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Introduction

The dramatic increase in the prevalence of obesity in the past
decade in the Western society has led to a marked rise in
the disease risk factor referred to as Metabolic Syndrome
(MS), characterized by a clustering of major risk factors for
developing cardiovascular diseases [1, 2]. These include hy-
pertension, impaired glucose tolerance, and dyslipidemia, in-
cluding elevated serum TG and low high density lipoprotein
(HDL) levels [3, 4]. Obesity is often associated with insulin
resistance that follows a wide array of pathophysiological
sequelae including type 2 diabetes, hypertension, and hyper-
lipidemia, which ultimately leads to premature cardiovascu-
lar disease (CVD) [5, 6]. Indeed, 78% of deaths in diabetic
population are attributed to CVD (reviewed in [7]). Epidemi-
ological evidences suggest a strong link between obesity and
the development of type 2 diabetes leading to abnormalities
in lipid metabolism and predisposition to CVD complications
[3, 8]. Diabetic patients treated with hypolipidemic drug, fi-
brates, showed marked decreases in cardiovascular events
[9], but the complete mechanistic insight is still not fully
understood.

Insulin resistance is a fundamental aspect of the etiology
of Type 2 diabetes and is linked to several metabolic ab-
normalities [10, 11]. In obesity and type 2 diabetes, insulin
resistance is manifested by decreased insulin-stimulated glu-
cose transport and metabolism as a result of impaired in-
sulin signaling in target tissues, liver, adipose, and mus-
cle [12]. Hyperlipidemia in MS is caused by derangement
in lipid and glucose metabolism, and the main contributor
to the hyperlipidemic profile appears to be hepatic VLDL
overproduction [13, 14]. Therefore, aiming to correct dys-
lipidemia, improve insulin sensitivity and reduce adiposity
may reduce the risks of developing atherosclerotic lesion
formation.

Fibrates are currently used to control lipid abnormali-
ties in dyslipidemic humans [9, 15], which act as PPAR1α

ligand that regulate the expression of a number of genes
important in lipid and glucose metabolism. The molecular
mechanism underlying the effects of fibrates involve activa-
tion of PPARα that heterodimerizes with retinoid X receptor
and subsequently binds to PPAR response elements in the
promoter of target genes [16]. The known target genes of
PPARα include acyl CoA oxidase (ACO), pyruvate dehy-
drogenase kinase (PDK4), apolipoprotein CIII, lipoprotein
lipase, fatty acid synthase (FAS) and acetyl CoA carboxylase
(ACC) [17,18]. Since pathophysiological conditions lead-

ing to abnormal metabolic pathways in MS occurs mainly
as a result of derangement in lipid metabolism, fibrates are
suggested to correct dyslipidemia by influencing these path-
ways. Growing body of evidence suggests that fibrates may
significantly reduce the cardiovascular events in the patients
with type 2 diabetes [9, 15], although the mechanism is still
not clear. Fibrates have been suggested to regulate energy
homeostasis [19, 20], and reduce adiposity in diet-induced
mouse model [21], which was further corroborated by the
development of late onset obesity in PPARα-deficient mice
[22].

Whether the improvements in lipid abnormalities, reduc-
tions in adiposity and amelioration of insulin resistance in-
deed influences lipid accumulation in the artery and thereby
reduces the risks of cardiovascular events is still a matter
of debate. To address this, we undertook the present in-
vestigation to delineate the mechanism of PPARα-mediated
triglyceride lowering, reductions in adiposity, and improve-
ments in insulin sensitivity, and to examine if these favorable
changes ultimately lead to the prevention of atherosclero-
sis. We chose male LDL receptor-deficient mice that develop
severe hypercholesterolemia and massive accumulation of
lipids in the aorta [23], and develop obesity and hyper-
triglyceridemia on high fat diet [24]. Since hypolipidemic
effects of fibrates are suggested to occur partly via influ-
encing the hepatic lipid production and partly via reduced
apoCIII [25–28] in conjunction with LPL-mediated clear-
ance of TG-rich apoB particles, male LDLr deficient mice
are appropriate animal model to test this hypothesis since it
lacks LDLr-dependent clearance of atherogenic lipoproteins.
ApoE-deficient and female LDLr deficient mice are not ap-
propriate model to ask the questions in this study because
of impaired remnant clearance due to lack of apoE and in-
terference of estrogens, respectively. To corroborate results
with the male LDLr deficient mice, studies were also per-
formed in diet-induced obese C57Bl LDL receptor compe-
tent mice. Our data suggest that inhibition of lipid production
together with lipolysis of TG-rich apoB particles by fenofi-
brate appears to be the major pathways of hypolipidemic
effects. Energy expenditure and leptin sensitivity was asso-
ciated with reductions in adiposity, and lowering of TNF-α
appears to be associated with insulin sensitivity and inhi-
bition of atherosclerosis progression. Together, these results
strongly suggest the beneficial effects of PPARα in correcting
lipid abnormalities and inducing energy expenditure leading
to improvements in cardiovascular complications caused by
atherogenesis.



Materials and methods

Animal treatments

Male LDLr deficient mice having C57Bl/6J background were
procured from Jackson Laboratories (Bar Harbor, Maine) at
6 weeks of age. Mice were allowed to acclimatize on ro-
dent chow diet for one week, followed by feeding a high
fat high cholesterol (HF) in which 45% of the calories were
obtained from butter fat plus 1.25% cholesterol for 2 weeks
in order to acclimatize to the high fat diet before starting
the experiment. On the average, the food consumption was
around 3 g/day. One group of mice (Group 1) was fed rodent
chow, Purina 5001 (n = 11). The HF-fed mice were divided
into 3 groups (n = 11/group) as follows: Group 2, High fat
high cholesterol (HF) with 45% calorie from butter milk and
1.25% cholesterol; Group 3, HF diet plus fenofibrate (apporx-
imately 100 mg/kg body weight); Group 4, HF plus rosigli-
tazone (approximately 10 mg/kg). Mice were fed powdered
HF mixed with the test compounds to achieve the approxi-
mate daily doses based on average daily food consumption.
New batches of diet-drug admixtures were prepared every
two weeks and kept in the refrigerator at 4 ◦C. Food was re-
placed with fresh food at the intervals of every 3 days. Body
weights were monitored every 5 weeks, and feeding contin-
ued for 24 weeks. At the end of week 20, mice were bled
retro-orbitally under isoflurane anesthesia, and plasma ana-
lyzed for FFA, TG, Cholesterol, insulin, glucose, and leptin
level. Feeding with or without the compounds were continued
to 24 weeks, when mice were sacrificed by carbon dioxide
asphyxiation. Liver, epididymal and mesenteric fat pad and
aorta were removed, weighed, and prepared for analysis (see
bleow).

