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Abstract

The Fenofibrate Intervention and Event Lowering in Diabetes study demonstrated that treatment with fenofibrate in individuals with
type 2 diabetes mellitus not only reduced nonfatal coronary events but also diminished the need for laser treatment of diabetic
retinopathy and delayed the progression of diabetic nephropathy. However, the mechanism by which fenofibrate may have altered the
microvasculature remains unclear. We thus investigated the effect of fenofibrate on human glomerular microvascular endothelial cells
(HGMEC). Treatment of HGMEC with fenofibrate resulted in transient activation of adenosine monophosphate–activated protein kinase
(AMPK), thereby inducing the phosphorylation of Akt and endothelial nitric oxide synthase, leading to nitric oxide production. We
compared AMPK activation induced by bezafibrate and WY14643 with that induced by fenofibrate in HGMEC as well as HepG2 cells.
Only fenofibrate activated AMPK in HGMEC. Fenofibrate also inhibited nuclear factor–κB activation by advanced glycation end-
products, thereby suppressing the expression of various adhesion molecule genes in HGMEC. Suppression of fenofibrate-induced
inhibition of nuclear factor–κB activation was observed in cells treated with AMPK small interfering RNA or compound C.
Furthermore, fenofibrate was observed to significantly suppress apoptosis of HGMEC in hyperglycemic culture medium. Treatment with
compound C or Nw-nitro-L-arginine methyl ester (L-NAME) abolished the suppressive effect of fenofibrate on HGMEC apoptosis. Our
findings suggest that fenofibrate might exert a protective effect on the microvasculature by suppressing inflammation and apoptosis
through AMPK activation beyond its lipid-lowering actions.
© 2011 Elsevier Inc. All rights reserved.
1. Introduction

The Fenofibrate Intervention and Event Lowering in
Diabetes (FIELD) study recruited a low-risk population with
a lipid profile that would be more usually treated with a statin
[1]. The FIELD study showed a nonsignificant 11%
reduction (P = .16) in the primary end point of coronary
events and a significant 11% benefit on the secondary end
point of cardiovascular events and procedures (P = .04).
Most of the benefits were seen in primary prevention and
nonfatal myocardial events. In addition, fenofibrate unex-
pectedly showed possible benefits on microvascular disease
end points, including microalbuminuria and retinopathy
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[2,3]. Furthermore, it has very recently reported that
treatment of fenofibrate was associated with a lower risk of
amputations, particularly minor amputations without known
large vessel diseases in FIELD study [4]. These microvas-
cular benefits of fenofibrate are appealing, but its mechanism
is unknown.

Ido et al [5] and Cacicedo et al [6] first demonstrated that
adenosine monophosphate–activated protein kinase
(AMPK) activation protects macrovascular endothelium
against apoptosis and other abnormalities caused by glucose,
fatty acids, and tumor necrosis factor (TNF) α. Recently,
fenofibrate was found to activate AMPK in vascular
endothelial cells [7]. Adenosine monophosphate–activated
protein kinase has been shown to mediate the beneficial and
bioprotective effects of several drugs and adipocytokines,
such as metformin, thiazolidine derivatives, adiponectin, and
leptin [8-11]. Thus, we hypothesized that the microvascular
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benefits of fenofibrate might be caused through AMPK
activation in microvascular endothelial cells.

In the present study, we confirmed that fenofibrate
activates AMPK in microvascular endothelial cells and
examined whether the AMPK activation is mediated via
peroxisome proliferator-activated receptor (PPAR) α activa-
tion. The capability of fenofibrate to activate AMPK was
compared with bezafibrate in endothelial cells and hepatic
cells. We then investigated the effects of fenofibrate on the
endothelial inflammation and apoptosis under diabetic
condition, and whether possible effects are mediated through
AMPK activation.
2. Materials and methods

2.1. Cell culture

Human glomerular microvascular endothelial cells
(HGMEC) were obtained from Sanyo Chemical Industries
(Tokyo, Japan) and cultured in CSC complete defined
medium (Cell System, Kirkland, WA). The cells in this
experiment were used within 3 to 4 passages and were
examined to ensure that they demonstrated the specific
characteristics of endothelial cells. Mouse SVEC4 cells
(axillary lymph node, vascular endothelial: ATCC, CRL-
2181) were also cultured in Dulbecco modified Eagle
medium (Nichirei Biosciences, Tokyo, Japan) containing
10% fetal calf serum and observed to demonstrate the typical
cobblestone morphologic appearance of endothelial cells.
HepG2 cells, a human hepatoma cell line (ATCC, HB-8065),
were cultured in Dulbecco modified Eagle medium contain-
ing 10% fetal calf serum and used as hepatocytes.

