
O

t

C

a

m

r

a

f

d

S

c

r

b

©

F
p
l
F
c
i
i
i
C
t
�
C
t
p
t
o

t
h
p
a
s
a
b

G
B
f

s

S

1

Effects of Fenofibrate on High-Fat Diet–Induced Body Weight Gain and
Adiposity in Female C57BL/6J Mice

Sunhyo Jeong, Miyoung Han, Hyunghee Lee, Mina Kim, Jaekwang Kim, Christopher J. Nicol,
Bang Hyun Kim, Jae Hoon Choi, Ki-Hoan Nam, Goo Taeg Oh, and Michung Yoon

ur previous study suggested that fenofibrate affects obesity and lipid metabolism in a sexually dimorphic manner in part

hrough the differential activation of hepatic peroxisome proliferator-activated receptor � (PPAR�) in male and female

57BL/6J mice. To determine whether fenofibrate reduces body weight gain and adiposity in female sham-operated (Sham)

nd ovariectomized (OVX) C57BL/6J mice, the effects of fenofibrate on not only body weight, white adipose tissue (WAT)

ass, and food intake, but also the expression of both leptin and PPAR� target genes were measured. Compared to their

espective low-fat diet–fed controls, both Sham and OVX mice exhibited increases in body weight and WAT mass when fed

high-fat diet. Fenofibrate treatment decreased body weight gain and WAT mass in OVX, but not in Sham mice. Furthermore,

enofibrate increased the mRNA levels of PPAR� target genes encoding peroxisomal enzymes involved in fatty acid �-oxi-

ation, and reduced apolipoprotein C-III (apo C-III) mRNA, all of which were expressed at higher levels in OVX compared to

ham mice. However, leptin mRNA levels were found to positively correlate with WAT mass, and food intake was not

hanged in either OVX or Sham mice following fenofibrate treatment. These results suggest that fenofibrate differentially

egulates body weight and adiposity due in part to differences in PPAR� activation, but not to differences in leptin production,

etween female OVX and Sham mice.
2004 Elsevier Inc. All rights reserved.
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IBRATES ACT as nuclear peroxisome proliferator-acti-
vated receptor � (PPAR�) ligands, and regulate the ex-

ression of a number of genes that are critical for lipid and
ipoprotein metabolism, thereby leading to lipid homeostasis.1-3

ibrate-activated PPAR� heterodimerizes with retinoid X re-
eptor (RXR) and binds to PPAR response elements (PPREs)
n the promoter region of target genes.4 PPAR� target genes
nclude those involved in the hydrolysis of plasma triglycer-
des, such as lipoprotein lipase and apolipoprotein C-III (apo
-III),5-7 fatty acid uptake and binding, such as fatty acid

ransport protein and acyl-CoA synthetase,8 and fatty acid
-oxidation, such as fatty acyl-CoA oxidase (ACOX), enoyl-
oA hydratase/3-hydroxyacyl-CoA dehydrogenase (HD), and

hiolase.9-11 The activation of PPAR� target genes therefore
romotes increased hepatic oxidation of fatty acids, as well as
he increased breakdown and reduced synthesis and secretion
f triglycerides.
Fibrate-activated PPAR� is also suggested to be involved in

he regulation of energy balance. Since fenofibrate increases
epatic fatty acid oxidation and thus decreases the levels of
lasma triglycerides responsible for adipose cell hypertrophy
nd hyperplasia,12-14 it may inhibit an increase in body weight,
uggesting that PPAR� may be important in obesity due to its
bility to restore an overall energy balance. This is supported
y a report that PPAR�-deficient mice showed abnormalities in
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riglyceride and cholesterol metabolism, and became obese
ith age.13 Furthermore, recent studies have suggested that

enofibrate can modulate body weight in animal models, such
s fatty Zucker rats, high-fat diet–fed C57BL/6 mice, and
igh-fat–fed obese rats.14-16

