidative stress, apoptosis and inflammation
via pretreatment of fenofibrate or bezafibrate, respectively. Each fibrate was administered
once daily by gavage (low dose, 5 mg/kg body weight; medium dose, 20 mg/kg body
weight) from two weeks before FFAs-binding BSA injections. The start time point of FFAs-
binding BSA injection is designated as day 0. The procedures of FFA-overload treatment
and assessment of disease developmental factors were the same as in the clofibrate
experiment. Values represent means=SD (n=5 for each group at day 0; n=>5 for each group at
day 17).
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Fig. 8.

The absence of tubular protective effects of the pretreatment using clofibrate or pioglitazone
in Ppara-null mice with FAON. (A-G) Alterations of pathologic findings, tubular damage,
kidney function, fatty acid metabolism ability, oxidative stress, apoptosis and inflammation
via pretreatment of clofibrate or pioglitazone in Ppara-null mice with FAON, respectively.
Ppara-null mice were fed a 0.1% clofibrate-containing or 0.05% pioglitazone-containing diet
from two weeks before FFAs-binding BSA injections. The start time point of FFAs-binding
BSA injection is designated as day 0. A reduced amount of FFAs-binding BSA (0.325 g/
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day) was administered to each group for 4 days. The assessment procedure for disease
developmental factors was the same as in the clofibrate experiment using wild-type (WT)
mice. Data for the regular-diet WT mice, regular-diet Ppara-null mice, clofibrate-diet Ppara-
null mice, and pioglitazone-diet Ppara-null mice at days O and 4 are indicated. Values
represent means+SD (n = 3 for each group at day 0; n = 5 for each group at day 4).
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Table 1

Primer sequences for quantitative real-time PCR assay.

Genename Primers GenBank access no.

PPARa Forward: 5"-CCTCAGGGTACCACTACGGAGT-3’ NM_011144
Reverse: 5 -GCCGAATAGTTCGCCGAA-3’

PPARYy Forward: 5'-TTCCACTATGGAGTTCATGCTTGT-3’ NM_011146
Reverse: 5 -TCCGGCAGTTAAGATCACACCTA-3’

IxBa Forward: 5"-GCCCCGCACAGCCATGTTTCAG-3’ u36277
Reverse: 5 -CATGGAGTCCAGGCCGCTGTCGTG-3’

COX-2 Forward: 5"-TGACCCCCAAGGCTCAAATATG-3’ NM_011198
Reverse: 5'-ACCCAGGTCCTCGCTTATGAT-3

ICAM1 Forward: 5'-TCCGGACTTTCGATCTTCCA-3’ M31585
Reverse: 5 -GAGCTTCAGAGGCAGGAAACA-3’

TNFa Forward: 5'-CAGCCGATGGGTTGTACCTT-3’ NM_013693

Reverse: 5 -GTGGGTGAGGAGCACGTAGTC-3’

Page 29

PPARa, peroxisome proliferator-activated receptor a; PPARy, peroxisome proliferator-activated receptor -y; COX-2, cyclooxygenase 2; ICAM1,
intercellular adhesion molecule 1; TNFa, tumor necrosis factor a.
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Serum concentration and kidney tissue contents of triglyceride, total cholesterol, and total phospholipids in

regular-diet and fibrate-diet groups of mice.

Table 2

Regular-diet Fibrate-diet
Day 0 Day 17 Day 0 Day 17
Serum
Triglyceride (mg/dl) 88.6+8.5 76.4+7.9 59.3+6.7%  56.9+9.2%
Total cholesterol (mg/dl) 128.6+12.7 133.8+16.6 131.6+13.8 132.4+18.5
Phospholipid (mg/dl) 129.4+137 132.3+152 124.8+145 131.7+11.9
Kidney
Triglyceride (mg/g tissue) 5.6+1.4 5.2+1.4 4.1+1.9% 3.9+1.2%
Total cholesterol 3.9+19 4.2+1.7 4.3+19 3.9+1.8
(mg/g tissue)
Phospholipid (mg/g tissue) 14.5+2.5 13.8+3.4 13.9+4.6 14.3+35

Values represent meansSD.
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