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Cholesterol Reduction and Atherosclerosis 
Inhibition by Bezafibrate in Low-Density 

Lipoprotein Receptor Knockout Mice

Toshihiro INABA1), Hiroaki YAGYU1), Naoki ITABASHI1), Fumiko TAZOE1), 

Nobuya FUJITA1), Shu-ichi NAGASHIMA1), Koji OKADA1), Mitsuyo OKAZAKI2), 

Yusuke FURUKAWA3), and Shun ISHIBASHI1)

Fibrates, peroxisome proliferator–activated receptor α  agonists, are widely used as lipid-lowering agents

with anti-atherogenic activity. However, conflicting results have been reported with regard to their pharma-

cological effects on plasma lipoprotein profiles as well as on atherosclerosis in animal models. Furthermore,

the anti-atherogenic effects of bezafibrate, one of the most commonly used fibrates, in animal models have

not been reported. In the present study, we investigated the effects of bezafibrate on lipoprotein profiles as

well as on atherosclerosis in low-density lipoprotein receptor knockout (LDLR–/–) mice fed an atherogenic

diet for 8 weeks. Bezafibrate decreased plasma levels of both cholesterol and triglycerides (TG), while

increasing plasma levels of high-density lipoprotein-cholesterol (HDL-C). Since hepatic TG production was

significantly reduced in the bezafibrate-treated mice lacking LDLR, the plasma lipid–lowering effects of

bezafibrate might be primarily mediated by the suppression of hepatic production of apolipoprotein-B–con-

taining lipoproteins. In parallel with the reduced ratio of non-HDL-C to HDL-C, bezafibrate suppressed fatty

streak lesions in the aortic sinus by 51%. To determine whether or not bezafibrate directly alters the expres-

sion of genes relevant to atherosclerosis, we measured mRNA expression levels of three genes in the aorta

by real-time PCR: ATP-binding cassette transporter A1, lipoprotein lipase, and monocyte chemoattractant

protein-1. The results showed that there were no differences in the expression of these genes between mice

treated with bezafibrate and those not. In conclusion, bezafibrate inhibits atherosclerosis in LDLR–/– mice

primarily by decreasing the ratio of non-HDL-C to HDL-C. (
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Introduction

 

Fibrates are widely used as lipid-lowering drugs for patients
with hypertriglyceridemia or mixed hyperlipidemia (

 

1

 

). The
lipid-lowering effects of fibrates occur mainly through the

activation of peroxisome proliferator–activated receptor 

 

α

 

(PPAR-

 

α

 

), a member of the nuclear hormone–receptor super-
family, which governs the transcriptional activity of genes
involved in lipid and lipoprotein metabolism (

 

2

 

). Fibrates
lower plasma triglyceride (TG) levels by stimulating the
plasma clearance of TG-rich lipoproteins as well as by inhib-
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iting hepatic fatty acid synthesis (

 

3

 

, 

 

4

 

). The stimulation of the
catabolism of TG-rich lipoproteins is caused not only by
upregulation of hepatic lipoprotein lipase (LPL) activity (

 

5

 

–

 

7

 

) but also by decreased synthesis of apolipoprotein (apo)
CIII (

 

8

 

), which has an inhibitory effect on LPL activity (

 

9

 

).
Furthermore, fibrates increase plasma levels of high-density
lipoprotein-cholesterol (HDL-C) in humans (

 

10

 

), conceivably
by stimulating the expression of apolipoprotein (apo)A-I and
A-II genes in the liver (

 

11

 

, 

 

12

 

).
In addition to organs involved in plasma lipoprotein metab-

olism, PPAR-

 

α

 

 is highly expressed in vascular cells, such as
macrophages, endothelial cells, and smooth muscle cells (

 

13

 

–

 

15

 

). Some fibrates may exert anti-atherogenic and anti-
inflammatory effects by directly activating PPAR-

 

α

 

 in these
vascular wall cells (

 

16

 

). Therefore, fibrates may act both sys-
temically and locally to influence lesion development.