In a separate experiment, male C57Bl mice obtained from
Charles River at 8 weeks of age were fed a high fat diet
with 60% calorie from lard and 1% cholesterol for 12 weeks.
This high fat (HFHC) diet differs from the HF diet in terms
of calories from fat (60% vs 45%), the source of the fat
(lard vs butter) and the amount of the cholesterol (1.25% vs
1.00%). One group of animals was fed standard rodent chow
Purina 5001 for the entire 16 weeks study period (Group
1, n = 8). Additional mice were first fed the HFHC diet
for 12 weeks, and then distributed to three groups as fol-
lows: Group 2, HFHC alone; Group 3, HFHC diet plus
fenofibrate (100 mg/kg/day); Group 4, HFHC plus rosigli-
tazone (10 mg/kg/day) for additional 4 weeks. At the end of
16 weeks feeding period, mice were fasted for 4 h, blood
withdrawn by cardiac stick under carbon dioxide asphyxi-
ation followed by the removal of liver, epididymal fat and
mesenteric fat. The organ weights were measured and pro-
cessed for the measurement of RNA and lipid as described
below.

Plasma analysis

At the start of the experiment, mice were bled retrorobitally
under isoflurane anesthesia and blood collected in tubes
coated with EDTA. Individual plasma obtained after cen-
trifugation was analyzed for total cholesterol, triglycerides
and glucose using enzymatic kits [29, 30]. These plasma lipid
data together with body weight were used for the grouping of
animals by randomization to match plasma lipid levels at the
start of dosing compounds. Body weight measurements and
monitoring of blood lipids were continued at intervals of ev-
ery 5 weeks, and finally at necropsy after 24 weeks. The mea-
surements of insulin and leptin were done by commercially
available ELISA kits obtained from ALPCO (Windham, NH).
Free fatty acids and β-hydroxybutyrate (ketone bodies) mea-
surements were also performed on samples obtained at 24
weeks of treatments using commercial kits. Individual plas-
mas were also used for the measurements of apolipopro-
teins A1, E, and B using either Western blotting or by ra-
dioimmunoassay. TNF-α levels were measured on individual
plasma using mouse TNF-α ELISA kit as described [31].

Plasma lipid profiles

At the end of 20 weeks of feeding HF diet with or with-
out the compounds, blood from LDL receptor deficient mice
was withdrawn under isoflurane anesthesia, and analyzed for
lipid parameters. The remaining plasma in each treatment
groups of LDL receptor deficient mice were equally pooled
and FPLC gel filtration chromatography was performed as de-
scribed [29, 30]. Cholesterol measurements were performed
on each fraction eluted from the column. The cholesterol con-
centration in each fraction was plotted against each fraction
to visualize various lipoprotein classes.

Measurements of hepatic TG and cholesterol

Hepatic triglyceride and cholesterol was measured by a mod-
ification of the method described before [25]. In brief, 100 mg
of liver samples were homogenized in saline (2 ml) using a
polytron at 4 ◦C, and processed immediately for the measure-
ments of triglycerides and cholesterol. Total lipid were ex-
tracted using chloroform:methanol (2:1) and dried under ni-
trogen and stored at −20 ◦C until the measurements of lipids.
Dried lipid extracts were resuspended in 100 μl of ethanol fol-
lowed by the measurements of cholesterol and triglycerides
using commercially avilable kits (Roche, NJ).

Glucose tolerance test

Intraperitoneal glucose tolerance test (IPGTT) was per-
formed in a separate group of 20 male LDL receptor deficient



Table 1.

Genes Forward primer (5′ to 3′) Probe (5′ to 3′) Reverse primer (5′ to 3′)

ACC1 ATT GGG CAC CCC AGA GCT A CCC CAC TGA GCG GAA GGA GCT G CCC GCT CCT TCA ACT TGC T

DGAT2 ACT CTG GAG GTT GGC ACC AT CAG CGT TGC TCT GGC GCA GGG TGT GGC TCA GGA GGA T

FAS CAT GAC CTC GTG ATG AAC GTG T CCG TCA CTT CCA GTT AGA GCA GGA CAA GC CGG GTG AGG ACG TTT ACA AAG

LPL TGG AGA AGC CAT CCG TGT G TGC AGA GAG AGG ACT CGG AGA CGT GG TCA TGC GAG CAC TTC ACC AG

PEPCK TTG AAC TGA CAG ACT CGC CCT TGT GGT GGC CAG CAT GCG GA GAT ATG CCC ATC CGA GTC ATG

mice [23]. After 10 weeks of feeding either standard ro-
dent chow, the HF diet alone, the HF diet plus fenofi-
brate (100 mg/kg/day), or the HF diet plus rosiglitazone
(10 mg/kg/day), mice (n = 5) were fasted overnight, bled
retroorbitally next day morning to remove 75 μl of blood.
After 1 h, treatment groups were dosed by oral gavage
with fenofibrate (100 mg/kg body weight) and rosiglitazone
(10 mg/kg body weight). The control groups were dosed
with vehicle only. After 2 h, mice were administered glucose
(1 g/kg body weight) intraperitoneally using 20% glucose
solution. At 15 min and 30 min after glucose administra-
tion, blood was withdrawn retroorbitally under isoflurane
anesthesia. The blood withdrawal at final time point was
done by cardiac stick under isoflurane followed by euthaniz-
ing the animals under carbon dioxide asphyxiation. Plasmas
were separated by centrifugation and glucose as well as in-
sulin measurements were performed using enzymatic kit and
ELISA, respectively.

Hepatic triglyceride secretion

Hepatic triglyceride secretion rates were measured in groups
(n = 6) of LDLr deficient mice fed either rodent stan-
dard chow, HF, or HF plus fenofibrate (100 mg/kg body
weight/day) for 8 weeks. These mice were 7-8 weeks at the
start of the experiment. At the end of feeding, mice were
weighed, fasted for 4 h and approximately 75 μl blood was
removed retro-orbitally as described [32]. A 20% solution
of tyloxapol (WR-1339, Sigma Chemical Co, St Louis) was
prepared in 0.9 M saline (v/v). Approximate 100 μl of ty-
loxapol solution was injected into tail vein (700 mg/kg body
weight). The volume of tyloxapol solution was adjusted for
the body weight. At 30 and 60 min time points, mice were
anesthetized by isoflurane followed by blood removal (75 μl)
retroorbitally. Blood withdrawal at 120 min was done by car-
diac stick under isoflurane followed by euthanizing the mice
under carbon dioxide asphyxiation. Plasma was separated by
centrifugation at 10,000 rpm for 10 min in a table top cen-
trifuge. Triglyceride measurements in the separated plasma
were done using enzymatic kit.