2.2. Western blot analysis

Human glomerular microvascular endothelial cells were
lysed in buffer comprising 10 mmol/L Tris, pH 7.4,
100 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA,
1 mmol/L NaF, 20 mmol/L Na4P2O7, 2 mmol/L Na3VO4,
0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deox-
ycholate, 1% Triton X-100 (Sigma Chemical Co, St. Louis,
MO), 10% glycerol, 10 μg/mL leupeptin, 60 μg/mL
aprotinin, and 1 mmol/L phenylmethanesulfonyl fluoride.
Human glomerular microvascular endothelial cell lysates
were resolved on SDS–polyacrylamide gel electrophoresis
(PAGE) according to standard protocols. After being
transferred to membranes, the samples were immunoblotted
with primary antibodies, followed by secondary antibodies
conjugated with horseradish peroxidase. Bands were
revealed by use of an enzyme-linked chemiluminescence
detection kit (Amersham Biosciences, Piscataway, NJ), and
density was quantified with LumiVision Analyzer (Aisin,
Kariya, Japan). Primary antibodies used were as follows:
antiphosphorylated AMPKα (Thr-172), anti-AMPKα, anti-
phosphorylated acetyl–coenzyme A carboxylase (ACC)
(Ser-79), anti-ACC, antiphosphorylated endothelial nitric
oxide synthase (eNOS) (Ser-1177), antiphosphorylated Akt
(Thr-308), anti-Akt, antiphosphorylated IκBα, anti-IκBα
(Cell Signaling Technology, Beverly, MA), and anti-eNOS
monoclonal antibody (BD Biosciences, San Jose, CA).

2.3. NOx measurement

Nitric oxide production within monolayers of endotheli-
um was measured as previously reported [12]. After 1 hour
of incubation, nitrite and nitrate (NOx) levels (NO2− and
NO3−) in the medium were measured with an automated NO
detector/high-performance liquid chromatography system
(ENO10; Eicom, Kyoto, Japan).

2.4. Determination of eNOS activity

Citrulline synthesis was measured by modification of a
previously described technique [13,14]. Cell monolayers
were incubated at 37°C for 30 minutes in Hanks balanced
salt solution (pH 7.4) containing 0.5% fetal bovine serum.
Subsequently, cells were incubated with fenofibrate in the
presence of 10 μmol/L L-arginine and 3.3 μCi/mL L-[3H]
arginine. After 30 minutes, the reaction was stopped
with cold phosphate-buffered saline containing 5 mmol/L
L-arginine and 4 mmol/L EDTA, after which the cells
were denaturated with 96% ethanol. After evaporation, the
soluble cellular components were dissolved in 50 mmol/L
HEPES and 5 mmol/L EDTA (pH 5.5), and applied to 2-mL
columns of Dowex AG50WX-8 (Na+ form; Muromachi
Kagaku Kogyo Kaisha, Ltd, Tokyo, Japan). Radioactivity
corresponding to [3H]citrulline within the eluate was
quantified by liquid scintillation counting. This was
expressed as femtomoles per milligram of cell protein.
Basal [3H]citrulline synthesis was determined from Nw-
nitro-L-arginine methyl ester (L-NAME) (1 mmol/L, 30-
minute preincubation)–inhibitable radioactivity in unstimu-
lated cells, which was not always detectable.

2.5. Nuclear factor–κB activation

To study nuclear factor (NF)–κB activation, SVEC4 cells
were stably transfected with a cis-reporter plasmid contain-
ing the luciferase reporter gene linked to 5 repeats of NF-κB
binding sites (pNFκB-Luc; Stratagene, La Jolla, CA), as
previously described [15]. For this, the pNFκB-Luc plasmid
was transfected together with a pSV2neo helper plasmid
(Clontech, Palo Alto, CA) into SVEC4 cells using a FuGEN
6 transfection reagent (Boehringer Mannheim, Mannheim,
Germany). The cells were then cultured in the presence of
G418 (Clontech) at a concentration of 500 μg/mL, and the
medium was replaced every 2 to 3 days. Approximately
3 weeks after transfection, G418-resistant clones were
isolated using a cloning cylinder and analyzed individually
for expression of luciferase activity. Several clones were also
selected for analysis of NF-κB activation. Luciferase activity
was measured using a luciferase assay kit (Stratagene).

