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Fenofibrate, a peroxisome proliferator-activated receptor o (PPARa) agonist, is an anti-hyperlipidemic
agent that has been widely used in the treatment of dyslipidemia. In this study, we examined the effect
of fenofibrate on liver damage caused by refeeding a high-fat diet (HFD) in mice after 24 h fasting. Here,
we showed that refeeding HFD after fasting causes liver damage in mice determined by liver morphology

Keywords-' ) and liver cell death. A detailed analysis revealed that hepatic lipid droplet formation is enhanced and tri-
Fa-‘;\““g‘refee‘jmg glyceride levels in liver are increased by refeeding HFD after starvation for 24 h. Also, NF-kB is activated
E:nfgbrate and consequently induces the expression of TNF-a, IL1-B, COX-2, and NOS2. However, treating with

fenofibrate attenuates the liver damage and triglyceride accumulation caused by the fasting-refeeding
HFD process. Fenofibrate reduces the expression of NF-kB target genes but induces genes for peroxisomal
fatty acid oxidation, peroxisome biogenesis and mitochondrial fatty acid oxidation. These results strongly
suggest that the treatment of fenofibrate ameliorates the liver damage induced by fasting-refeeding HFD,
possibly through the activation of fatty acid oxidation.
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1. Introduction

Metabolic disorders, such as obesity, insulin resistance, and
non-alcoholic fatty live disease caused by consuming a high-calorie
diet, affect healthy life in developed countries [1]. Overnutrition
potentially disturbs the nutrient homeostasis in human body and
elicits chronic metabolic disorders [2]. Irregular eating habit, such
as skipping meals or prolonged fasting, can also be a risk factor for
metabolic syndrome [3-5]. Particularly, liver which is the major
organ for controlling nutrient and energy homeostasis is affected
by food availability [6,7]. During prolonged fasting, free fatty acids
released from adipose tissue are mobilized into liver and induce an
abrupt change in the expression of genes involved in hepatic lipid
and glucose metabolism [8]. Refeeding a high-carbohydrate and
fat-free diet after fasting stimulates lipogenic gene expression
and reactive oxygen species (ROS) production in hepatocytes [9].
Inconsistent food availabilities, such as overnutrition or meal irreg-
ularity, are associated with metabolic syndrome but the underly-
ing molecular mechanism is largely unknown.
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Peroxisome proliferator-activated receptor o (PPARa) is a li-
gand-activated nuclear hormone receptor that controls lipid
metabolism [10,11]. PPAR« is highly expressed in various tissues
with high fatty acid oxidation rate, particularly in liver which reg-
ulates fatty acid catabolism [12]. In physiological condition, fasting
stimulates PPARa activity to enhance the expression of genes
involved in fatty acid uptake, mitochondrial fatty acid oxidation,
peroxisomal fatty acid oxidation, peroxisome proliferation, and
ketogenesis [13-15]. There are several endogenous ligands for
PPARa activation such as fatty acids and fatty acid metabolites,
whereas fibrates, including fenofibrate and clofibrate, are well
known pharmacological PPARo agonists that are widely used in
the treatment of dyslipidemia [16,17]. In addition to its effects
on lipid metabolism, PPARa also affects inflammatory signaling
pathway by directly interacting with nuclear factor kB (NF-kB) to
block inflammatory gene expression [18].

In the present study, we aimed to analyze the effects of fenofi-
brate treatment on a fasting-refeeding model which mimics
irregular eating habit in hepatic lipid metabolism. Therefore,
mice were fasted for 24 h, and then refed high fat diet for 16 h with
or without twice injections of fenofibrate. Analysis on the liver
tissues from mice subject to the fasting-refeeding process showed
ballooning injury, neutral lipid accumulation, and NF-xB
activation, implicating increased lipid mobilization to liver from
nutrient. In contrast, fenofibrate treatment ameliorated the
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refeeding-mediated liver damage and reduced intrahepatic fat
storage by inducing expression of genes closely related to fatty acid
oxidation. Taken together, these findings indicate that a fasting-
refeeding process impairs liver function potentially by accumulat-
ing triglycerides (TG) in hepatocytes, whereas activation of PPARa
by fenofibrate treatment prevents the intrahepatic lipid storage by
increasing fatty acid oxidation.