RNA analysis

Total RNA preparation from liver was done using Trizol RNA
preparation kit. All RNA samples were stored in 70% ethanol
at −80 ◦C. The integrity of RNA samples were determined
by visualization of the 28S and 18S RNA in 1% agarose gel
containing formamide and formaldehyde as described [33].
In addition, RNA quality was also ascertained by performing
Northern blotting analysis using apoE riboprobe [34]. Taq-
man real-time PCR was performed for the quantitations of
acetyl CoA oxidase (ACO), acetyl CoA synthase (ACC), fatty
acid synthase (FAS), lipoprotein lipase (LPL), apolipopro-
tein CIII (ApoCIII), sterol response element binding protein
1c (SREBP1c), diacyl glycerol acyl transferase 2 (DGAT2),
phosphoenol pyruvate carboxykinase (PEPCK), and uncou-
pling protein 2 (UCP2). The sequences of primers and probes
are shown in Table 1.

Measurements of adiposity and atherosclerosis

Adiposity measurements were done by increase in the fat tis-
sue mass. In addition to measuring epididymal fat and mesen-
teric fats, Dual Energy X-ray Absorptiometry (DEXA) was
performed after 20 weeks on HF. Mice were anesthetized and
put on the DEXA platform to measure body composition as
percent fat mass and percent lean mass. After the removal
of blood, the vasculature was perfused first with cold PBS
containing 5 mM EDTA through the left ventricle. All ad-
ventitious tissues connected to the aorta were removed care-
fully. The aorta from each mouse was removed from aortic
root to the renal artery and placed in cold PBS for 10 s fol-
lowed by blotting dry. Aortas were weighed individually, cut
into pieces and extracted with chloroform/methanol (2:1) as
described [29]. The measurement of cholesterol ester in the
aortic lipid extraction was carried out as described [29].

TNF-α-induced VCAM1 expression

TNF-α-induced VCAM1 expression was measured in human
aortic endothelial cells (HAEC) as described [34]. HAEC



were grown in a defined media to subconfluence and the
cells were harvested. To determine the maximal induction
of VCAM1 by TNF-α, a dose-response study was performed
using TNF-α concentrations ranging from 0.5 to 10 ng/ml.
Two controls were used, one without TNF-α to serve as basal
level of VCAM1 expression and the other with the 5 ng/ml
TNF-α to serve as the induced state of VCAM1 expression
in HAEC. To study the test compound effects on TNF-α-
induced VCAM1 expression, the test compounds were dis-
solved in DMSO and desired concentrations were added to
96 well plate previously incubated with 20,000 HAEC and
TNF-α (5 ng/ml). After the addition of compounds, the cells
were incubated for another 12 h, and VCAM1 expression
measured using ELISA kit. The levels of VCAM1 expres-
sion were expressed as percent of control in the presence of
TNF-α alone.

Statistical analysis
Statistical analyses were done using ANOVA. For compar-
ison between the groups a p value of less than 0.05 was
considered as significant.

Results

Fenofibrate prevents body weight gain and reduces fat mass
in high fat-induced obese LDLr-deficient male mice

LDLr deficient mice were fed regular rodent chow, HF
diet alone or with fenofibrate (100 mg/kg/day). Mice fed
regular chow gained about 5 g body weight (i.e., a body
weight gain of 15%) after 20 weeks of feeding, whereas HF
diet increased body weight about 13 g (i.e., a body weight
gain of 40%) in this same period. The HF diet enhanced body
weight occurred in a time-dependent manner and resulted in
obesity (Fig. 1). Compared to an average body weight of
41.6 ± 1.3 g in the HF diet fed group, fenofibrate treated
animals showed an average body weight of 31.5 ± 0.4 g,
similar to the weight gain observed in the chow fed group
(31.2 ± 0.8 g). Unlike fenofibrate, rosiglitazone, known to
act as an insulin sensitizing agent [36], caused weight en-
hancement in this model similar to effects seen in humans
[37]. Both epididymal and mesenteric fat showed significant
decreases in fenofibrate treated group compared to the ve-
hicle treated group (Fig. 2). Fenofibrate reduced fat pad by
300% (1.02 ± 0.03 g) compared to mice fed HF diet alone
(2.87 ± 0.19 g; p < 0.025). Fenofibrate also reduced mesen-
teric fat mass by 300% (HF diet, 0.91 ± 0.06 g; HF diet plus
fenofibrate, 0.30±0.03 g, p < 0.001). Lean body mass, mea-
sured by Dual Energy X-Ray Absorptiometry (DEXA), did
not change in the fenofibrate treated LDLr deficient mice.
Food consumption in the HF diet group and HF diet plus
fenofibrate group was similar. On the average mice ate about

Fig. 1. Fenofibrate prevents body weight gain in male LDL receptor knock

out mice-fed HF Diets containing butter fat (45% calorie) and 1.25% choles-

terol. For comparison, one group of mice was fed standard rodent Chow

without any added fat. Body weight measurements were done at 5 weeks, 10

weeks and 20 weeks after feeding HF diet with or without compounds. The

diet groups are as follows: empty bars, Chow-fed; dotted bars, HF; stripped

bars, HF plus Rosiglitazone (10 mpk); Filled bars, HF plus fenofibrate

(100 mpk). The upper panel shows actual body weight measurements and

the lower panel shows body weight gain (g) compared to day 1. ∗ p < 0.005

(n = 11) compared to chow-fed group, #<0.025 (n = 11) compared to HF

fed group.