Energy balance seems to be influenced by gonadal sex ste-
oids.17 Gonadal steroids have been the subject of intense
nvestigation over the last several decades because of the role
hat these ovarian hormones have in the regulation of food
ntake, body weight and lipid metabolism. For example, it is
ell known that ovariectomized (OVX) animals and postmeno-
ausal women show increased food intake, body weight, and
dipose tissue mass, indicating the involvement of gonadal
teroids in the modulation of obesity.18-22 Moreover, our pre-
ious results demonstrated that fenofibrate reduced body
eight and WAT mass in male mice, but did not decrease them

n female mice, showing the sexually dimorphic effects of
enofibrate on obesity.23 Accordingly, we thought it plausible
hat fenofibrate may influence obesity differentially depending
n the presence of gonads.
The aims of this study were to determine whether or not

enofibrate regulates body weight gain and adiposity in high-fat
iet–fed sham-operated (Sham) and OVX female mice, and to
nvestigate the involvement of PPAR� in this process. Thus we
xamined body weight, white adipose tissue (WAT) mass, food
ntake, leptin, and PPAR� target gene expression. Here we
eport that fenofibrate reduces body weight gain and WAT
ass in high-fat diet–fed OVX mice, but not in Sham mice,
hich suggests that these differences may in part be attributed

o the differences in hepatic expression of PPAR� target genes.

MATERIALS AND METHODS

nimal Treatments

For all experiments, 8-week-old mice (C57BL/6J) were housed and
red at the Korea Research Institute of Bioscience and Biotechnology
nder pathogen-free conditions with a standard 12-hour light/dark
ycle. Prior to the administration of special diets, mice were fed

tandard rodent chow and water ad libitum. Female Sham and OVX

Metabolism, Vol 53, No 10 (October), 2004: pp 1284-1289
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1285REGULATION OF FEMALE OBESITY BY FENOFIBRATE
ice were each randomly divided into 3 groups (n � 5 per group),
hich showed the uniformity in response to each treatment in the pilot

tudy. The mice received a low-fat diet (fat, 0.4 kcal/g; protein, 0.8
cal/g; carbohydrate, 1.8 kcal/g; CJ Corp, Inchon, Korea), a high-fat
iet (fat, 1.8 kcal/g; protein, 0.8 kcal/g; carbohydrate, 1.8 kcal/g;
riental Yeast Co, Tokyo, Japan), or a high-fat diet supplemented with

enofibrate (0.05% wt/wt) for 13 weeks.
In all experiments, body weights were measured daily using top-

oading balance and the person measuring the body weight blinded to
ach treatment group. Food intake was determined by estimating the
mount of food consumed by the mice throughout the treatment period.
ages were inspected for food spillage, but only a little spillage was
oticed and collected to measure the food intake. Animals were killed
y cervical dislocation, and tissues were harvested, weighed, snap
rozen in liquid nitrogen, and stored at �80°C until use.

nalysis of Target Gene Expression

Total RNA from liver and parametrial WAT was prepared using
rizol reagent (Gibco-BRL, Grand Island, NY) and Northern blot
nalysis was performed using mouse PPAR�, human RXR�, rat
COX, rat HD, rat thiolase, mouse apo C-III, mouse leptin, and

nternal control mouse �-actin probes. Total RNA was analyzed by
lectrophoresis on 0.22 mol/L formaldehyde-containing 1.2% aga-
ose gels. The separated RNA was then transferred to Nytran mem-
ranes (Schneicher & Schuell, Dassel, Germany) by downward
apillary transfer in the presence of 20x SSC buffer (3 mol/L NaCl,
.3 mol/L sodium citrate, pH 7.0), UV-crosslinked, and baked for 2
ours at 80°C. Probe hybridization and washing were performed
sing standard techniques. Blots were exposed to PhosphorImager
creen cassettes and visualized using a Molecular Dynamics Storm
60 PhosphorImager system (Sunnyvale, CA). The probes used in
his study were 32P-labeled by the random-primer method using a
eady-to-Go DNA Labeling kit (Amersham-Pharmacia Biotech,
iscataway, NJ), as previously described.24 Densitometric analysis
f the mRNA signals was performed using ImageQuant image
nalysis software (Molecular Dynamics).

tatistics

Unless otherwise noted, all values are expressed as the mean � SD.
ll data were analyzed by analysis of variance (ANOVA) for statisti-

ally significant differences between the groups.