2. Materials and methods
2.1. Animal treatment

Eight week-old mice C57BL/6 mice were purchased from Orient
Bio (Seongnam, Korea). Maintenance of mice and the experimental
protocol were followed according to a standard animal protocol
approved by the Animal Care and Use Committee at Wonkwang
University. Mice were maintained for a week on a standard com-
mercial diet (Research Diet Inc. USA) and then divided into four
groups: fed (n=6), fed+feno (n=6), refed (n=6) and refed+feno
(n = 6). Both fed+feno and refed+feno groups of mice were received
two times of fenofibrate (50 mg/kg Sigma), 5 h prior to fasting and
5 h prior to refeeding, by intraperitoneal injection. Fed and refed
groups were injected with DMSO as a control. Fed mice were given
a normal chow diet (carbohydrate 65%, protein 20%, fat 5%)
whereas refed mice were deprived of food for 24 h but were al-
lowed free access to water. After 24 h, the animal were given high
fat diet (HFD, carbohydrate 20%, protein 20%, fat 60%) with access
of water for 16 h. The animals were sacrificed and blood was col-
lected and allowed to clot for 20 min at room temperature. Serum
was then separated by centrifugation at 2000 g for 20 min and was
stored at —80°C until analysis. Liver was removed from each
mouse, weighed and frozen in liquid nitrogen and stored at
—80°C until analysis or fixed with formalin. Tissues sections
(5 pm thick) were used for hematoxylin and eosin (H&E), immuno-
histochemistry (IHC).

2.2. Measurement of hepatic triglyceride (TG) levels

Serum TG levels were measured by a 7600 Clinical Analyzer
(Hitachi). For hepatic TG level, 50 mg of liver tissue was homoge-
nized in 1 ml of chloroform-methanol mixture (2:1), centrifuged
at 14,000 rpm for 15 min. The supernatant was dried and 200 pl
of PBS was added to the sample. TG levels were measured accord-
ing to the manufacturer’s standard protocol (BioVision Incorpo-
rated, CA).

2.3. Histological and Immunohistochemical analysis

For histological analysis, the liver tissues fixed in 10% formalin
solution and embedded in paraffin were sectioned. 5 pm thick sec-
tions were de-paraffinized in xylene and rehydrated through graded
concentrations of ethanol. Hematoxylin and eosin (H&E) staining
was performed using a standard protocol. For immunohistochemis-
try for NF-kB, TNF-a, and COX2 (Santa Cruz Biotechnology, CA), the
sections were incubated with anti-NF-kB, anti-TNF-o or anti-COX2
antibodies and processed with biotin linkage and a streptavidin kit
according to the manufacturer’s instructions (LSAB System-HRP;
Dako, Carpinteria, CA). Slides were visualized using a DAB chromo-
gen substrate solution and counterstained with hematoxylin solu-
tion. Images were collected and analysed using a light microscope
(IX71, Olympus, Tokyo, Japan). Slides were scored in a blinded manner.

2.4. BODIPY staining

Cryosectioned liver samples were fixed with paraformaldehyde
for 20 min and washed with PBS. Glycine (2 mg/ml) was added to

the samples for quenching auto-fluorescence from the section for
10 min. Then, sections were washed with PBS and stained with
BODIPY 493/503 (Invirogen) at a final concentration of 30 pg/ml
for 20 min in the dark. Sections were washed twice with PBS and
stained with DAPI at 5 pg/ml for 10 min in the dark. After mount-
ing the coverslip, the cells were observed using Olympus Flouview
1000 confocal laser scanning system.

2.5. TUNEL assay

Apoptosis in the liver was detected using a TUNEL assay kit
according to the manufacturer’s instructions (Roche Diagnostics,
Germany). The frequency of apoptotic cells in sections was quanti-
fied by determining the percentage of TUNEL-positive cells in 3
random microscopic fields per specimen by fluorescence micros-
copy (IX71, Olympus, Tokyo, Japan).

2.6. Western blot analysis

To determine the expression levels of target proteins, western
blotting was performed. Briefly, liver tissues were homogenized
with lysis buffer (10 pmol/l Tris-HCl pH 7.6, 150 pmol/l NaCl, 1%
Triton X-100, 1% sodium deoxycholate, 1 umol/l EDTA, 50 pmol/l
b-glycerophosphate, 1 pmol/l dithiothreitol, 1 pmol/l NaF,
1 pumol/l NasVO4 1 pmol/l phenylmethanesulfonylfluoride, and
1X protease inhibitor cocktail) and centrifuged at 14,000 rpm for
10 min at 4°C, and the supernatant was taken. After measuring
protein concentration (Bradford assay, Bio-rad), 30 pg of lysates
was subject to electrophoresis on 10% SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) and then transferred
onto a nitrocellulose membrane. The proteins were visualized by
a chemiluminescent solution according to the manufacturer’s
instructions (Thermo Scientific, Rockford, IL). Antibodies to ACOX1
(ABGENT, SAN DIEGO), DBP (OriGene Technologies, Rockville), and
Catalase (Rockland Immunochemicals Inc. Gilbertsville) were used.
The sample size for each group was three.