3 g HF diet every day in each group. To examine if lack
of LDL receptor impacted fenofibrate-mediated reduction in
adiposity, we studied fenofibrate effect in diet-induced obese
C57Bl mice fed a high fat high cholesterol (HFHC) diet for
12 weeks. This diet differed from the HF diet used in the prior
study in that the calories from fat was higher (60% vs 45%)
and source of fat was derived from lard instead of milk. When
fed the HFHC diet, the C57Bl mice became obese after 12
weeks of feeding high fat diet with an average body weight
of 43 ± 1.8 g, compared to the chow fed (28.5 ± 0.8). On
the HFHC diet, the epididymal (1.93 ± 0.06 g, n = 10) and
mesenteric fat (0.714 ± 0.07 g, n = 10) mass increased sig-
nificantly compared to mice fed chow diet. Treatments with
HFHC diet plus fenofibrate for 4 weeks reduced fat pad by
more than 100% to 0.93±0.10 g (p < 0.025), and mesenteric
fat by 80% (0.40±0.04, p < 0.025) (Fig. 3). Non-esterified
fatty acids and triglycerides also showed significant lowering
following fenofibrate treatment (Fig. 3). These data demon-
strate fenofibrate prevents diet-induced adiposity.



Fig. 2. Fenofibrate reduces epididymal and mesenteric fats in LDL receptor

deficient mice. At the end of 24 weeks of feeding, mice were anesthetized

followed by carefully removing epididymal and mesenteric fats. Groups

were blinded to avoid any bias. The results shown are normalized with body

weight. Upper panel shows epididymal fat and lower panel shows mesenteric

fat. ∗ p < 0.025 (n = 11) compared to chow-fed group, #<0.025 (n = 11)

compared to HF fed group.

Fenofibrate reduces high fat induced hypertriglyceridemia
and hypercholesterolemia

Feeding the HF diet for 20 weeks elevated levels of plasma
TG in LDLr deficient mice (1041.6 ± 100.6 mg/dl compared
to 91.74 ± 4.1 mg/dl in chow fed mice) (Fig. 4), suggest-
ing that high fat diet induces hypertriglyceridemic pheno-
type in the LDLr deficient mice. Treatments with fenofibrate
reduced plasma levels of TG by 34% (761 ± 141 mg/dl,
p < 0.025). Feeding Chow diet induced mild hypercholes-
terolemia in LDLr deficient mice (174.6 ± 9 mg/dl), sug-
gesting that other pathways possibly compensated for the
absence of LDL receptor in chow-fed male LDLr deficient
mice. Feeding high fat diet, however, induced severe hyper-
cholesterolemia, raising plasma levels of cholesterol to 1356
± 71 mg/dl. Treatments with fenofibrate lowered circulating
cholesterol by 33% (931 ± 89 mg/dl, p < 0.025). Similarly,
fenofibrate also lowered non-esterified fatty acids by about
30%, suggesting that fenofibrate when given as diet admix-
ture was able to reduce circulating plasma lipids by 30–35%.
Fenofibrate significantly lowered plasma levels of fatty acids,
triglycerides, and cholesterol when compared to HF diet fed

Fig. 3. Fenofibrate lowers free fatty acids and decrease white adipose tissues

in diet-induced obese C57Bl mice. Male C57Bl mice were fed high fat high

cholesterol (HFHC) diet with 60% calorie from lard for 12 weeks. One

group of mice was fed regular rodent Chow. At the end of 12 weeks feeding,

one group of mice on high fat diet was also given fenofibrate (100 mpk),

and feeding continued for another 4 weeks. At the end of 16 weeks, mice

were anesthetized under isoflurane, tissues removed and blood withdrawn

by cardiac puncture. Blood was collected in EDTA-coated tubes and plasma

isolated by centrifugation at 10,000 g for 10 min. Plasma parameters were

analyzed on individual plasma samples. Filled bars represent epididymal fat

and stripped bars mesenteric fat. ∗ p < 0.025 (n = 8) compared to HFHC

group.

group (Fig. 4). The levels of plasma apoA1 and apoE did not
change following fenofibrate treatments (data not shown).
The changes in the lipoprotein cholesterol were evaluated by
performing FPLC gel filtration chromatography. As shown in
Fig. 5, fenofibrate effectively lowered VLDL, IDL, and LDL
cholesterol, and showed modest increase in HDL cholesterol.

Fenofibrate inhibits hepatic triglyceride output rate

Since fenofibrate treatment reduced plasma levels of TG by
30–35%, we examined hepatic TG production and output



Fig. 4. Changes in plasma parameters of nonesterified fatty acids, cholesterol, triglycerdies, and glucose after 20 weeks of feeding chow, HF or HF plus test

compounds. At the end of 20 weeks feeding, mice were anesthetized under isoflurane and 100 μl blood withdrawn retroorbitally in tubes-containing EDTA.

Plasmas were separated by centrifugation and measurements were done using enzymatic kits. ∗ p < 0.025 (n = 11) compared to chow-fed group, #<0.025

(n = 11) compared to HF fed group.

Fig. 5. Fenofibrate lowers VLDL and IDL particles as measured by FPLC.

Plasma from individual mouse in each group (n = 11) was pooled and

FPLC performed using Superose6 column. In each fraction, cholesterol was

measured using enzymatic method. Squares represent HF-fed and vehicle

treated group, and triangles represent fenofibrate (100 mpk) treated group.

rate in male LDLr deficient mice (n = 6) fed either chow
or high fat diet alone or with fenofibrate (100 mg/kg/day) for
8 weeks. At the end of feeding, mice were fasted for 4 h and
administered tyloxopol intravenously to block the clearance

of TG-rich particles by inhibiting lipoprotein lipase. Since
hepatic secretion of TG occurs via VLDL secretion, any
net appearances of TG in the circulation would reflect TG
production rate. As shown in Fig. 6, hepatic TG production
in HF diet-fed animals were 2-fold higher compared to the
chow-fed mice (HF, 1120 ± 112 vs Chow, 630 ± 65 mg/dl,
p < 0.005), demonstrating elevated hepatic TG secretion on
high fat diet. Treatments of HF diet-fed mice with fenofi-
brate inhibited hepatic TG output to levels observed in the
chow-fed mice (690 ± 63 compared to 1120 ± 112 mg/dl in
the HF-fed mice without fenofibrate, p < 0.005). These data
show fenofibrate inhibits hepatic production of TG.