We also measured changes in the levels of NF-κB p50
and p65 in nuclear extracts from HGMEC using a



Fig. 1. A, Fenofibrate activates AMPK in microvascular endothelial cells.
Human glomerular microvascular endothelial cells were treated with
100 μmol/L fenofibrate for the indicated periods before lysis, after which
cell lysates were probed with antibodies specific for AMPK, ACC, Akt,
or eNOS, or their phosphorylated forms. B, Peroxisome proliferator–
activated receptor α antagonist MK886 did not affect fenofibrate-
induced AMPK activation, and PPARα agonist WY14643 scarcely
activated AMPK in HGMEC. C, Fenofibrate activates AMPK in
microvascular endothelial cells but not in hepatic cells. HepG2 cells
and HGMEC were treated with fenofibrate, WY14643, or bezafibrate for
15 minutes and analyzed with antibodies specific for AMPK or ACC.
Lower figure in Fig. 1C shows that fenofibrate did not activate AMPK
during indicated period in HepG2. Fe indicates fenofibrate (100 μmol/L);
MK, MK886 (100 μmol/L); WY, WY14643 (100 μmol/L); Be,
bezafibrate (100 μmol/L).

Fig. 2. Fenofibrate increased eNOS activity (A) and NO production (B) in
HGMEC, which are significantly attenuated in cells transfected with AMPK
siRNA (10 nmol/L) or treated with an AMPK inhibitor compound C
(1 mmol/L). Results represent the mean ± SEM (n = 4). ##P b 01 vs basal;
⁎⁎P b .01 vs fenofibrate (only).
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transcription factor assay kit (Active Motif Japan, Tokyo,
Japan). Nuclear extracts were prepared with an NE-PER
nuclear extraction reagent (Pierce, Rockford, IL), after which
p50 and p65 were quantified using Jurkat nuclear extract as
the standard.

2.6. IκB kinase assay

IκB kinase (IKK) activity was examined using an
immune complex kinase assay with GST-IκBα (1-55) as
the substrate, as previously described [16]. Briefly, the cells
were solubilized in ice-cold buffer and then centrifuged at
15 000g for 20 minutes. IκB kinase α and IKKβ were
recovered from the cell lysate by immunoprecipitation, after
which the immune complexes were incubated with 20-μL
reaction buffer containing 20 mmol/L HEPES/NaOH (pH
7.4), 10 mmol/L MgCl2, 50 mmol/L NaCl, 100 mmol/L
Na3VO4, 20 mmol/L β-glycerophosphate, 1 mmol/L
dithiothreitol (DTT), 100 μmol/L adenosine triphosphate,
0.1 μCi [γ-32P]adenosine triphosphate, and 10 μg GST-
IκBα (1-55) at 30°C for 20 minutes. After SDS-PAGE, the
phosphorylation of GST-IκBα was estimated using an
imaging plate (Fuji Film, Tokyo, Japan).
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2.7. Preparation of AGE protein

Advanced glycated end-product (AGE)–bovine serum
albumin (BSA) was prepared as described previously [17].
Bovine serum albumin (fraction V) was incubated under
sterile conditions with D-glyceraldehyde for 7 days. Unincor-
porated sugars were then removed by dialysis against
phosphate-buffered saline. Control nonglycated BSA was
incubated in the same conditions with the exception of the
absence of reducing sugars. Preparations were tested for
endotoxin using Endospecy ES-20S system (Seikagaku,
Tokyo, Japan) where no endotoxin was detectable. The extent
of lysine modification (percentage) of modified BSA
preparations was approximately 65% for glycer-AGE-BSA.
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2.8. Small interfering RNA transfection

The day before transfection, plates were inoculated with
an appropriate number of HGMEC or SVEC4 cells in serum-
containing medium to ensure approximately 70% confluence
the following day. AMPKα1 small interfering RNA (siRNA)
(Santa Cruz Biotechnology, Santa Cruz, CA) mixed with
siLentFect (Bio-Rad, Tokyo, Japan) was added to the cells at
a concentration of 10 nmol/L. Forty-eight hours after
transfection, eNOS activity and NO production in HGMEC
or AGE-BSA–induced NF-κB activity in SVEC4 cells was
compared with those of control cells, respectively.