2.7. Quantitative RT-PCR analysis

Total RNA was isolated from liver tissue with the use of the
Trizol reagent (Invitrogen) according to the manufacturer’s
instructions. The resulting cDNA was subject to real-time PCR
analysis with the use of SYBR Green (Roche Diagnostics, Germany).
The sequences of primers for mouse cDNAs (forward and reverse,
respectively) were as follows:

Acadvl, 5'- GGTGGTTTGGGCCTCTCTA-3’ and 5-GGGTAACGC-
TAACACCAAGG-3'; Acadl, 5'-GCTTATGAATGTGTGCAACTCC-3' and
5-CCGAGCATCCACGTAAGC-3"; 36B4, 5'-CACTGGTCTA GGACCCGA-
GAAG -3’ and 5-GGTGCCTCTGGAGATTTTCG-3’; ACOX1, 5'-AGAT-
TGGTAGAAATTGCTGCAAAA-3' and 5'-ACGCCACTTCCTTGCTCTTC-3';
PMP70, 5-GGGAGAAGCAGACAATCCAC-3' and 5'-CCGAAAGAA
AATGAAATTATGTAGG-3'; Catalase, 5'-CCTTCAAGTTGGTTAATGCA-
GA-3' and 5'-CAAGTTTTTGATGCCCTGGT-3'; PEX11a, 5'-TTCATCC-
GAGTCGCCAAC-3' and 5'-CATGCATGCGTGCTGAGT-3’; CPT1b,
5'-GAGTGACTGGTGGGAAGAATATG-3’ and 5'-GCTGCTTGCACATTTGT
GTT-3’; EHHADH, 5'-CCGGTCAATGCCATCAGT-3' and 5'-CTAACCG
TATGGTCCAAACTAGC-3'; DBP, 5-GGGAGCAGTACTTGGAGCTG-3'
and 5-TCAGCAATAACTGCTTCACATTTT-3’; MCAD, 5-GCAACTGCC
CGCAAGTTT-3' and 5'-TACTCCCCGCTTTTGTCATATTC-3'; TNFo, 5'-
CTGAGGTCAATCTGCCCAAGTAC-3' and 5'-CTTCACAGAGCAATGACT
CCAAAG-3'; IL-1B, 5'-TCTTTGAAGTTGACGGACCC-3' and 5'-TGAGT-
GATACTGCCTGCCTG-3’; NOS2, 5-GGCAGCCTGTGAGACCTTTG-3'
and 5-GCATTGGAAGTGAAGCGTTTC-3’; COX2, 5'-GGGTTAAACTTC
CAAAGGAGACATC-3' and 5'-CAGCCTGGCAAGTCTTTAACCT-3’; IL6,
5-TCGTGGAAATGAGAAAAGAGTTG-3' and 5'-AGTGCATCATCGTTG
TTCATACA-3'.
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2.8. Statistical analysis

All values are represented as mean + s.d. One-way analysis of
variance was used to calculate the statistical significance of the re-
sults, and P-values <0.05 are considered statistically significant.

3. Results

3.1. Fenofibrate protects against liver damage caused by
fasting-refeeding HFD

Fasting and refeeding diets are known to be associated with
alterations in hepatic lipid and glucose metabolism which dramat-
ically enhances expression of lipid metabolizing genes [19,20].
Fenofibrate, a peroxisome proliferator-activated receptor o
(PPARa) agonist, is known to possess lipid-lowering effects and
to decrease serum TG level in non-alcoholic fatty liver disease
(NAFLD) [21-23]. Therefore, to determine the effects of fasting—
refeeding high fat diet (HFD) and fenofibrate on hepatocytes, mice
were fasted for 24 h and refed HFD for 16 h and also fenofibrate
was administrated to both fed and refed mice. Body and liver
weight of refed mice did not differ as of fed mice (data not shown).
To evaluate the effects of refeeding HFD on hepatocytes, morpho-
logical analysis was performed in the liver section by H&E staining.
Refed mice showed ballooning in liver (Fig. 1A indicated by arrow
in refed mice). In contrast, the administration of fenofibrate in
refed model mice showed no liver ballooning by H&E staining.
Since liver ballooning is a marker for hepatocellular damage which
ultimately leads to cell death [24,25], so terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay was performed
from the liver of the experimental mice. The number of TUNEL po-
sitive cells was increased in refed group as compared to fed control
mice, while it was almost completely reduced with fenofibrate
treatment (Fig. 1B and C). These data suggest that refeeding HFD
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after 24 h fasting may induce susceptibility to liver damage and
apoptotic cell death, but fenofibrate administration may lessen
the liver damage.