Fenofibrate inhibits expression of lipogenic genes

Next we examined if down-regulation of the key enzymes
involved in hepatic lipid synthesis are associated with lower
circulating TG and inhibition of hepatic TG output rate. Total
RNA isolated from livers of mice from each group was an-
alyzed for the expression of lipogenic genes using primers
and probes shown in Table 1. As shown in Fig. 7, the marker



Fig. 6. Fenofibrate inhibits hepatic triglyceride output rates. The uptake

of triglycerides were blocked by the inhibition of lipolysis by intravenous

administration of tyloxapol. The synthesized and secreted TG from the liver

was measured in the blood withdrawn at various time points as indicated. The

TG secretion in the HF fed LDLr deficient mice were significantly different

(p < 0.025) compared to Chow fed groups. Fenofibrate treatment reduced

TG secretion rates (p < 0.025) compared to the HF-fed groups. Various

groups are represented as follows: Diamonds, Chow- vehicle; Squares, HF

vehicle; Triangles, HF Diets treated with fenofibrate (100 mpk).

enzymes of the PPARα activators, acetyl CoA oxidase (ACO)
increased by 3-4-folds, suggesting that fenofibrate was active
in the liver. Another marker enzyme of PPARα agonists in
the liver, lipoprotein lipase (LPL), expression increased by
more than 4-fold. The lipogenic enzymes, acetyl CoA car-
boxylase (ACC) and fatty acid synthase (FAS) were found to
be down-regulated together with a transcription factor, sterol
regulatory element binding protein 1c (SREBP1c), which
is involved in the upregulation of lipogenic genes. These
data suggest that fenofibrate lowers plasma levels of TG
by down-regulating lipogenic genes and enhancing clearance
of apoB/E particles via lipolytic pathways that may involve
LPL.

Fig. 7. Fenofibrate down-regulates the hepatic expression of lipogenic genes

and upregulates lipolytic gene. Several key players in lipid synthesis were

examined for fenofibrate-mediated regulation. As a marker of PPAR activa-

tion, ACO mRNA levels were also quantitated. The sequences of probes and

primers for Taqman Assay are shown in Table 1. ∗<0.025 (n = 6) compared

to HF fed group.

Fig. 8. Fenofibrate down regulates hepatic DGAT2 gene expression. Taq-

man assay for hepatic DGAT2 mRNA quantifications were performed on

individual RNA isolated from randomly selected 6 animals in each group.

Fenofibrate significantly (p < 0.025) lowered DGAT2 mRNA.

To further examine the fenofibrate effects on lipid syn-
thesis, expression levels of diacylglycerol acyltransferase 2
(DGAT2), a rate-limiting enzyme in the TG synthesis was de-
termined. DGAT2 catalyzes triacyl glycerol (TG) formation
from diacylglycerol (DG), predominantly in the liver and adi-
pose tissues. The TG formed are utilized for VLDL assembly,
which are secreted into the circulation. Figure 8 shows fenofi-
brate down-regulates hepatic DGAT2 expression by 3-fold
(p < 0.025) when compared to vehicle group. Rosiglitazone
did not lower hepatic DGAT2 mRNA levels.

Fenofibrate lowers hepatic lipid

We also examined if hepatic lipogenic enzymes mRNA lev-
els were associated with hepatic TG and cholesterol levels. In
chow-fed mice, liver TG and cholesterol levels were 7.6 mg/g
liver weight and 3.2 mg/g liver weight, respectively. Feeding
the HF diet elevated hepatic TG by 376% to 28.6 mg/g liver



weight (p < 0.025) and cholesterol by 543% to 17.4 mg/g
liver weight (p < 0.025). These increases were associ-
ated with increase in liver weight. Treatments of HF diet-
fed LDLr deficient mice with fenofibrate resulted in the
reduction of TG and cholesterol by 150% and 260%, respec-
tively, consistent with the observed down-regulation of li-
pogenic enzymes (Fig. 7). The HF diet increased liver weight
by 192% compared to chow-fed mice. HF diet in the pres-
ence of fenofibrate showed liver weight increase by only
117% compared to HF diet-fed mice. Thus, a massive in-
crease in liver weight in the fenofibrate treated group was
not observed over and above high fat feeding. The hepatic
peroxisomal proliferation might also contribute to alteration
in the hepatic lipid metabolism by influencing fatty acid
oxidation.

Fenofibrate improves insulin and leptin utilization

Diet-induced obese male LDLr deficient mice increased lev-
els of insulin and leptin (Fig. 9), an indication of insulin and
leptin resistance. Plasma insulin levels increased by more
than 2 fold in the HF diet-fed LDLr deficient mice compared
to chow fed mice (HF, 4.63 ± 0.29 ng/ml vs, 2.12 ± 0.08
ng/ml, p < 0.005). As expected, treatments with rosiglita-
zone, a potent PPARγ agonist, enhanced insulin utilization
and maintained insulin levels (2.2 ± 0.2 ng/ml) at a level
similar to that found in the chow-fed animals. Fenofibrate, a
PPARα agonist, not reported to be as potent as rosiglitazone
in terms of improving insulin sensitivity, showed effects sim-
ilar to the rosiglitazone-treated obese LDLr deficient mice
in maintaining insulin levels. Plasma leptin levels were also
measured in these mice. As shown in Fig. 9, HF diet feed-
ing caused almost 5-fold increase in the plasma leptin levels
when compared with chow-fed animals (chow, 14 ± 4 vs
HF diet, 67 ± 5, p < 0.005). Treatments with fenofibrate
in HF diet for 20 weeks showed leptin levels comparable to
those seen in the chow-fed mice (HF diet + feno, 21.5 ±
3.5, p < 0.005 vs HF). Leptin levels appeared to correlate
with body weight and adipose mass reduction (Figs. 1–3).
Since rosiglitazone did not reduce body weight gain and lep-
tin, it suggests that the leptin levels were associated with
changes in body weight. Similar studies were carried out in
the C57Bl male mice fed HFHC diet (60% calories from lard)
for 12 weeks, and plasma insulin and leptin levels measured.
Fenofibratete coadministration maintained insulin levels in
diet-induced obese C57Bl mice (data not shown), suggesting
enhanced insulin utilization by fenofibarte is not limited to
the LDLr deficient mice. Effect of fenofibrate on maintain-
ing insulin levels was also examined in Zucker fatty rats and
in ob/ob mice, and in both these genetic models, fenofibrate
improved insulin sensitivity (RAK Srivastava, unpublished
results).

Fig. 9. Fenofibrate lowers plasma levels of insulin and leptin. The plasmas

obtained at 24 weeks of feeding were analyzed for insulin and leptin by

ELISA methods. The results shown here are from values obtained using

individual mice (n = 11). The HF vehicle group is significantly different

(p < 0.001) from the Chow vehicle group (both panels). The lowering of

insulin in the rosiglitazone and fenofibrate treated groups are significantly

different compared to the HF vehicle group (p < 0.005). The lowering

of leptin compared to HF vehicle was significantly different only in the

fenofibrate treated group (p < 0.005), but not in the rosiglitazone treated

group.