However, fibrates do not consistently show either lipid-
lowering or anti-atherogenic effects in murine models. For
example, fenofibrate inhibited atherosclerosis in apoE knock-
out (apoE  −  /  −  ) mice only when these animals harbored a
fenofibrate-inducible transgene for human apoA-I (

 
17

 
). Para-

doxically, ciprofibrate aggravated atherosclerosis in either
low-density lipoprotein receptor knockout (LDLR

 

−

 

/

 

−

 

) mice
or apoE

 

−

 

/

 

−

 

 mice (

 

18

 

, 

 

19

 

). In accord with this, PPAR-

 

α

 

knockout mice developed less severe atherosclerosis,
although they had a more atherogenic lipoprotein profile and
presumably have lost any potential beneficial vascular effects
of PPAR-

 

α

 

 (

 

20

 

). Therefore, the clinical efficacy of fibrates
has not been recapitulated, at least in murine models of ath-
erosclerosis. It is also of note that no experiments using beza-
fibrate in mice have been reported, despite ample evidence of
its clinical usefulness (

 

21

 

, 

 

22

 

).
These considerations prompted us to examine the effects of

bezafibrate on lipoprotein profiles as well as on atherosclero-
sis in LDLR

 

−

 

/

 

−

 

 mice. We also measured the expression of
genes relevant to atherosclerosis in the aorta to determine
whether or not bezafibrate has direct vascular effects.

 

Methods

 

Mice and Diets

 

Mice were maintained in a temperature-controlled (25

 

°

 

C)
facility with a 12 h light/dark cycle and given free access to
food and water. LDLR

 

−

 

/

 

−

 

 mice (

 

23

 

) had been backcrossed to
C57BL/6 for 6 generations. Two diets were used: the Paigen
diet (

 

24

 

), which was normal chow (MF Diet from Oriental
Yeast, Tokyo, Japan) supplemented with 15% (w/w) fat,
1.25% (w/w) cholesterol, and 0.5% (w/w) cholic acid with or
without 0.1% (w/w) bezafibrate (Kissei Pharmaceutical,
Matsumoto, Japan). At 4–6 months of age, male LDLR

 

−

 

/

 

−

 

mice were fed the Paigen diet with or without 0.1% (w/w)
bezafibrate for 8 weeks. Mice were anesthetized with pento-
barbital before sacrifice. These experiments were performed
in accord with the institutional guidelines for animal experi-

ments at Jichi Medical University School of Medicine.

 

Quantification of Atherosclerotic Lesions

 At 4–6 months of age, LDLR  −  /  −   mice were fed the Paigen
diet with or without bezafibrate for 8 weeks. Mice were sacri-
ficed and the aortic cross-sectional lesion area was evaluated
according to a modification of the method of Paigen 

 

et al

 

. (

 

24

 

,

 

25

 

). In brief, the hearts were perfused with saline containing
4% (w/v) formalin and fixed for more than 48 h in the same
solution. The basal half of each heart was embedded in Tis-
sue-Tek OCT compound (Miles, Torrance, USA), and the
serial sections were cut using a cryostat microtome (6-

 

μ

 

m
thick) as previously described. Four sections, each separated
by 60 

 

μ

 

m, were used to evaluate the lesions: two at the end of
the aortic sinus and two at the junction of the sinus and
ascending aorta. The sections were stained with Oil Red O
and counterstained with hematoxylin. Lesion area measure-
ments were analyzed using the Scion Image program (Scion,
Frederick, USA).

 

Plasma Lipids and Lipoproteins

 

After a 16 h fast, blood was collected from the retro-orbital
venous plexus into tubes containing EDTA. Plasma total cho-
lesterol and TG concentrations were measured enzymatically
(26). Cholesterol and TG profiles in plasma lipoproteins were
analyzed by a dual-detection HPLC system with two tandem-
connected TSKgel LipopropakXL columns (300 × 7.8 mm;
Tosoh, Tokyo, Japan) according to the method of Usui et al.
(27), Skylight Biotech (Akita, Japan).

Plasma Glucose, Insulin, and Adiponectin

Plasma glucose, insulin, and adiponectin levels were deter-
mined using the Free Style Kissei kit (Kissei Pharmaceutical),
the Mouse Insulin ELISA Ultra-Sensitive kit (Shibayagi, Shi-
bukawa, Japan) and the mouse/rat adiponectin ELISA kit
(Otsuka, Tokyo, Japan), respectively.