RESULTS

ffects of Fenofibrate on Body Weight Gain and WAT Mass
n Female Mice

To determine whether fenofibrate reduces body weight
ain and adiposity in female mice, the influence of fenofi-
rate treatment on body weight and WAT mass was exam-
ned in diet-induced obese female Sham and OVX C57BL/6J
ice. Compared to their respective low-fat diet controls, the

dministration of a high-fat diet for 13 weeks increased body
eight by 15.7% � 0.7% in OVX mice and by 8.4% � 0.5%

n Sham mice, as shown in Fig 1. In contrast, compared to
heir respective high-fat diet–fed groups, fenofibrate treat-

ent reduced high-fat diet–induced body weight gain by
7.3% � 1.5% in OVX mice, but no change was observed in
ham mice.
Compared to chow-fed animals, feeding mice with a high-fat

iet for 13 weeks significantly increased WAT mass by 70.1%
13.1% in OVX mice and by 41.1% � 8.3% in Sham mice
Table 1). In contrast, compared to their respective high-fat d
iet–fed controls, fenofibrate treatment reduced WAT mass by
8.4% � 4.5% in OVX mice, but WAT mass increased slightly
n Sham mice. In addition, compared to the chow-fed controls,
VX mice given a fenofibrate-supplemented high-fat diet had

ower body weights and WAT masses. These results demon-
trate that fenofibrate affects body weight and WAT mass

Fig 1. Regulation of high-fat diet–induced body weight gain by

enofibrate in female (A) Sham and (B) OVX mice. Female Sham and

VX mice received a low-fat, high-fat, or fenofibrate-supplemented

FF; 0.05% wt/wt) high-fat diet for 13 weeks. All values are expressed

s the mean � SD. Body weights at the end of the treatment period

re significantly different not only when comparing the low-fat group

o either the high-fat (P < .05) or high-fat plus FF (P < .01) groups in

emale Sham mice, but also when comparing the high-fat group to

ither the low-fat (P < .01) or high-fat plus FF (P < .005) groups in

emale OVX mice.
ifferently in female Sham and OVX mice.
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1286 JEONG ET AL
ffects of Fenofibrate on Leptin mRNA Levels in Female
ice

Leptin is a long-term satiety signal that often reflects changes
n body weight and WAT mass. To evaluate whether the
bserved differential effects of fenofibrate on obesity are
aused by differences in leptin gene expression in adipose
issue and/or by differences in food intake, leptin mRNA levels
nd food consumption were measured. In both Sham and OVX
nimals, leptin mRNA levels were found to positively correlate
ith WAT mass (Fig 2) and body weight (data not shown).
hus, fenofibrate treatment does not seem to influence leptin
ynthesis. By daily monitoring, Sham and OVX female mice
ere found to have similar food consumption profiles after

enofibrate treatment throughout the study (Fig 3). Interest-
ngly, OVX mice fed the fenofibrate-supplemented diet did not
how an increase in food intake despite a striking reduction in
eptin mRNA levels, compared to high-fat diet alone controls,
ndicating that fenofibrate did not have a differential influence
n food intake between these 2 groups. These data further show
hat the differential effects of fenofibrate on body weight and

AT mass are not driven by differences in energy intake. In
ddition, leptin mRNA levels were significantly higher in Sham
ersus OVX mice for all dietary regimens, perhaps due to the
strogen-mediated increase of leptin gene expression in Sham
ice.

ffects of Fenofibrate on Hepatic PPAR� Target Gene
RNA Levels in Female Mice

To determine whether differential PPAR� actions in the liver
an induce the observed different effects of fenofibrate on
besity, we measured the mRNA levels of the PPAR� target
nzymes ACOX, HD, and thiolase in the livers of the different
roups (Fig 4). Fenofibrate-treated mice showed elevated
PAR� target gene expression for peroxisomal fatty acid �-ox-

dation versus high-fat diet–fed mice, and the mRNA levels of
COX, HD, and thiolase were respectively 1.2-, 1.2-, and
.9-fold higher in OVX compared to Sham mice. Furthermore,
VX mice had significantly higher mRNA levels of these

nzymes than Sham mice after a fenofibrate-enriched high-fat
iet.