3.2. Fenofibrate ameliorates liver damage induced by
fasting-refeeding HFD

Since mice are exposed to dietary fat after food deprivation, we
speculated that a huge amount of free fatty acids are influx into li-
ver, which leads to lipid accumulation in hepatocytes. To examine
the accumulation of lipid, BODIPY staining was performed in the li-
ver sections of experimental mice. BODIPY staining showed accu-
mulation of lipid droplets in mice in the refed group, whereas
fenofibrate administration inhibited the Ilipid accumulation
(Fig. 2A). We also examined the levels of triglyceride (TG) extracted
from the liver of experimental mice. Refed mice showed a 2-fold
increase in liver TG levels as compared to the fed control mice. In
contrast, TG levels in fenofibrate-treated refed mice were similar
to the fed control group (Fig. 2B). Serum TG levels were also ana-
lyzed to examine the effect of fenofibrate, and mice injected with
fenofibrate showed a reduced serum TG levels as compared to
fed control or refed groups (Fig. 2C). These results indicate that
refeeding HFD accumulates lipid which further enhances the liver
TG level to induce liver damage, whereas fenofibrate may limit
accumulation of lipid and TG and protect the liver from damage.

3.3. Fenofibrate blocks the activation of NF-xB and thus inhibits the
activation of pro-inflammatory enzymes induced by refeeding HFD

Since inflammation contributes to the pathogenesis of meta-
bolic disease [26,27], we evaluated the degree of inflammation
in experimental mice by performing quantitative real-time PCR
using cDNA prepared from total mRNA of the liver. The mRNA
levels of NF-kB target genes, TNF-a, IL-1B, COX2 and NOS2, were
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Fig. 1. Fenofibrate protects against liver damage caused by increased apoptosis due to fasting-refeeding HFD. (A) Mice were maintained in normal feeding (fed), normal
feeding with fenofibrate injection (fed+feno), deprived of food for 24 h and refed with high fat diet (refed), or deprived of food for 24 h and refed with high fat diet with
fenofibrate injection (refed+feno). Liver sections were subjected to H&E staining. The extent of ballooning degeneration (arrows) is indicated in refed mice. (B) TUNEL analysis
of liver sections from mice treated as in (A). The TUNEL-positive nuclei were visualized as green. Nucleus is stained with propidium iodide (PI) as shown red. (C) Quantitation
of TUNEL analysis. The values represent the mean + S.D. (n = 3). *denotes p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. Fenofibrate ameliorates the liver damage induced by fasting-refeeding HFD. (A) Mice were maintained in normal feeding (fed), normal feeding with fenofibrate
injection (fed+feno), deprived of food for 24 h and refed with high fat diet (refed), or deprived of food for 24 h and refed with high fat diet with fenofibrate injection
(refed+feno). Liver sections prepared from the mice were subject to BODIPY staining. The liver (B) and serum triglyceride (C) were measured from mice treated as in (A). The

values represent the mean + S.D. (n = 4). *denotes p <0.1 and # indicates p < 0.003.

significantly induced by approximately 3.5-, 4-, 7- and 5-fold,
respectively, in the refed group (Fig. 3A-D), whereas fenofibrate
administration inhibited the activation of these genes. Further-
more, Immunohistochemistry (IHC) of paraffin-embedded liver
sections was performed to examine the effect of NF-kB. IHC
shows the translocation of NF-xB into the nucleus (Fig. 3E,
arrow), and accordingly, NF-xB target enzymes TNF-a (Fig. 3F)
and COX2 (Fig. 3G) were induced in the refed HFD group mice.
In contrast, fenofibrate administration in refed group blocked
the activation of NF-xB. These results suggest that refeeding
HFD may induce inflammation which is almost completely inhib-
ited by fenofibrate.