Fenofibrate effect on insulin sensitivity was assessed by
intraperitoneal glucose tolerance test in LDLr deficient mice.
Fenofibrate treatment showed plasma insulin response to glu-
cose during IPGTT, suggesting that the insulin-sensitizing
effect was similar to rosiglitazone (Fig. 10, lower panel).
However, glucose utilization in the fenofibrate treated group
was similar to the untreated control. Whether fenofibrate acts
directly as an insulin sensitizing agent or invokes insulin sen-
sitizing response through the reduction of tissue triglycerides
or modelizing of endogenous PPAR gamma ligands remains
to be determined.

Fenofibrate induces energy expenditure and inhibits
gluconeogenesis

To investigate mechanistic insights of the prevention of
weight gain by fenofibrate in high fat fed male LDLr deficient



Fig. 10. Fenofibrate improves insulin sensitivity in HF-fed LDLr deficient

mice. LDLr deficient mice were fed either regular rodent diet or HF diet

for 10 weeks (n = 5). One group of mice was fed HF diet mixed with

fenofibrate (100 mpk), and the other group with rosiglitazone (10 mpk). At

the end of feeding, mice were fasted over night, and IPGTT performed

the next day. Upper panel shows glucose values and the lower panel shows

insulin values. The area under the curve (AUC) for insulin were significantly

lower (p < 0.025) for fenofibrate and rosiglitazone when compared to HF

diet alone. AUC for glucose was also significantly different for rosiglitazone

and fenofibrate when compared to HF-fed group, but rosiglitazone showed

more potent effects in metabolizing glucose compared to fenofibrate.

mice, we measured energy expenditure and regulation of pro-
teins involved in this process. If the prevention of weight gain
in the high fat fed mice occurred via oxidation of lipids in the
muscle, one would observe activation of uncoupling protein
and production of ketone bodies as well as consumption of
more oxygen. Indeed, we found increased amounts of plasma
ketone bodies in the fenofibrate treated mice with concomi-

Fig. 11. Fenofibrate down regulates hepatic PEPCK gene expression. Taq-

man assay for hepatic PEPCKmRNA quantifications were performed on

individual RNA isolated from randomly selected 6 animals in each group.

Fenofibrate significantly (p < 0.025) lowered PEPCK mRNA.

tant increase in the oxygen consumption (data not shown).
The elevation of plasma ketone bodies in conjunction with
lack of body weight gain is consistent with an enhanced mobi-
lization of stored fat and enhanced beta oxidation. In addition,
UCP2 expression in the liver increased by 2-fold, suggesting
that lipid derived energy from dietary fat is also dissipated
as heat. Overall, these processes whereby diet-derived fat
in the adipose tissues is retarded (as evidenced by the re-
duced adipose tissue mass), beta oxidation is increased (as
evidenced by elevation of plasma ketone bodies) and hepatic
thermogenesis is enhanced (as evidenced by elevated UCP2
expression) by fenofibrate suggest induction of a catabolic
state or negative energy balance despite adequate dietary
intake.

In addition to enhancing increased insulin utilization,
fenofibrate also down-regulated the expression of the PEPCK
(Fig. 11), a key enzyme in the gluconeogenic pathway. Re-
ductions in the production of hepatic glucose may reduce
hepatic VLDL-TG production and contribute to the improve-
ments in lipid abnormalities and glucose homeostasis.

Fenofibrate inhibits lipid deposition in the aorta

To assess the effect of PPARα agonist mediated reductions in
the aortic lipid deposition, mice were sacrificed under isoflu-
rane anesthesia followed by infusion of the vasculature and
subsequently isolation of aorta. A representative example of
such aorta is shown in Fig. 12 (upper panel), suggesting ac-
cumulation of lipids on high fat diet and reduction of lipid
on high fat diet supplemented with fenofibrate. A more pre-
cise assessment of aorta by measuring cholesterol esters sug-
gests that feeding a regular rodent chow for 24 weeks show
hardly any lipid deposition in the aorta of male LDLr defi-
cient mice (0.97 ± 0.54 μg cholesterol ester/ mg wet aorta).
A high fat feeding for the same duration (24 weeks) caused
massive accumulation of lipid in the aorta and branching



Fig. 12. Fenofibrate reduces deposition of lipids in the aorta. Photographs shown were taken after 24 weeks of feeding on HF diet with or without fenofibrate.

These photographs are representative of aortic arch of LDLr deficient mice on regular Chow diet, HF diet and HF diet mixed with fenofibrate (100 mpk). Lower

panel- Fenofibrate reduces cholesterol ester contents in LDL receptor deficient mice aorta. The aorta of LDLr deficient mice in various treatment groups were

isolated as described in the materials and methods section, and amounts of cholesterol ester measured in the organic extract. HF diet caused accumulation of

lipids in the aorta, while Fenofibrate (100 mpk) and Rosiglitazone (10 mpk) inhibited the accumulation of lipids. The data show mean values from 11 mice in

each group. Fenofibrate and rosiglitazone significantly inhibited lipid accumulation in the aorta (p < 0.025).

arteries (19.7 ± 7.2 μg cholesterol ester/ mg wet aorta). Sup-
plementation of high fat with fenofibrate (100 mg/kg body
weight/ day) significantly prevented lipid accumulation in
the aorta by 75% (4.78 ± 7.2 μg cholesterol ester/ mg wet
aorta, p < 0.01) (Fig. 13).