Table 1. Effects of Fenofibrate on Body and WAT

Treatment Group

Body Weight (g)

Baseline 13 We

Sham
Low fat 19.5 � 0.7 23.6 �

High fat 19.4 � 0.3 25.8 �

High fat � FF 19.2 � 0.2 26.5 �

OVX
Low fat 18.6 � 0.8 25.7 �

High fat 18.3 � 0.5 29.5 �

High fat � FF 18.5 � 0.7 24.4 �

NOTE. Female Sham and OVX mice received a low-fat, high-fat, or
ll experiments, body weights were recorded throughout the treatm
eriod. All values are expressed as the mean � SD.
*Significantly different v low-fat group (P � .05).
†Significantly different v high-fat group (P � .05).
In addition to the enzymes required for fatty acid �-oxida- p
ion, the apo C-III gene contains a PPRE and plays a critical
ole in the control of circulating triglyceride metabolism.5,6

onsistent with the regulation of triglycerides by fenofibrate
data not shown), apo C-III mRNA levels were found to be
educed by fenofibrate treatment in both groups, but this re-
uction was more prominent in OVX mice (Fig 4). Analysis of
he hepatic mRNA expression of PPAR� revealed no signifi-
ant association with any dietary regimen in either female OVX
r Sham mice. These results suggest that PPAR� activation
ollowing fenofibrate differs between these 2 groups and is
nfluenced in the presence of the ovaries.

DISCUSSION

This study was undertaken to verify whether fenofibrate
revents body weight gain and adiposity in female OVX and
ham C57BL/6J mice on a high-fat diet, and to determine
hether PPAR� is associated with these events.
Our results demonstrate that fenofibrate reduces body

eight gain and WAT mass in high-fat diet–fed OVX mice,
ut fails to do so in Sham mice. Body weights of OVX mice
ere found to be higher than those of Sham mice 6 weeks

fter commencing the high-fat diet. Compared to high-fat
iet–fed OVX mice, fenofibrate-treated OVX mice had sig-
ificantly decreased body weight gain by 6 weeks into the
reatment regimen, and had significantly lower body weight
t 13 weeks. In addition to changes in body weight, WAT
ass was significantly reduced after fenofibrate treatment,

nd the final WAT mass of the fenofibrate-treated OVX
nimals was lower than that of the OVX animals on a chow
iet. Interestingly, reductions in body weight gain correlated
ell with WAT mass reductions (data not shown), indicating

hat reduced WAT may lead to a reduced body weight. In
ontrast to the OVX mice, fenofibrate did not decrease
igh-fat diet–induced body weight gain and WAT mass
ncreases in Sham mice. These results suggest that obesity is
ifferentially affected in response to fenofibrate in Sham and
VX mice. According to recent reports, fenofibrate seems to

ct as a weight-stabilizer through PPAR�; however, these
esults were obtained using male animal models.14-16 Nev-
rtheless, these reports suggest that fenofibrate not only

hts in Diet-Induced Obese Female C57BL/6J Mice

WAT Weight (g) WAT/Body Weight (%)

0.35 � 0.08 1.49 � 0.21
0.49 � 0.06* 1.98 � 0.13*
0.52 � 0.10* 1.95 � 0.28

1.10 � 0.18 3.52 � 0.79
1.86 � 0.28* 6.32 � 0.94*
0.44 � 0.17† 1.77 � 0.66†

brate-supplemented (FF; 0.05% wt/wt) high-fat diet for 13 weeks. In
eriod and WAT weights were measured at the end of the treatment
Weig

eks

0.5
0.7*
0.6*

0.6
0.6*
0.8†

fenofi
ent p
revents excessive weight gain, but is also able to mobilize
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1287REGULATION OF FEMALE OBESITY BY FENOFIBRATE
at from adipose tissue by increasing fat catabolism in the
iver, which supports the findings of present study. There-
ore, it is noteworthy that reductions in body weight gain and

AT mass by fenofibrate in male mice are also shown by
emale OVX mice, but that these effects were absent in
emale Sham mice.

However, fenofibrate seems to differentially affect body

Fig 2. Correlation between leptin mRNA levels and WAT weight

fter fenofibrate treatment in female (A) Sham and (B) OVX mice.

emale Sham and OVX mice received a low-fat, high-fat, or fenofi-

rate-supplemented (FF; 0.05% wt/wt) high-fat diet for 13 weeks.

AT weights were measured at the end of the treatment period.