3.4. Fenofibrate induces peroxisomal and mitochondrial
beta-oxidation enzymes

To examine the effect of fenofibrate on liver, expression of en-
zymes involved in peroxisomal beta-oxidation was measured.
mRNA expression analyses showed that genes involved in peroxi-
somal beta oxidation and biogenesis, such as ACOX1, DBP, EH-
HADH and PEX11a, were greatly induced in fenofibrate-treated
fed mice (Fig. 4A). In contrast, expression of these genes showed
no differences in the refed group. Notably, fenofibrate administra-
tion in refed mice show a strong induction of these genes as
compared to fed control mice. Immunoblot analysis also showed
the induction of peroxisomal beta-oxidation protein (ACOX1,
DBP) in both fenofibrate-treated groups, while there were no
changes in refed mice (Fig. 4B). Catalase appeared to be expressed
at similar levels independent of experimental conditions, suggest-
ing that not all peroxisomal enzymes are regulated by fenofibrate
treatment. In addition, the mRNA levels of mitochondrial matrix
genes closely linked to mitochondrial beta oxidation, such as
CPT1B and MCAD, were highly induced in both fenofibrate-treated,
fed mice and refed fenofibrate-treated mice, while there were no

differences between refed and fed control mice (Fig. 4C). These
data strongly suggest that fenofibrate dramatically enhances
peroxisomal beta-oxidation and proliferation in addition to mito-
chondrial beta-oxidation which protects liver function from the
damage induced by fasting-refeeding HFD.

4. Discussion

In the current study, we used fenofibrate, a PPARa agonist, to
examine the effect of PPARa activity on hepatic lipid metabolism
in response to a fasting-refeeding HFD process that mimics a bad
eating habit. By analyzing the liver tissues from mice subject to
the fasting-refeeding process, we found that the fasting-refeeding
HFD induces ballooning degradation of liver cells, hepatic triglycer-
ide accumulation, and activation of NF-xB and its target genes.
Therefore, a fasting-refeeding HFD process is sufficient to induce
perturbation of liver function due to robust nutrient influx,
especially lipid, which leads to triglyceride accumulation and stim-
ulation of inflammatory response in hepatocytes to induce liver
damage. Our results are consistent with a previous report in which
inflammatory response is induced by fasting-refeeding with high-
carbohydrate diet [28]. Conversely, short-term (2 days) treatment
of fenofibrate protects the liver from refeeding-mediated injury,
reduces hepatic triglyceride levels and induces the expression of
genes involved in fatty acid oxidation and peroxisome
proliferation.

PPARa is a nuclear hormone receptor and regulates lipid
metabolism in the liver by altering transcription of many target
genes related to fatty acid oxidation. Moreover, recent findings
have shown that PPARa agonists improve hepatic steatosis in
animal models, such as nonalcoholic fatty liver disease [25,29]. In
this report, we show that enzymes for B-oxidation in two cellular
organelles, the mitochondrion and peroxisome, are up-regulated
by the PPARa agonist fenofibrate to activate fatty acid turnover.
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Fig. 3. Fenofibrate blocks translocation of NF-kB into the nucleus in refeeding HFD, and thus inhibits the activation of pro-inflammatory enzymes in refeeding HFD. Mice were
maintained in normal feeding (fed), normal feeding with fenofibrate injection (fed+feno), deprived of food for 24 h and refed with high fat diet (refed), or deprived of food for
24 h and refed with high fat diet with fenofibrate injection (refed+feno). Total RNA isolated from the liver was subject to quantitative RT-PCR analysis of TNF-a (A), IL-1B (B),
COX-2 (C), and NOS2 (D). The values represent the mean + S.D. (n = 3-4). *indicates p < 0.01. Liver sections prepared from the mice treated as in (A) were stained with NF-kB
(E), TNF-a (F), or COX2 (G) antibody for immunohistochemistry.
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Fig. 4. Effects of fenofibrate treatment on peroxisomal and mitochondrial beta oxidation enzymes. (A) Mice were maintained in normal feeding (fed), normal feeding with
fenofibrate injection (fed+feno), deprived of food for 24 h and refed with high fat diet (refed), or deprived of food for 24 h and refed with high fat diet with fenofibrate
injection (refed+feno). Total RNA isolated from the liver was subject to quantitative RT-PCR analysis of ACOX1, DBP, EHHADH, PEX11a and Catalase gene. (B) Immunoblot
analysis of ACOX1, DBP, or catalase from liver homogenates of mice treated as in (A). (C) Total RNA isolated from the liver treated as in (A) was subject to quantitative RT-PCR
analysis for CPT1B and MCAD.