Table 1. Plasma Levels of Lipids, Glucose, Insulin and Adi-
ponectin

Bezafibrate

− (n=14) + (n=11)

Total cholesterol (mg/dL) 2,628±381 2,009±424*
TG (mg/dL) 111±50 35±25*
Glucose (mg/dL) 56±12 64±12
Insulin (μg/dL) 581±522 919±576
Adiponectin (μg/mL) 15.5±3.2 15.8±3.1

After a 16-h fast, blood was collected. Values are expressed as
means±SD. *p<0.01 vs. mice without bazafibrate treatment.
TG, triglyceride.
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Intraperitoneal Glucose Tolerance Test

Intraperitoneal glucose tolerance test (IPGTT) was performed
after a 16 h fast. Blood was collected from mice to measure
the baseline plasma glucose levels, and a bolus dose of glu-
cose (2 g/kg body weight) was injected into the peritoneal
cavity. Blood was obtained before and at 30, 60, 90, and 120
min after the injection. Plasma glucose was determined as
described.

Very Low-Density Lipoprotein-TG Production

Very low-density lipoprotein (VLDL)-TG production rates
were determined as described previously (28). In brief, a solu-
tion containing 15% (v/v) Triton WR-1339 (0.5 mg/g body
weight; Sigma, St. Louis, USA) in 0.9% (w/v) NaCl was
injected into the jugular veins of mice after a 16 h fast. Blood
(50 μL) was obtained before and at 60 and 180 min after the
injection for measurement of plasma TG levels.

LPL Activity

Post-hepalin plasma LPL activity was analyzed as described
previously (29). After the 16 h fast, we injected male
LDLR−/− mice intravenously with 10 units of heparin and

collected blood 10 min later. Plasma samples were assayed in
triplicate for LPL activity.

Real-Time PCR Analyses

Total RNA was isolated from the aorta using TRIzol reagent
(GIBCO-BRL, Gaithersburg, USA). Two micrograms of total
RNA was reverse-transcribed (TaqMan Reverse Transcrip-
tion Reagents; Applied Biosystems, Foster City, USA), and
the synthesized cDNA was quantified by TaqMan quantita-
tive PCR analysis of each gene with the ABI Prism 7700
sequence detection system (Applied Biosystems) according
to the manufacturer’s protocol. The specific primer pairs for
ATP-binding cassette transporter A1 (ABCA-1) (GenBank
accession No. NM_031168), monocyte chemoattractant pro-
tein-1 (MCP-1) (NM_011333), LPL (NM_008509), and β-
actin (NM_007393) were purchased from Applied Biosys-
tems. PCR data were normalized by the β-actin level in each
sample and calculated by the 2−ΔΔCT method (30).

Statistics

Data are presented as means±SD. Student’s t-test was used to
compare the mean values between two sets of mice.

Table 2. HPLC Lipoprotein Analyses

Bezafibrate n
Cholesterol (mg/dL) Triglyceride (mg/dL)

CM VLDL LDL HDL CM VLDL LDL HDL

− 14 6±5 1,817±283 798±119 34±22 7±5 77±34 22±15 6±4
+ 11 3±3 1,360±294* 585±129* 61±17* 3±4** 22±16* 6±4* 4±2

Ten microliters of plasma from each mouse were subjected to HPLC lipoprotein analyses, and cholesterol and triglyceride contents in
effluents were measured enzymatically. Values are expressed as the means±SD. *p<0.01, **p<0.05 vs. mice without bezafibrate treat-
ment. CM, chylomicrons; VLDL, very low-density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein.

Fig. 1. Lipoprotein profiles. Distributions of cholesterol (A) and TG (B) in plasma lipoproteins. Male LDLR−/− mice were
maintained on the Paigen diet without (solid line) or with 0.1% (w/w) bezafibrate (dashed line). Ten microliters of plasma was
subjected to HPLC analysis, and cholesterol and TG were measured enzymatically.
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Results

Plasma Lipids and Lipoproteins

Bezafibrate lowered the plasma levels of cholesterol and TG
by 24% and 69%, respectively (Table 1). Lipoprotein analy-
ses revealed that the reduction in cholesterol was largely
attributable to the reduction of cholesterol in non-HDL lipo-
protein fractions (Table 2 and Fig. 1A). TG contents in chylo-
microns (CM), VLDL, and LDL were reduced by 57, 71, and
73%, respectively (Table 2 and Fig. 1B). On the other hand,
bezafibrate increased the plasma level of HDL-C by 56%
(Table 2 and Fig. 1A).

Hepatic VLDL-TG Production

To determine whether or not the cholesterol-lowering effects

of bezafibrate result from the suppression of VLDL produc-
tion in the liver, mice were injected with Triton WR-1339
after a 16 h fast, and then their plasma TG levels were mea-
sured at various times. As shown in Fig. 2, treatment with
bezafibrate suppressed the hepatic VLDL-TG production rate
26% in LDLR−/− mice (p<0.01).