2.9. Real-time polymerase chain reaction of HGMEC
messenger RNA

For quantitativemeasurement ofmessenger RNA (mRNA),
2 μg of total RNA was treated with DNase I (Sigma-Aldrich
Chemical, St Louis, MO) for 15 minutes and subsequently
used for complementary DNA synthesis. Reverse transcription
was performed using a SuperScript preamplification system
(Gibco BRL, Gaithersburg,MD) with random oligonucleotide
primers. The following primers were used: intracellular
adhesion molecule-1 (ICAM-1) forward 5′-CCGGAAGGTG-
TATGAACTGA-3′, reverse 5′-GGCAGCGTAGGG-
TAAGGTT-3'; vascular cell adhesion molecule-1 (VCAM-1)
forward 5′-GGCAGAGTACGCAAACACTT-3′, reverse 5′-
GGCTGTAGCTCCCCGTTAG-3′; E-selectin forward 5′-
GCCTTGAATCAGACGGAAGC-3 ′ , reverse 5 ′ -
TGATGGGTGTTGCGGTTTC-3′; GAPDH forward 5′-
GGAGAAGGCTGGGGCTCAT-3′, reverse 5′-TGATGG-
CATGGACTGTGGTC-3′. A typical reaction (50 μL)
contained 1/50 of reverse transcription–generated comple-
mentary DNA and 200 nmol/L of primer in 1× SYBR Green
RealTime Master Mix (Toyobo, Tokyo, Japan) buffer. The
polymerase chain reactions were carried out in a LineGene
system (BioFlux, Tokyo, Japan) under the following condi-
tions: 95°C for 5minutes and 40 cycles at 95°C for 15 seconds,
60°C for 15 seconds, and 72°C for 30 seconds.

2.10. Apoptosis measurement

Human glomerular microvascular endothelial cells were
incubated with 24.5 mmol/L glucose (final concentration,
30 mmol/L) or with 24.5 mmol/L mannitol (widely used
osmotic control) for 6 days (long-term exposure to mimic
Fig. 3. A, The effects of AGE-BSA and control agents on NF-κB–dependent tra
untreated (Cont) or were treated with LPS (10 μg/mL), TNFα (10 ng/mL), IL-1β (
AGE-BSA (1 mg/mL). After 2 hours, cells were lysed; and luciferase activities w
AGE-BSA (0.003-1 mg/mL) for 2 hours, after which luciferase activities were me
Effects of AMPK siRNA transfection or AMPK inhibitor compound C treatment o
SVEC4 cells. siRNA (10 nmol/L) or compound C (1 mmol/L) blunted fenofibrate-
bezafibrate, dose-dependently suppressed AGE-BSA-induced NF-κB activation in
(closed circles), bezafibrate (closed triangles), or WY14643 (closed squares), and
were measured. Results represent the mean ± SEM (n = 4). ⁎P b .05; ⁎⁎P b .01. D, H
BSA in the presence or absence of fenofibrate (Fe30: 30 μmol/L, Fe100: 100 μmo
within nuclear extracts using a transcription factor assay kit using Jurkat nuclear ex
Con; ⁎⁎P b .01 vs AGE (only).
chronic hyperglycemia). After this, cell viability was
assessed using the MTT colorimetric assay [18]. MTT,
when taken up by living cells, is converted from a yellow to a
water-insoluble blue precipitate by cellular dehydrogenases.
Apoptosis was evaluated using Guava EasyCyte Mini Flow
cytometry system (Millipore). The ViaCount Assay distin-
guishes viable and nonviable cells based on differential
permeabilities of 2 DNA-binding dyes in the Guava
ViaCount Reagent. The nuclear dye stains only nucleated
cells, whereas the viability dye brightly stains dying cells to
distinguish viable, apoptotic, and dead cells. The Guava
Nexin Annexin V Assay was also used to assess early
apoptosis, which relies on the translocation of phosphatidyl
serine to the outer surface of the cell membrane [19,20].