For example, expression of enzymes involved in peroxisomal fatty
acid oxidation, such as ACOX1, DBP, and EHHADH, and the proteins
in peroxisome proliferation, such as Pex11a, are enhanced by
fenofibrate treatment. In addition, genes related to mitochondria

fatty acid oxidation, such as CPT1B and MCAD, are also upregulated
by fenofibrate. Therefore, activation of PPARa by treating
fenofibrate prevents the intrahepatic lipid storage by increasing
mitochondrial and peroxisomal fatty acid oxidation and attenuates
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accumulation of the toxic lipid species in response to fasting—
refeeding with high fat diet.

Since ACOX1, the enzyme responsible for the first step of perox-
isomal fatty acid oxidation, is a FAD-dependent oxidase and its
expression is highly enhanced by fenofibrate treatment, this en-
zyme transfer electrons from fatty acyl-CoA to oxygen, which in
turn generates H,0, and enoyl-CoA [30]. As the activity of ACOX1
is increased, hydrogen peroxide is accumulated to induce oxidative
stress. Peroxisome contains several anti-oxidant enzymes to
decompose of reactive oxygen species [31]. Catalase, one of the
most abundant enzyme in peroxisome, is known to eliminate
hydrogen peroxide generated from the peroxisomal fatty acid oxi-
dation process [31,32]. Unexpectedly, expression of catalase is not
affected by fenofibrate even in the condition that peroxisomal fatty
acid oxidation is predominated and H,0, generation is enhanced.
These results implicate that catalase may not be involved in allevi-
ating oxidative stress produced by fatty acid oxidation in peroxi-
somes. Therefore, the functional role of catalase in liver lipid
metabolism needs to be elucidated.

Taken together, our findings indicate that hepatic lipid metabo-
lism is drastically changed by nutrient availability and that
irregular eating behavior, such as skipping meals, may result in
metabolic dysfunction in liver. Our result also suggests that fenof-
ibrate, a PPARa agonist, may improve liver abnormalities induced
by fasting-refeeding.

Disclosure
All the authors declared no competing interests.
Acknowledgment

This work was supported by the two National Research Founda-
tion of Korea (NRF) grants funded by the Korean government
(MSIP): (No. 2011-0028866) and (No. 2011-0030718).

References

[1] J.P. Després, 1. Lemieux, Abdominal obesity and metabolic syndrome, Nature
444 (2006) 881-887.

[2] D.E. Moller, K.D. Kaufman, Metabolic syndrome: a clinical and molecular
perspective, Annu. Rev. Med. 56 (2005) 45-62.

[3] J. Sierra-Johnson, A.L. Undén, M. Linestrand, M. Rosell, P. Sjogren, M. Kolak, U.
De Faire, RM. Fisher, M.L. Hellénius, Eating meals irregularly: a novel
environmental risk factor for the metabolic syndrome, Obesity 16 (2008)
1302-1307.

[4] H.R. Farshchi, M.A. Taylor, .A. Macdonald, Deleterious effects of omitting
breakfast on insulin sensitivity and fasting lipid profiles in healthy lean
women, Am. J. Clin. Nutr. 81 (2005) 388-396.

[5] H.R. Farshchi, M.A. Taylor, L.A. Macdonald, Beneficial metabolic effects of
regular meal frequency on dietary thermogenesis, insulin sensitivity, and
fasting lipid profiles in healthy obese women, Am. J. Clin. Nutr. 81 (2005) 16-
24.

[6] E. Mezey, Liver disease and nutrition, Gastroenterology 74 (1978) 7707-7783.

[7] J.D. Browning, ].D. Horton, Molecular mediators of hepatic steatosis and liver
injury, J. Clin. Invest. (2004) 147-1527.

[8] T.C. Leone, CJ. Weinheimer, D.P. Kelly, A critical role for the peroxisome
proliferator-activated receptor alpha (PPARalpha) in the cellular fasting
response: the PPARalpha-null mouse as a model of fatty acid oxidation
disorders, Proc. Natl. Acad. Sci. USA 96 (1999) 7473-7478.

[9] J.D. Horton, Y. Bashmakov, I. Shimomura, H. Shimano, Regulation of sterol
regulatory element binding proteins in livers of fasted and refed mice, Proc.
Natl. Acad. Sci. USA 95 (1998) 5987-5992.

