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  Fenofibrate is a selective peroxisome proliferator-activated receptor α (PPARα) activator and is 
prescribed to treat hyperlipidemia. The mechanism through which PPARα agonists reduce food intake, 
body weight, and adiposity remains unclear. One explanation for the reduction of food intake is that 
fenofibrate promotes fatty acid oxidation and increases the production of ketone bodies upon a standard 
experimental dose of the drug (100∼300 mg/kg/day). We observed that low-dose treatment of fenofibrate 
(30 mg/kg/day), which does not cause significant changes in ketone body synthesis, reduced food intake 
in Long-Evans Tokushima (LETO) rats. LETO rats are the physiologically normal controls for Otsuka 
Long-Evans Tokushima Fatty (OLETF) rats, which are obese and cholecystokinin (CCK)-A receptor 
deficient. We hypothesized that the reduced food intake by fenofibrate-treated LETO rats may be 
associated with CCK production. To investigate the anorexic effects of fenofibrate in vivo and to 
determine whether CCK production may be involved, we examined the amount of food intake and 
CCK production. Fenofibrate-treated OLETF rats did not significantly change their food intake while 
LETO rats decreased their food intake. Treatment of fenofibrate increased CCK synthesis in the 
duodenal epithelial cells of both LETO and OLETF rats. The absence of a change in the food intake 
of OLETF rats, despite the increase in CCK production, may be explained by the absence of CCK-A 
receptors. Contrary to the OLETF rats, LETO rats, which have normal CCK receptors, presented a 
decrease in food intake and an increase in CCK production. These results suggest that reduced food 
intake by fenofibrate treatment may be associated with CCK production. 
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INTRODUCTION

  Fenofibrate is currently used to control lipid abnormal-
ities in dyslipidemic humans [1] and acts as a peroxisome 
proliferator-activated receptor α (PPARα) ligand that regu-
lates the expression of a number of genes that are im-
portant in lipid and glucose metabolism. Recently, several 
studies have examined the effects of PPARα agonists on 
energy intake, body weight, and body fat in rodent models 
of obesity. In selectively bred obese-prone rats, fenofibrate 
(100 mg/kg per day) reduced body weight gain, adiposity, 
food intake, and feed efficiency [2]. Dietary fenofibrate (100 
mg/kg per day) also reduced the food intake, body weight, 

and adiposity of obese Otsuka Long-Evans Tokushima Fatty 
(OLETF) rats [3]. In db/db mice, fenofibrate (0.2%, w/w) 
treatment was associated with decreased food intake [4]. 
Even though the mechanism of decreased food intake by 
fenofibrate has not been established, several reports dem-
onstrate that PPARα agonists promote fatty acid oxidation 
and increase ketone body production [5-7]. When the ketone 
body, beta-hydroxybutyrate, was administered peripherally 
[8,9] or centrally [10], it produced a decrease in food intake. 
These results suggest that fenofibrate may decrease food 
intake due to ketogenesis via increased fatty acid oxidation. 
  However, we observed that a low-dose treatment of feno-
fibrate (30 mg/kg/day), which does not increase ketone body 
production, decreased the amount of food intake in Long- 
Evans Tokushima (LETO) rats, which are the physiologi-
cally normal counterparts of OLETF rats. In contrast, 
OLETF rats, which are defective in cholecystokinin (CCK)- 
A receptors, did not show any change in food intake with 
the low-dose treatment of fenofibrate. This observation may 
indicate that CCK plays a role in reducing food intake when 
fenofibrate, which does not increase the plasma level of ke-
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tone bodies, is administered in a low dose. 
  CCK is a hormone that is secreted from duodenal and jeju-
nal mucosal cells in response to fat and protein [11]. CCK 
has a number of physiological effects, such as slowing gas-
tric emptying, modulating gastrointestinal motility and sup-
pressing energy intake [12]. The postprandial satiety may 
be attributed predominantly to the CCK released in the gut 
and acting via the vago-vagal reflex rather than directly on 
the satiety center in CNS [13]. There are two receptors for 
CCK, CCK-A (CCK1r) and CCK-B (CCK2r). OLETF rats ge-
netically lack CCK-A receptors as a result of a mutation 
[14]. The tubby mouse which is decreased with the ex-
pression of CCK-B receptor is characterized by progressive 
retinal and cochlear degeneration and late-onset obesity 
[15]. OLETF rats consume much larger meals and are com-
pletely resistant to the inhibitory effects of exogenous CCK, 
as well as gastric or intestinal nutrient infusion, upon en-
ergy intake [16]. To examine the relationship between feno-
fibrate and CCK, OLETF rats can be used as an experi-
mental model in place of CCK receptor-deficient rats.
  In the present study, we hypothesized that the anorexi-
genic mechanism of fenofibrate may be associated with the 
induction of CCK. We found that fenofibrate increases the 
synthesis of CCK and that CCK induction by fenofibrate 
does not affect the appetite of CCK receptor-deficient 
OLETF rats. These results suggest that CCK induction may 
be associated with one of the anorexigenic mechanisms 
caused by fenofibrate.