2.11. Statistical analysis

Data are presented as the mean ± SEM. Multiple
comparisons were evaluated by analysis of variance
followed by Fisher protected least significant difference test.
A value of P b .05 was considered statistically significant.
3. Results

3.1. Fenofibrate activates AMPK in microvascular
endothelial cells

Treatment of HGMEC with fenofibrate resulted in time-
dependent activation of AMPK, as monitored by phosphor-
ylation of AMPK and its down-stream target, ACC,
(Fig. 1A), consistent with previously reported activation of
AMPK in vascular endothelial cells by fenofibrate [7]. This
may lead to eNOS phosphorylation and activation. Indeed,
Ser-1177 phosphorylation of eNOS was observed at the peak
of 30 minutes; and eNOS remained Ser-1177 phosphorylated
at 60 minutes. Akt (protein kinase B) phosphorylation was
observed with similar kinetics.

Fig. 1B shows the effect of PPARα inhibitor MK886 on
fenofibrate- or PPARα activator WY14643-induced activa-
tion of AMPK. MK886 showed no effect on AMPK
activation by fenofibrate, whereas WY14643 weakly
induced AMPK activation at 15 minutes, which was barely
influenced by MK886.

We compared AMPK activation induced by bezafibrate
(another fibrate drug) and WY14643 with that induced by
nscriptional activity. SVEC4 cells (transfected with pNFκB-Luc) were left
10 ng/mL), Ang II (100 nmol/L), EGF (100 ng/mL), PMA (100 nmol/L), or
ere measured. Inset: The cells were treated with different concentrations of
asured. Closed circles with AGE-BSA vs open circles with control BSA. B,
n fenofibrate-induced inhibition of AGE-BSA−induced NF-κB activation in
induced inhibition of NF-κB activity (closed circles). C, Fenofibrate, but not
SVEC4 cells. Cells were treated with various concentrations of fenofibrate
then stimulated with AGE-BSA for 2 hours, after which luciferase activities
uman glomerular microvascular endothelial cells were stimulated with AGE-
l/L) for 30 minutes. Nuclear factor–κB p65 or p50 subunits were quantified
tract as the standard. Results represent the mean ± SEM (n = 4). ##P b .01 vs



ig. 4. A, Human glomerular microvascular endothelial cells were incubated
ith AGE-BSA for 0 to 180 minutes. The cells were lysed and subjected to
estern blot analysis using anti-IκBα and anti–phospho-IκBα antibodies.
, The effect of fenofibrate on IκB-α degradation in human umbilical vein
ndothelial cells. Cells were incubated for 30 minutes with fenofibrate (30
nd 100 μmol/L), followed by AGE-BSA for 15 minutes. Cells were then
sed and subjected to Western blot analysis using anti-IκBα antibody. C,
he effect of fenofibrate on IKK activity in HGMEC. Cells were incubated
r 30 minutes with fenofibrate (30 and 100 μmol/L), followed by AGE-
SA for 15 minutes. Cells were then lysed and immunoprecipitated with
nti-IKKα/β antibody and used for kinase assay using recombinant IκB-α as
substrate. Note that equal band densities for IKKα/β- and IκB-α were
bserved. Similar results in 3 independent experiments were obtained, and
presentative photographs are shown.
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fenofibrate in HGMEC as well as HepG2 cells (from a
hepatoma cell line). Only fenofibrate activated AMPK in
HGMEC, whereas bezafibrate did not activate AMPK at all
and WY14643 caused only minimal AMPK activation.
Neither fenofibrate nor bezafibrate activated AMPK in Hep
G2 cells, whereas WY14643 caused a modest increased in
AMPK phosphorylation (Fig. 1C).

3.2. eNOS activity and NO production by fenofibrate in
microvascular endothelial cells

To measure eNOS activity, HGMEC were incubated
with fenofibrate for 30 minutes, after which citrulline
synthesis was measured. The eNOS activity, measured in
terms of citrulline production, was observed to increase
with fenofibrate treatment. This increase in eNOS activity
was significantly suppressed by treatment of HGMEC
with an AMPKα1 siRNA or compound C (an AMPK
inhibitor) (Fig. 2A).

Incubation of HGMEC with fenofibrate increased the
concentration of bioactive NO in the supernatant of the cells
(as measured by NO2− and NO3− levels). Examination of
the time course showed a substantial increase in NO
production for 1 hour, after which only a modest elevation
in NO production was observed (data not shown). As shown
in Fig. 2B, fenofibrate increased NO production, an increase
significantly suppressed by treatment with AMPKα1 siRNA
or compound C.