LPL Activity

Post-heparin plasma of LDLR−/− mice with and without
bezafibrate treatment was assayed for LPL activity in tripli-
cate. LPL activity did not differ between the treated and
untreated mice (p=0.46) (Fig. 3).

Plasma Glucose Tolerance

To determine whether or not bezafibrate affected plasma glu-
cose metabolism, we measured the plasma glucose and insu-
lin levels after a 16 h fast and found no significant differences
between treated and untreated mice (Table 1). Glucose
response curves after the intraperitoneal glucose load were
indistinguishable between treated and untreated mice (Fig. 4).
In agreement with the lack of improvement in glucose toler-
ance, bezafibrate did not change plasma adiponectin levels
(Table 1).

Atherosclerosis

Atherosclerotic lesion size was evaluated at the aortic root
after feeding with the Paigen diet with or without bezafibrate
for 2 months (Fig. 5). Treatment with bezafibrate robustly
reduced lesion size by 51% (440,000±160,000 vs.
900,000±180,000 μm2, p<0.001).

Gene Expression in the Aorta

To determine whether or not bezafibrate influences athero-

Fig. 2. Hepatic VLDL-TG production. A: After a 16 h fast,
mice were injected with Triton WR-1339 (0.5 mg/g body
weight). Blood was obtained before, as well as at 60 and 180
min after, injection for measurement of plasma TG levels.
Male LDLR−/− mice were maintained on the Paigen diet
without (n=11; open circles) or with 0.1% (w/w) bezafibrate
(n=10; closed circles). B: Increment in the plasma TG level
from the baseline to 180 min was calculated. Values are
expressed as means±SD. *p<0.01.
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sclerosis by directly altering the expression of genes relevant
to atherosclerosis, we measured the mRNA levels of ABCA-
1, MCP-1, and LPL by real-time PCR. There were no changes
in the mRNA expression levels of ABCA-1, MCP-1, or
LPL between mice with and without bezafibrate treatment
(Table 3).

Discussion

In the present study, we showed that bezafibrate markedly
inhibited atherosclerosis in LDLR−/− mice. The anti-athero-
genic effects were associated with decreases in plasma cho-
lesterol and TG levels as well as an increase in the plasma
HDL-C level, but not with changes in the expression of genes
relevant to atherosclerosis in the aorta. These results suggest
that bezafibrate inhibits atherosclerosis primarily by affecting
the plasma lipoprotein profile.

Many clinical trials have demonstrated the clinical efficacy
and safety of fibrates (22, 31–33). Animal experiments should
be useful to determine how fibrates reduce the risk of cardio-
vascular events. However, somehow conflicting results have
been reported with regard to their effects even on lipoprotein
profiles. Cipofibrate did not influence the plasma HDL-C lev-
els in apoE−/− or LDLR−/− mice (18, 19). Fenofibrate
increased plasma HDL-C levels in LDLR−/− mice only when
human apoA-I was overexpressed in those animals (17).
GW7647, a PPAR-α agonist, did not change the lipoprotein
profile in LDLR−/− mice fed an atherogenic diet (34). In
rodents, fibrates paradoxically lowered plasma HDL-C levels
by decreasing the transcription of the apoA-I gene (35). The
lack of induction of apoA-I expression by fibrates has been
ascribed to the three nucleotide differences in the rodent
apoA-I promoter, which eliminates the binding of PPAR-α to

the promoter (11). Therefore, bezafibrate’s cholesterol-lower-
ing and HDL-C–raising effects are rather unique compared to
the effects of other fibrates. Unlike ciprofibrate and feno-
fibrate, whose active metabolites are dual agonists for PPAR-
α and PPAR-γ, with 10-fold selectivity for PPAR-α, beza-
fibrate is a panagonist activating all of PPAR-α, PPAR-γ, and
PPAR-δ (36). This receptor selectivity may account for the
significant influence on the lipoprotein profile in the present
study.