METHODS

Animals and treatment

  Ten-week-old male LETO (n=10) and OLETF (n=10) rats 
were kindly donated by Otsuka Pharmaceutical (Tokushima, 
Japan). The rats were kept in individual cages in an envi-
ronmentally controlled room in Dong-A University Animal 
Care Center with free access to water and standard rat 
chow during the experimental period. When the rats were 
17 weeks old, LETO rats were divided into two groups. The 
LETO-fenofibrate group (n=5) was fed with standard rat 
chow and fenofibrate (Laboratoires Fournier, Green Cross, 
South Korea) (30 mg/kg/day) for 11 weeks. The LETO-con-
trol group (n=5) was only fed with standard rat chow for 
the same period. The OLETF rats were also divided into 
an OLETF-fenofibrate group (30 mg/kg/day) (n=5) and an 
OLETF-control group (n=5). For the entire period of the ex-
periment, all rats were cared for under the Guidelines of 
Animal Experiments recommended by the Korean Academy 
of Medical Sciences. We measured the daily food intake and 
body weight of all rats by weighing the special food contain-
ers and the cages of the rats at regular intervals. After 18 
hours of fasting, blood was drawn from the tail vein to 
measure fasting blood sugar (FBS) and plasma levels of lep-
tin and β-ketone. At 28 weeks of age, all rats were anes-
thetized and sacrificed for further analysis.

Measurement of fasting blood sugar, ketone, and leptin 
levels

  FBS levels were measured with GlucoDr (Allmedicus, 
Seoul, South Korea). Blood β-ketone levels were measured 
with MediSense Optium (Abbott Laboratories, Abbott Park, 
IL). Plasma leptin levels were analyzed with a rat leptin 

ELISA kit (Linco Research, St. Charles, MO).

Real-time PCR analysis

  Total RNA was isolated with Trizol reagent (Invitrogen, 
Carlsbad, CA), and single-strand cDNA was synthesized 
from 2 μg of total RNA with Oligo(dT)15 Primer, M-MLV 
Reverse Transcriptase, M-MLV 5X reaction buffer, dNTP 
and ribonuclease inhibitor (Promega, Madison, WI). Real- 
time PCR analyses were performed using an ABI PRISM 
7000 Sequence Detection System (Applied Biosystems, 
Foster city, CA). Each reaction was carried out with 12.5 
μl of 2X SYBR master mix, 1 μl of cDNA, 2.5 μl of 3 μM 
forward and reverse primers, and 6.5 μl of water. The ex-
periments were performed in triplicate, and 18S RNA was 
used as the invariant control for all studies.

PPARα agonists treatment of Caco-2 cells

  A human intestinal epithelial cell line, Caco-2 [17], was 
purchased from Korean Cell Line Bank (Seoul, South 
Korea) and was maintained in Minimum Essential Medium 
(Invitrogen) with 10% of Fetal Bovine Serum (ThermoFisher 
Scientific, Waltham, MA) and 1% of Penicillin/Streptomycin 
(Invitrogen) at 37oC in a humidified incubator with 5% CO2. 
The Caco-2 cells were cultured in the presence of fenofi-
brate, bezafibrate or clofibrate (Sigma-Aldrich, St. Louis, 
MO) for 24 hours. 