[10] S. Kersten, ]. Seydoux, J.M. Peters, F.J. Gonzalez, B. Desvergne, W.]J. Wahli,
Peroxisome proliferator-activated receptor alpha mediates the adaptive
response to fasting, J. Clin. Invest. 103 (1999) 1489-1498.

[11] D. Patsouris, J.K. Reddy, M. Miiller, S. Kersten, Peroxisome proliferator-
activated receptor alpha mediates the effects of high-fat diet on hepatic
gene expression, Endocrinology 147 (2006) 1508-1516.

[12] O. Braissant, F. Foufelle, C. Scotto, M. Dauca, W. Wahli, Differential expression
of peroxisome proliferator-activated receptors (PPARs): tissue distribution of
PPAR-alpha, -beta, and -gamma in the adult rat, Endocrinology 137 (1996)
354-366.

[13] T. Hashimoto, T. Fujita, N. Usuda, W. Cook, C. Qi, ].M. Peters, F.J. Gonzalez, A.V.
Yeldandi, M.S. Rao, J.K. Reddy, Peroxisomal and mitochondrial fatty acid beta-
oxidation in mice nullizygous for both peroxisome proliferator-activated
receptor alpha and peroxisomal fatty acyl-CoA oxidase. Genotype correlation
with fatty liver phenotype, ]. Biol. Chem. 274 (1999) 19228-19236.

[14] J.C. Rodriguez, G. Gil-Gémez, F.G. Hegardt, D. Haro, Peroxisome proliferator-
activated receptor mediates induction of the mitochondrial 3-hydroxy-3-
methylglutaryl-CoA synthase gene by fatty acids, J. Biol. Chem. 269 (1994)
18767-18772.

[15] E. Ip, G.C. Farrell, G. Robertson, P. Hall, R. Kirsch, I. Leclercq, Central role of
PPARalpha-dependent hepatic lipid turnover in dietary steatohepatitis in
mice, Hepatology 38 (2003) 123-132.

[16] N. Noy, Ligand specificity of nuclear hormone receptors: sifting through
promiscuity, Biochemistry 46 (2007) 13461-13467.

[17] SM. Grundy, G.L. Vega, Fibric acids: effects on lipids and lipoprotein
metabolism, Am. J. Med. 83 (1987) 9-20.

[18] R. Stienstra, S. Mandard, D. Patsouris, C. Maass, S. Kersten, M. Miiller,
Peroxisome proliferator-activated receptor alpha protects against obesity-
induced hepatic inflammation, Endocrinology 148 (2007) 2753-2763.

[19] K.T. Chambers, Z. Chen, P.A. Crawford, X. Fu, S.C. Burgess, L. Lai, T.C. Leone, D.P.
Kelly, B.N. Finck, Liver-specific PGC-1beta deficiency leads to impaired
mitochondrial function and lipogenic response to fasting-refeeding, PLoS
ONE 7 (2012) e52645.

[20] AE. Crunk, J. Monks, A. Murakami, M. Jackman, P.S. MacLean, M. Landinsky,
E.S. Bales, S. Cain, D.J. Orlicky, ].L. McManaman, Dynamic regulation of hepatic
lipid droplet properties by diet, PLoS ONE 8 (2013) e67631.

[21] W.L. Chen, Y.L. Chen, Y.M. Chiang, S.G. Wang, H.M. Lee, Fenofibrate lowers lipid
accumulation in myotubes by modulating the PPARo/AMPK/FoxO1/ATGL
pathway, Biochem. Pharm. 84 (2012) 522-531.

[22] M.S. Kostapanos, A. Kei, M.S. Elisaf, Current role of fenofibrate in the
prevention and management of non-alcohoic fatty liver diseses, World J.
Hepatology 5 (2013) 470-478. .

[23] C.F. Miranda, M.P. Carreras, F. Colina, G.L. Alonso, C. Vargas, ].A. Solis-Herruzo,
A pilot trial of fenofibrate for the treatment of non-alcoholic fatty liver disease,
Dig. Liver Dis. 40 (2008) 200-205.

[24] S.H. Bae, S.H. Sung, S.Y. Oh, J.M. Lim, S.K. Lee, Y.N. Park, H.E. Lee, D. Kang, S.G.
Rhee, Sestrins activate Nrf2 by promoting p62-dependent autophagic
degradation of Keap1 and prevent oxidative liver damage, Cell Metab. 17
(2013) 1-12.