How did bezafibrate lower the plasma cholesterol level in
LDLR−/− mice? Since VLDL production was significantly
reduced in the mice treated with bezafibrate, we speculate that
decreased lipoprotein production plays a central role in the
reduction in cholesterol. Previous studies have shown that
fibrates stimulate lipolysis by activating LPL (6, 7) and
decreasing the plasma concentration of apoC-III (8), an apoli-
poprotein with an antagonistic property against lipolysis (9).
In the present study, we failed to detect an increase in LPL

Fig. 4. Glucose tolerance. After a 16 h fast, mice were
injected with a bolus dose of glucose (2 g/kg body weight)
into the peritoneal cavity. Blood was obtained before, as well
as at 30, 60, 90, and 120 min after the injection. Plasma glu-
cose levels were determined. Male LDLR−/− mice were
maintained on the Paigen diet without (n=14; open circles)
or with 0.1% (w/w) bezafibrate (n=11; closed circles). Val-
ues are expressed as means±SD.
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area in the aortic sinus from LDLR−/− mice without beza-
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Table 3. mRNA Expression in the Aorta

Bezafibrate

− (n=14) + (n=11)

MCP-1 1.0±0.52 0.71±0.43
LPL 1.0±0.97 0.65±0.40
ABCA-1 1.0±0.86 0.84±0.71

mRNA expression levels for monocyte chemoattractant protein-
1 (MCP-1), lipoprotein lipase (LPL) and ATP-binding casette
transporter A1 (ABCA-1) in the aorta were measured by real-
time PCR. Data were normalized for β-actin levels in each sam-
ple and calculated by the 2−ΔΔCT method. Data are shown as the
ratio between the values of the treated and non-treated mice. Val-
ues are expressed as means±SD.
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activity in post-heparin plasma (Fig. 3). However, it is still
possible that a decrease in plasma levels of apoC-III stimu-
lates lipolysis, thereby contributing to the lowering of the TG
content in TG-rich lipoproteins (Fig. 1) as well as plasma cho-
lesterol levels (37). With regard to the increased level of
HDL-C, increased lipolysis, though not directly demonstrated
in the present study, may be a central player, because we
failed to detect an increase in the expression of the ABCA-1
gene (Table 3), a key molecule mediating reverse cholesterol
transport. Fibrates paradoxically decrease the expression of
apoA-I in rodents (12).

Were other systemic factors involved in the anti-athero-
genic effects of bezafibrate? Impaired glucose tolerance,
insulin resistance, and/or changes in some humoral factors are
risk factors for atherosclerosis. We have examined glucose
tolerance, as well as fasting plasma levels of both insulin and
adiponectin, an emerging cytokine linking obesity/diabetes to
atherosclerosis (38, 39). Bezafibrate did not affect these
potential factors modulating atherogenesis. This was rather
unexpected, because amelioration of insulin sensitivity by
bezafibrate has been shown in previous animal studies (40).
Clinically, it was also proved that bezafibrate reduces insulin
resistance (41) and delays the onset of type-2 diabetes in
patients with impaired fasting glucose (42).

In addition to the systemic actions mentioned above,
fibrates can directly act on vascular wall cells. PPAR-α ago-
nists are known to exert anti-inflammatory effects at the vas-
cular level by reducing the cytokine-induced activation of
vascular cell adhesion molecule-1 in vascular endothelial
cells (13). Moreover, Chinetti et al. reported that PPAR-α
agonists stimulate cholesterol efflux from foam cell macro-
phages in vitro by inducing the expression of ABCA-1
through the stimulation of nuclear-receptor liver-X receptor
expression (43). In the present study, however, bezafibrate
did not reduce the mRNA expression level of MCP-1, which
plays a crucial role in the transendothelial migration of mono-
cytes into the vascular subendothelium, resulting in predispo-
sition to atherosclerotic lesions (44). Bezafibrate did not
affect the expression of LPL or ABCA-1 either. A similar
failure of ABCA-1 induction was reported by other investiga-
tors (17, 33). In mice with severe hypercholesterolemia, such
as LDLR−/− mice fed an atherogenic diet or apoE−/− mice,
ABCA-1 expression in the lesions may be maximally stimu-
lated by the liver-X receptor pathway induced by massive
cholesterol accumulation. PPAR-α agonists may not have
additional effects on the maximal induction.

In conclusion, we have demonstrated for the first time the
anti-atherogenic effects of bezafibrate in mice, corroborating
the findings of clinical trials. Based on our results, we pre-
sume that the favorable changes in the lipoprotein profile,
with a decreased ratio of non-HDL-C to HDL-C, primarily
account for the anti-atherogenic effects of bezafibrate, and
that the roles of other systemic and direct vascular effects are
less important.
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