Measurement of PPARα and CCK expression

  Total proteins were isolated from Caco-2 cells and the 
small intestine of rats using radioimmunoprecipitation as-
say buffer containing Protease Inhibitor Cocktail and Pho-
sphatase Inhibitor Cocktails (Sigma-Aldrich). Protein con-
centration was determined in triplicate using the bicinch-
ronic acid solution with copper sulfate solution (Sigma- 
Aldrich). Protein samples were mixed with Laemmli 
Sample Buffer and placed in a boiling water bath for 5 min. 
Proteins were resolved in an 8∼12% SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE; equal amounts of total pro-
tein were loaded in each lane) and transferred to nitro-
cellulose membranes. Blots were probed with antibodies to 
PPARα, CCK, and β-actin (Santa Cruz Biotechnology, Santa 
Cruz, CA). Blots were developed using horseradish peroxi-
dase-conjugated secondary antibodies, followed by incuba-
tion with ECL Plus Western Blotting Detection Reagents 
(Amersham, UK), and signals were detected using a Fuji 
LAS 4000 Imaging station (Tokyo, Japan).

Statistical analysis

  All the results are expressed as means±SE. Significance 
of differences between groups were analyzed by Student’s 
t-test and a one-way ANOVA. We used statistical programs 
in SPSS 9.0 for Windows. Differences were considered sig-
nificant when a p value was less than 0.05.

RESULTS

Effects of low-dose fenofibrate on daily food intake and 
body weight

  Low-dose (30 mg/kg/day) treatment of fenofibrate signifi-
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Table 1. Metabolic parameters

LETO OLETF

Before treatment (0 w) After treatment (11 w) Before treatment (0 w) After treatment (11 w)

Con  Feno Con  Feno Con  Feno Con Feno

 FBS (mg/dl) 128±11 136±11 114±19 125±13 170±6 186±40 162±16 153±23
 β-ketone (mmol/l)  1.0±0.2  1.0±0.3  0.8±0.3  1.0±0.3   0.4±0.1  0.3±0.1  0.7±0.4  0.5±0.3
 Leptin (ng/ml)  0.10±0.04  0.11±0.03  0.31±0.09  0.24±0.08   0.81±0.22  1.03±0.29  1.36±0.10  1.36±0.37
 Liver weight (g) NA NA 13.0±1.2  16.1±1.6* NA NA 22.2±4.0  25.7±1.3*

Data are presented as means±SEM for n=5 rats. *p＜0.05 vs. control of 11 w after treatment. Con, control; Feno, fenofibrate 
treatment; FBS, fasting blood sugar; NA, nonavailable.

Fig. 1. Change of food consumption 
(A) and body weight gain (B) in 
LETO and OLETF rats. In LETO 
rats, the average consumption of the 
control group was 27±1 g per day 
while the average consumption of 
the fenofibrate group was 24±1 g per 
day (p＜0.05). Values are means±
SEM. n=5. 

cantly reduced the amount of food intake in LETO rats 
starting at 4 weeks after treatment (Fig. 1A). The average 
amount of food intake by the control group of LETO rats 
was 27±1 g/day while that of the fenofibrate group was sig-
nificantly decreased to 24±1 g/day (p＜0.05). In hyperphagic 
OLETF rats, however, the food intake of the fenofibrate- 
treated group (35±1 g/day) was not significantly different 
from that of the control group (35±2 g/day) (Fig. 1A).
  After the experimental period of 11 weeks, the body 
weight of LETO rats increased from 457±21 g to 512±30 
g in the fenofibrate group and from 455±19 g to 517±31 
g in the control group of LETO rats. In OLETF rats, the 
body weight of the fenofibrate group increased from 587±30 

g to 690±36 g, and that of the control group increased from 
587±28 g to 700±33 g. The increase in body weight was 
gained over the experimental period (Fig. 1B). 

Effects of low-dose fenofibrate on metabolic parameters

  Fenofibrate had no effect on the FBS levels of LETO rats 
(114±19 mg/dl vs. 125±13 mg/dl; control vs. fenofibrate) 
(Table 1). The FBS levels in the fenofibrate group of OLETF 
rats seemed to decrease after the fenofibrate treatment 
(162±16 mg/dl vs. 153±23 mg/dl, control vs. fenofibrate), but 
there was no statistical difference. The blood β-ketone level 
in the fenofibrate group of LETO rats was 1.0±0.3 mmol/l 
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Fig. 2. Effects of fenofibrate on the expression of PPARα and CCK 
in the small intestines of LETO and OLETF rats. (A) Relative 
amounts of PPARα and CCK mRNA were analyzed by RT-PCR 
in the small intestine of LETO rats. Values shown (means±SEM)
are normalized against GAPDH mRNA. n=5. *p＜0.05 vs. control. 
(B) Protein levels of PPARα and CCK were analyzed by western 
blotting. 