Fenofibrate inhibits TNFα-induced elevation of VCAM1
in human aortic endothelial cell

To gain further insights into the mechanism of fenofibrate-
mediated reductions in the deposition of lipids in the aorta, the
effect of fenofibrate on TNFα induced expression of VCAM1
in the human aortic endothelial cells (HAEC) was exam-
ined. A large body of evidence suggests that the initiation of
atherogenic process is triggered by any insult to the endothe-
lial cells resulting in a sequence of biologic processes in-
cluding induction of VCAM1 which then recruits circulating

monocytes onto the vessel wall. Although multiple mecha-
nism may be responsible for fenofibrate-mediated inhibition
of atherosclerosis progression, in this study, we tested the
hypothesis that fenofibrate inhibits the induction of VCAM1
leading to the inhibition of recruitment of circulating mono-
cytes onto the vessel wall. To test this hypothesis, studies were
carried out in HAEC in which the expression of VCAM1 can
be induced by TNFα [35]. Treatments with fenofibrate sig-
nificantly (p < 0.02) inhibited TNFα-induced upregulation
of VCAM1 expression (54% inhibition compared to control
group) (Fig. 14). Chenodeoxycholic acid, known to stimu-
late TNFα [38], further increased TNFα-induced VCAM1
expression by 50%. As expected, agents known to have an-
tioxidant activities like chrysin [39] showed strong inhibition
of TNFα-induced VCAM1 expression (85% reduction com-
pared to control group). Guggulsterone, an FXR antagonist
[40], also showed inhibition of VCAM1 expression. Chen-
odeoxycholic acid is a ligand to FXR, and as expected, the



Fig. 13. Fenofibrate inhibits TNF-α induced VCAM1 expression in human aortic endothelial cells. Human aortic endothelial cells were grown and treated as

described in the materials and methods section. The treatment groups are as follows: TNF (−), no TNF-α; TNF-α (+), 5 ng/ml TNF-α. All other treatment

groups were done in the presence of 5 ng/ml TNF-α. CDC, chenodeoxycholic acid; guggal, guggalsterone; ciglit, ciglitazone; feno, fenofibrate. The assays

were perfromed in quadruplicate, and the values represent mean ± SEM. Compared to the positive control group, TNF-α (+), all treatment groups except CDC

showed significant inhibition of TNF-α induced VCAM1 expression (p < 0.025).

effects of guggulsterone and chenodexycholic acid were in
opposite direction in terms of TNFα-induced VCAM1 ex-
pression. Ciglitazone proved to be a potent inhibitor of TNFα-
induced VCAM1 expression in HAEC. Thus, all the controls
used in the present study showed expected results. These data
suggest that fenofibrate-mediated inhibition of VCAM1 ex-
pression may have contributed, in part, to the atheroprotective
effects. However, further in vivo studies are warranted to
prove this hypothesis.

Discussion

LDLr deficient mice exhibit characteristics of human familial
hypercholesterolemia in which LDLr are impaired or non-
functional. LDLr deficiency impairs the clearance of athero-
genic particles, causing accumulation of circulating VLDL
and LDL, and susceptibility to develop coronary artery dis-
ease. Another feature of LDLr deficient mice, unlike apoE-
deficient mice, is their accelerated development of obesity on
a high fat diet. These characteristics of LDLr deficient mice
make this genetic mouse model useful in evaluating com-
pounds having antiobesity and antiatheroslcerotic properties.
LDLr deficient mice, but not apoE-deficient mice have also
been shown to develop insulin resistance [41], and suscep-
tibility to develop atherosclerosis [42], therefore, the same
model could be used for the evaluation of chemical agents
for several parameters, including obesity, insulin sensitivity
and atherosclerosis progression. Given the known activities
of fenofibrate, we hypothesized that the lipid lowering activi-
ties together with prevention of body weight gain by enhanced
fatty acid oxidation would contribute to enhancement of in
insulin utilization as well as reduction in the aortic lipids.
Regression of atherosclerosis has been studied by PPAR-γ

agonists in LDLr-deficient mice [23] and by PPAR-α ago-
nist in apoA1 transgenic mice having apoE null background
[43], but no study has been done with regard to the inhi-
bition of atheroscleriosis by PPAR-α agonist. This is the
first study addressing this question in an appropriate animal
model.

With respect to body weight, fenofibrate completely pre-
vented body weight gain induced by high fat feeding via
reductions in the WAT mass. Rosiglitazone, a PPARγ ag-
onist, on the other hand did not reduce either body weight
or WAT, suggesting that the prevention of body weight gain
was PPARα agonist-specific phenomenon. Previous studies
reported body weight reduction in C57Bl [21], but the re-
ductions in WAT were not as pronounced as in the present
studies. Fenofibrate also prevented body weight gain in rats
[44], suggesting that the effect of fenofibrate in the preven-
tion and reduction of body weight is not limited to mice. The
increase in the WAT mass may have occurred as a result of
increased delivery of circulating lipoproteins to the WAT tis-
sues as well as the enhanced ability of WAT for TG uptake
[41]. The body weight and WAT reductions in the fenofibrate
treated LDLr deficient mice was so profound that fenofibrate
treated HF-fed obese mice looked very much like chow-fed
mice. Prevention of body weight gain by fenofibrate was asso-
ciated with increased oxygen consumption and ketone body
formation (data not shown), and by the up-regulation of hep-
atic UCP2. The reductions in adiposity by PPARα agonist
occurred independent of changes in food intake. Fenofibrate
effect was found to be opposite to what is observed with
PPARγ activators [20, 45]. Thus, the data suggest that the
prevention of body weight gain and reductions in the adipose
tissues in the fenofibrate treated group occurs via energy ex-
penditure as well as reductions in the production of fatty acids
(discussed below).



Concomitant with weight reduction, the levels of circulat-
ing TG, NEFA and cholesterol dropped. HF feeding made
LDLr deficient mice phenotype look very much like humans
with combined hyperlipidemia. We took advantage of this
model to investigate LDLr-independent pathway in lowering
high fat-diet induced increases in TG and cholesterol. Under
this experimental condition, the major pathway contribut-
ing to the reduction of diet-induced hyperlipidemia appears
to be: a) the lipid production pathway involving lipogenic
enzymes in the relevant tissues, and b) lipolysis of TG-rich
apoB particles by LPL and clearance via pathways other than
LDL receptor. These possibilities were examined. Fenofi-
brate, reduced TG and cholesterol by 35%. This reduction
may have occurred, in part, as a result of limited availability
of intracellular fatty acids, which may have triggered intra-
cellular degradation of apoB [46]. Since apoE is the main
ligand for the binding and clearance of apoB48 particles via
receptors other than LDL receptor, this could serve as an
additional pathway contributing to reduced levels of apoB-
containing particles. This conclusion is further substantiated
by the fact that fenofibrate was unable to lower plasma lipids
in the apoE deficient mice [42]. Therefore, inhibition of lipid
production pathways [47] and stimulation of lipolytic path-
ways contribute to the clearance of TG-rich apoB particles
[48]. Lipoprotein lipase enhanced lipolysis and clearance of
lipoprotein-TG by pathways other than LDL receptor [48].
A key player in the synthesis of triacylglycerol is DGAT2,
and is highly expressed in the TG synthesizing tissues, liver
and WAT [49]. DGAT2 down-regulation by fenofibrate may
have, in part, contributed to the fenofibrate-mediated reduc-
tion in the TG output rate from the liver. Reductions in hepatic
lipid levels together with reduced TG output rate and down-
regulation of lipogenic enzymes, all favors the notion that
fenofibrate lowered circulating lipoproteins, at least in part,
via inhibiting the lipid production pathway and partly via
LPL-mediated pathway.