[25] D.E. Kleiner, E.M. Brunt, M. Van Natta, C. Behling, M.J. Contos, O.W. Cummings,
L.D. Ferrell, Y.C. Liu, M.S. Torbenson, A. Unalp-Arida, M. Yeh, A.J. McCullough,
AJ. Sanyal, Design and validation of a histological scoring system for
nonalcoholic fatty liver disease, Hepatology 41 (2005) 1313-1321.

[26] K.E. Wellen, G.S. Hotamisligil, Inflammation, stress, and diabetes, J. Clin. Invest.
115 (2005) 1111-1119.

[27] H. Xu, G.T. Barnes, Q. Yang, G. Tan, D. Yang, CJ. Chou, ]. Sole, A. Nichols, J.S.
Ross, L.A. Tartaglia, H. Chen, Chronic inflammation in fat plays a critical role in
the development of obesity-related insulin resistance, J. Clin. Invest. 112
(2003) 1821-1830.

[28] M. Oarada, T. Mikib, S. Kohnoc, K. Sakaia, T. Nikawac, M. Yoneyamaa, T. Gonoia,
Refeeding with a standard diet after a 48-h fast elicits an inflammatory
response in the mouse liver, ] Nutr. Biochem. 24 (2013) 1314-1323.

[29] CJ. Chou, M. Haluzik, C. Gregory, K.R. Dietz, C. Vinson, O. Gavrilova, M.L.
Reitman, WY14,643, a peroxisome proliferator-activated receptor alpha
(PPARalpha) agonist, improves hepatic and muscle steatosis and reverses
insulin resistance in lipoatrophic A-ZIP/F-1 mice, ]. Biol. Chem. 277 (2002)
24484-24489.

[30] G.P.Mannaerts, P.P. Van Veldhoven, M. Casteels, Peroxisomal lipid degradation
via beta- and alpha-oxidation in mammals, Cell Biochem. Biophys. 32 (2000)
73-87.

[31] V.D. Antonenkov, S. Grunau, S. Ohlmeier, ]J.K. Hiltunen, Peroxisomes are
oxidative organelles, Antioxid. Redox Signal. 13 (2010) 525-537.

[32] C. Van den Branden, 1. Kerckaert, F. Roels, Peroxisomal beta-oxidation from
endogenous substrates: demonstration through H,0, production in the
unanaesthetized mouse, Biochem. J. 218 (1984) 697-702.


http://refhub.elsevier.com/S0006-291X(13)01833-0/h0010
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0010
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0015
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0015
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0020
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0020
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0020
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0020
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0025
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0025
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0025
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0030
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0030
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0030
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0030
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0035
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0040
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0040
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0045
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0045
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0045
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0045
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0050
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0050
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0050
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0055
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0055
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0055
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0060
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0060
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0060
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0065
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0065
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0065
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0065
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0070
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0070
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0070
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0070
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0070
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0075
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0075
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0075
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0075
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0080
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0080
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0080
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0085
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0085
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0090
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0090
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0095
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0095
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0095
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0100
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0100
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0100
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0100
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0105
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0105
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0105
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0110
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0110
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0110
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0115
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0115
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0115
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0120
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0120
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0120
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0120
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0125
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0125
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0125
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0125
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0130
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0130
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0130
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0130
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0135
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0135
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0140
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0140
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0140
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0140
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0145
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0145
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0145
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0150
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0150
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0150
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0150
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0150
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0155
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0155
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0155
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0160
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0160
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0165
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0165
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0165
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0165
http://refhub.elsevier.com/S0006-291X(13)01833-0/h0165

	Fenofibrate, a peroxisome proliferator-activated
	1 Introduction
	2 Materials and methods
	2.1 Animal treatment
	2.2 Measurement of hepatic triglyceride (TG) levels
	2.3 Histological and Immunohistochemical analysis
	2.4 BODIPY staining
	2.5 TUNEL assay
	2.6 Western blot analysis
	2.7 Quantitative RT-PCR analysis
	2.8 Statistical analysis

	3 Results
	3.1 Fenofibrate protects against liver damage caused by fasting–refeeding HFD
	3.2 Fenofibrate ameliorates liver damage induced by fasting–refeeding HFD
	3.3 Fenofibrate blocks the activation of NF-κB a
	3.4 Fenofibrate induces peroxisomal and mitochondrial beta-oxidation enzymes

	4 Discussion
	Disclosure
	Acknowledgment
	References