NA was extracted from adipose tissue, and leptin and �-actin

RNA levels were measured as described in the Methods. mRNA

esults are expressed as the R.D.U. (relative density units) using

-actin as a reference.
eight and adiposity among Sham and OVX mice by a mech- c
nism other than the modulation of leptin gene expression.
lthough leptin is produced only in adipose tissue and elicits

atiety responses by binding to leptin receptors in the brain,25,26

ur data show that changes in leptin mRNA levels are in
ccordance with those in body weight and WAT mass in both
emale OVX and Sham mice following fenofibrate treatment.
onsistent with this finding, Guerre-Millo et al15 reported that

erum leptin concentrations positively correlated with body
eight and epididymal adipose tissue mass in fenofibrate-

reated male mice, suggesting that fenofibrate may modulate
ody weight not by influencing leptin gene expression and food
ntake, but by enhancing the energy expenditure.27,28

By stimulating hepatic fatty acid oxidation and by reducing
po C-III expression, fibrates are known to lower plasma tri-
lyceride levels in a PPAR�-mediated manner,4 which is re-
ponsible for lipid accumulation in adipose tissue. We thus
tudied the effects of fenofibrate on the hepatic expression of

Fig 3. Effects of fenofibrate on food intake in female (A) Sham and

B) OVX mice. Female Sham and OVX mice received a low-fat, high-

at, or fenofibrate-supplemented (FF; 0.05% wt/wt) high-fat diet for

3 weeks. Food intake was measured daily using special metal food
ontainers. All values are expressed as the mean � SD.



a
�
s
g
h
t
H
v
o
m
f
t
a
b
P
o
s
a

o
p
t
c
n

a
o
w
m
n
o
c
i
m

w
W
�
S
p
s
s
F
f
m
r
s
t
w

o

�

u

R

1288 JEONG ET AL
po C-III gene and PPAR� target genes involved in fatty acid
-oxidation to determine whether differences in gene expres-
ion might explain the different effects of fenofibrate on
onad-dependent weight gain in females. As expected, a
igh-fat diet containing fenofibrate not only elevated the
ranscriptional activation of PPAR� target genes, ACOX,
D, and thiolase, but also reduced apo C-III mRNA levels
ersus a high-fat diet alone in both groups of mice. More-
ver, these alterations in expression levels were found to be
ore prominent in female OVX than in Sham mice after

enofibrate treatment. Our results are supported by findings
hat the effect of fenofibrate on obesity may involve its
ction on fatty acid �-oxidation in the liver, and that the
ody weights of PPAR�-null mice are higher than those of
PAR� wild-type mice.13,16 These reports and the findings
f the present work suggest that fenofibrate influences obe-
ity via the differential activation of PPAR� in female Sham
nd OVX mice.

It has also been reported that ovarian steroids can affect
besity and lipid metabolism, and that these effects are
robably mediated by estradiol.17 Estrogen insufficiency is
hought to be largely responsible for increased adiposity and
irculating lipids in OVX rodents, because such animals do
ot display obesity, adiposity, and lipid disorders when they

Fig 4. Effects of fenofibrate on the hepatic mRNA levels of PPAR�

r fenofibrate-supplemented (FF; 0.05% wt/wt) high-fat diet for 13

-actin mRNA levels were measured as described in the Methods. Al

sing �-actin as a reference. *Significantly different v the high fat

epresentative Northern blots, from an independent experiment.
re administered estrogen.29,30 Although the administration
f estrogen or fenofibrate alone effectively reduces body
eight gain and WAT mass in high-fat–fed female OVX
ice, our present data show that fenofibrate treatment does

ot prevent them in female Sham mice with functioning
varies. Our findings suggest the possibility that signal
ross-talk may exist between PPAR� and estrogen receptor
n their effects of obesity, and that the action of fenofibrate

ay be influenced by estrogen in females.31-33

In conclusion, our results provide evidence that treatment
ith fenofibrate has different effects on body weight and
AT mass, in part due to differentially activating hepatic

-oxidation and apo C-III gene expression between female
ham and OVX mice. These differences may provide im-
ortant information about the mechanisms modulating obe-
ity, and about the actions of other lipid-lowering drugs,
uch as fenofibrate, which are PPAR� ligands in females.
urther work is needed to identify the mechanism by which
enofibrate effects obesity, in an ovarian steroid-dependent
anner, in order to understand the actions of PPAR� with

espect to female obesity. In addition, these results also
uggest that the administration of fenofibrate may effec-
ively prevent obesity in overweight postmenopausal
omen.

t genes. (A) Female Sham and OVX mice received a low-fat, high-fat,

s. RNA was extracted from the liver, and PPAR� target genes and

es are expressed as the mean � SD of R.D.U. (relative density units)

p, P < .05. #Significantly different v the Sham group, P < .05. (B)
targe

week

l valu
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