We evaluated the robustness of fenofibrate in improv-
ing insulin sensitivity in this model. Fenofibrate treatment
clearly showed insulin utilization in the insulin-resistant diet-
induced LDLr deficient mice, which was further corroborated
by glucose tolerance test. In addition, fenofibrate also down-
regulated PEPCK expression, which may further contribute
to the normalization of glucose homeostasis. PPARα activa-
tors enhance fatty acid oxidation in the liver and as a result
produce ketone bodies. This may increase the flux of fatty
acids from the peripheral tissues like skeletal muscle and
adipose tissues to the liver and reduce TG delivery to these
tissues. As a result, fatty acid induced inhibition of insulin
action on glucose disposal is reduced, and insulin sensitivity
is improved. Since fenofibrate also lowers lipogenesis (this
study), it is possible that the lower TG content in the mus-
cle improves insulin action, glucose disposal and reduction
in adiposity [50, 51]. Another player important in the devel-

opment of insulin resistance is TNF-α. The concentration of
TNF-α increases in obese insulin resistant humans [52] and
Zucker fatty rats [52]. TNF-α interferes negatively with in-
sulin signaling [53] and contributes to the development of in-
sulin resistance. Therefore by reducing this cytokine it is pos-
sible to alleviate insulin resistance occurring via this pathway.
Indeed, PPARα activators have been shown to lower TNF-α
via NF-κB-mediated pathway [54]. In genetic insulin resis-
tant animal models fenofibrate decreases circulating levels of
TNF-α (R.A.K. Srivastava, unpublished results), suggesting
that reductions in TNF-α, in part, improves insulin sensitivity.
Reduced production of glucose via PEPCK down-regulation
appears to be another pathway of glucose reduction in insulin
resistance animal models.

We tested the hypothesis that improvement of insulin sen-
sitivity, reduction in adiposity and lowering of lipids leads to
the prevention of atherosclerosis. ApoE deficient mice, un-
like male LDLr deficient mice, lack the features like insulin
resistance and obesity [41, 42]. Moreover, fenofibrate hardly
has any effect on plasma lipid levels and only minimal ef-
fects in reducing atherosclerosis in apoE deficient mice [43,
RAK Srivastava, unpublished results). Thus, male LDLr de-
ficient mice fed atherogenic diet exhibit clinical features of
dyslipidemic and insulin resistant patients. Treatments with
fenofibrate not only had a profound effect in lowering lipids,
reducing adiposity and improving insulin resistance, but mas-
sively reduced aortic lipid contents in the present study. These
results clearly demonstrate atheroprotective effects of PPAR
alpha activators in metabolic syndrome setting. In atheroscle-
rosis regression study, female LDLr deficient mice responded
differently to PPAR-γ agonists in terms of lipid deposition
in the aorta [23].Ciprofibrate, in one isolated study in chow-
fed female LDLr deficient mice, also reported mild increase
in aortic lipid deposition as a result of increased atherogenic
lipoproteins [55]. This study further supports our findings
that reductions in the levels of atherogenic lipoprotein leads
to reduced aortic lipid deposition. Several mechanisms have
been attributed to the atheroprotective effects of PPAR lig-
ands. Potential mechanism appears to invoke through proin-
flammatory cytokines and adhesion molecules. PPAR-alpha
agonists have been shown to influence monocyte chemoat-
tractant protein-1 (MCP1) expression in macrophages and
VCAM1 expression in endothelial cells [23, 43], but these
mechanisms do not seem to be entirely responsible for athero-
protection by PPAR-gamma agonists in Western-type diet fed
LDLr deficient mice [23]. In male mice PPAR-gamma effect
appeared to occur via down-regulation of TNF-α expression.
Further evaluation of atherosclerosis suggested that athero-
protection by PPAR agonists occurs via several players in-
cluding, VCAM-1, MCP-1, and IFN-γ [56]. To ascertain if
indeed antiatherosclerotic activity of PPAR-alpha in LDLr
deficient mice occurs via TNF-α and VCAM-1 mediated
pathways, we carried out studies in human aortic endothelial



cells (HAEC). TNF-α profoundly elevated VCAM-1 expres-
sion in HAEC, which was inhibited by PPAR-alpha agonists,
PPAR-gamma agonists, and flavonoids, and corroborates the
results of PPAR-gamma-mediated reductions in aortic lipid
deposition in LDLr deficient mice [23], where lowering of
TNF-α was associated with reductions in aortic lipid de-
position. Based on these results it is tempting to believe
that fenofibrate reduces aortic lipid deposition, in part, via
down-regulation of TNF-α [57] and VCAM-1 [58], an im-
portant player in setting the early stage in atherogenesis. We
would like to emphasize that the model we used in the present
study was atherosclerosis progression and not a regression, as
in earlier study with LDLr deficient mice using PPAR-γ ago-
nist [23]. Similar regression model using fenofibrate was also
utilized by Duez et al. [43] in a different mouse model. Since
VCAM-1 is the major player in setting the stage of atheroscle-
rosis, we attempted to investigate if fenofibrate modulates
VCAM-1 at least in human aortic endothelial cells. Indeed,
fenofibrate did inhibit TNF-α-induced VCAM-1 expression.
Taken together, our data demonstrate that fenofibrate inhibits
progression of atherosclerosis by a combination of factors re-
sponsible for setting the early stages of atherosclerosis. This
is the first detailed investigation on inhibition of atheroscle-
rosis progression by the PPAR-alpha agonist, fenofibrate, in
an appropriate model of metabolic syndrome X.

In summary, we provided experimental evidence that
lowering of circulating atherogenic lipoproteins, reducing
adiposity and improving the action of insulin ultimately
leads to the inhibition of progression of atherosclerosis. We
also demonstrated that fenofibrate inhibits TNF-α-induced
VCAM-1 expression in human aortic endothelial cells, a pro-
cess important in the early stages of atherosclerosis. Since
fenofibrate is a weak PPAR-alpha agonist, it is possible that a
potent PPAR-alpha agonist with decent safety margins could
prove useful in the treatment of patients with syndrome X.
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