Fig. 3. Effects of fenofibrate on the expression of PPARα and CCK 
in Caco-2 cells. (A) The expression of CCK increased dose- 
dependently with a low-dose treatment of fenofibrate (3, 10 and 
30 μM) for 24 h. (B) The expression of CCK in Caco-2 cells was 
induced by several kinds of PPARα agonists; fenofibrate 100 μM 
(feno), bezafibrate 100 μM (beza) and clofibrate 250 μM (clo). 
Experiments shown were repeated three times to confirm 
reproducibility.

and it was not significantly different from that of the con-
trol group (0.8±0.3 mmol/l). Among the OLETF rats, there 
was also no significant difference between the fenofibrate 
(0.5±0.3 mmol/l) and the control (0.7±0.4 mmol/l) group 
(Table 1). After 11 weeks of fenofibrate treatment, the plas-
ma leptin levels of the fenofibrate group of LETO rats tend-
ed to be lower than that of the control group (0.31±0.09 
ng/ml vs. 0.24±0.08 ng/ml, control vs. fenofibrate), but there 
was no statistical significance (Table 1). In OLETF rats, 
there was no significant difference in the plasma leptin lev-
els between the fenofibrate and the control group after feno-
fibrate treatment (1.36±0.10 ng/ml vs. 1.36±0.37 ng/ml, con-
trol vs. fenofibrate). The average liver weight of the fenofi-
brate group was significantly increased compared with that 
of the control group both in LETO (13.0±1.2 g vs. 16.1±1.6 
g, control vs. fenofibrate, p＜0.05) and OLETF rats (22.2± 
4.0 g vs. 25.7±1.3 g, control vs. fenofibrate, p＜0.05) after 
11 weeks of fenofibrate treatment.

Effects of low-dose fenofibrate on intestinal PPARα 
and CCK

  To understand the physiological mechanism by which fe-
nofibrate reduced food intake, we examined the effects of 
fenofibrate on the expression levels of PPARα and CCK in 
the small intestines of LETO and OLETF rats. Surprisingly, 
the mRNA expression of CCK was markedly increased by 
fenofibrate treatment, and the expression of PPARα was 
increased in the small intestine of LETO rats (Fig. 2A). The 
protein level expressions of CCK and PPARα were also in-

creased by fenofibrate treatment in the small intestines of 
OLETF and LETO rats (Fig. 2B).

Effects of PPARα agonists on Caco-2 cells

  To explore whether fenofibrate induces CCK expression 
at the cellular level of human intestine, we employed 
Caco-2 cells, a human intestinal epithelial cell line. Low- 
dose treatment of fenofibrate increased the expression of 
CCK dose-dependently (Fig. 3A). In addition, the expression 
of PPARα was increased by the fenofibrate treatment in 
Caco-2 intestinal cells. To examine whether the induction 
of the CCK expression was a unique effect of fenofibrate, 
we tested other kinds of PPARα agonists such as bezafi-
brate and clofibrate. The expression of CCK in Caco-2 cells 
was also induced by bezafibrate and clofibrate (Fig. 3B). 
All three PPARα agonists increased the protein levels of 
CCK and PPARα in Caco-2 cells.

DISCUSSION

  The usual experimental dose (high dose, 100∼300 mg/kg) 
treatment of fenofibrate increases blood levels of β-ketone 
[2,5,6] and decreases food intake [3,4,18]. In the present 
low-dose study, the blood β-ketone level in the fenofibrate 
group of LETO rats was not significantly different from 
that of the control group. The level of OLETF rats seems 
to be slightly lower compared to LETO rats, but the normal 
range of blood β-ketone level is below 1.0 mmol/l. The plas-
ma leptin level of OLETF rats shows higher than LETO 
rats because the body weight of OLETF rats is higher. After 
11 weeks of fenofibrate treatment, the plasma leptin levels 
of the fenofibrate group of LETO rats tended to be lower 
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than that of the control group. The fenofibrate group of 
LETO rats had a decreased amount of food intake even 
though their leptin levels appeared lower compared with 
the control group. Fenofibrate treatment caused hepato-
megaly [19]. The increase of liver weight is used for marker 
for effect of fenofibrate. 
  We observed that low dose (30 mg/kg) treatment of fenofi-
brate, which does not increase the production of ketone bod-
ies, decreased food intake in LETO rats but did not change 
food intake in OLETF rats. However, a high-dose treatment 
of fenofibrate decreased food intake in both LETO and 
OLETF rats [3]. This discrepancy suggests that the anorexi-
genic effect of fenofibrate may be associated with CCK be-
cause the OLETF rats do not have CCK-A receptors [14]. 
While the effects of fenofibrate are diverse, including an-
ti-atherogenic, anti-diabetic and anti-steatotic effects in 
rats, its effect on gut hormones, especially on CCK, has not 
been reported. In this study, we found that the intestinal 
levels of CCK, as well as PPARα, were increased in fenofi-
brate-treated LETO and OLETF rats. We propose that the 
anorexigenic mechanism of fenofibrate involves the in-
duction of increased CCK production in mucosal cells of the 
duodenum through the activation of PPARα. The anorexi-
genic effect of CCK is predominantly via the vago-vagal re-
flex rather than direct hormonal action on the satiety cen-
ter of the CNS [13]. Decreased food intake in the fenofi-
brate-treated LETO rats may result from increased CCK 
binding to CCK-A receptors in the small intestine. However, 
low-dose fenofibrate-treated OLETF rats could not decrease 
their food intake because of a failure to bind CCK-A re-
ceptors and the absence of a change in ketone bodies. In 
the case of high-dose treatment, fenofibrate induces in-
creased ketogenesis and CCK production, both of which re-
sulted in a reduction of food intake. This result indicates 
that CCK only induced anorexia with lower doses of fenofi-
brate treatment, while both CCK and β-ketone induced 
anorexia with higher dose of fenofibrate. 
  In addition, we examined CCK induction by fenofibrate 
at the cellular level using Caco-2 cells, a human intestinal 
epithelial cell line. Caco-2 cells showed dose-dependent ex-
pressions of CCK and PPARα after fenofibrate treatment. 
Caco-2 cells showed the increased expression of CCK not 
only after treatment with fenofibrate but also after treat-
ment with other PPARα agonists, bezafibrate and clofi-
brate. Recently, PPARα was reported to be an important 
transcriptional regulator in the small intestine [20]. This 
finding suggests that PPARα may regulate the expression 
of CCK. Further studies are needed to determine the tran-
scriptional regulatory mechanism of CCK via PPARα.
  This study is the first report that CCK expression is in-
creased by fenofibrate. Fortunately, this finding was possi-
ble because we experimented with the physiologically nor-
mal LETO rats. There are a few reports of physiologically 
normal rats, such as Wistar and Sprague Dawley rats, that 
do not show a reduction of food intake by fenofibrate [21,22]. 
On the contrary, obese-prone mice, such as db/db [4] and 
ob/ob mice [18], showed anorexic effects with fenofibrate 
treatment. These reports suggest that physiologically nor-
mal conditions may be resistant to the effects of fenofibrate 
due to strain-difference while fenofibrate may be effective 
in the obese-prone state. 
  The clinical implication of this study is the possible appli-
cation of fenofibrate for the treatment of obesity. There 
were several large-scale, randomized controlled trials using 
fenofibrate. However, the change in food intake was not in-

cluded in the parameters of those trials. The effect of fenofi-
brate treatment on food intake has not been studied. Thus, 
a pilot study to evaluate the ability of fenofibrate to reduce 
food intake in obesity may be necessary. Hypertriglyceri-
demic patients with mild to moderate obesity would be good 
candidates for such a study. 
  In conclusion, a relatively low-dose therapy of fenofibrate 
decreased food intake in LETO rats by increasing the ex-
pression of CCK in duodenum. The increased expression 
of CCK may be one factor of the anorexigenic effects of 
fenofibrate.
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