3.3. Fenofibrate inhibits NF-κB activation

We initially examined the AGE-BSA inducibility of NF-
κB–mediated reporter gene expression in SVEC4 cells
comparing with lipopolysaccharide (LPS), TNFα, interleu-
kin (IL)-1β, amgiotensin II (Ang II), epidermal growth factor
(EGF), and phorbol myristate acetate (PMA). LPS, TNFα,
and IL-1β potently stimulated NF-κB–mediated reporter
gene transcription in SVEC4 cells. Whereas Ang II and PMA
weakly induced NF-κB–mediated reporter gene transcrip-
tion, EGF had very little effect. AGE-BSA substantially
activated NF-κB–mediated reporter gene transcription with
potency comparable to that of IL-1β. Nuclear factor-κB–
mediated reporter gene-dependent transactivation increased
7.5 fold relative to unstimulated levels in BSA-treated
SVEC4 cells at 1 mg/mL (Fig. 3A).

We examined the effects of AMPKα1 siRNA or
compound C on fenofibrate-induced inhibition of NF-κB
activated by AGE-BSA. Induction of an NF-κB–mediated
reporter gene expression by AGE-BSA was dose-depen-
dently inhibited by fenofibrate, which was significantly
attenuated in siRNA-transfected cells or compound C–
treated cells (Fig. 3B).

The effect of bezafibrate and WY14643 on the AGE-
BSA–induced NF-κB activation was compared with the
inhibitory effect of fenofibrate on it. Fenofibrate dose-
dependently diminished AGE-induced NF-κB activity,
whereas bezafibrate did not affect the NF-κB activity at all
concentrations used and WY14643 weekly inhibited the NF-
κB activity at higher concentrations (Fig. 3C).

We also measured p50 and p65 in nuclear extracts from
untreated HGMEC and those treated with AGE-BSA in the
presence or absence of fenofibrate. Levels of p50 and p65
markedly increased 30 minutes after stimulation with AGE-
BSA from very low levels. This increase was significantly
attenuated by exposure to fenofibrate in a dose-dependent
manner (Fig. 3D).

3.4. AGE-BSA stimulates IκB phosphorylation by inducing
IKK activity, and fenofibrate inhibits AGE-BSA–induced
IKK activity and IκB phosphorylation

We first determined whether AGE-BSA–induced NF-κB
activation occurs through phosphorylation and subsequent
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ig. 5. Effects of fenofibrate onAGE-BSA–induced VCAM-1, E-selectin, and
AM-1 mRNA expression in HGMEC. Fenofibrate (Fe: 100 μmol/L)
gnificantly inhibited VCAM-1, E-selectin, and ICAM-1 mRNA levels,
hich were reversed by compound C (1 mmol/L). Messenger RNA levels are
xpressed as a ratio of GAPDH (:100% as VCAM-1/GAPDH, E-selectin/
APDH, and ICAM-1/GAPDH stimulated with TNFα). Each bar represents
e mean ± SEM (n = 4). ##P b 01 vs Con; ⁎⁎P b .01 vs AGE (only).
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degradation of IκB. To determine whether AGE-BSA causes
IκBα phosphorylation in HGMEC, Western blot analysis
using anti–phospho-Ser32 of IκBα antibody was performed.
AGE-BSA induced IκB phosphorylation in 15 minutes, and
decreased levels of phospho-IκBα were observed at
120 minutes. The blot was then reprobed with anti-IκB
antibody, producing evidence of significant degradation
within 15 to 30 minutes. After this, IκB synthesis was
reactivated, possibly by NF-κB, by 120 minutes (Fig. 4A).
Next, the effect of fenofibrate on AGE-BSA–induced IκBα
degradation was determined 15 minutes after exposure to
AGE-BSA. Fenofibrate partially inhibited AGE-BSA–
induced IκBα degradation (Fig. 4B).

A radiolabeled, phosphorylated IκBα-specific band was
detected in AGE-BSA–treated cells, whereas it was
undetectable in untreated cells, demonstrating induction of
IKK activity by AGE-BSA (Fig. 4C). IκB kinase activity
was dose-dependently inhibited by treatment of the cells
with fenofibrate (Fig. 4C). The remaining half of the
immunoprecipitated samples were analyzed by Western
blot analysis using anti-IKKα/β antibody, which showed
identical expression levels of IKK. Identical amounts of IκB
were also detected when an equal volume of kinase reaction
mixture was loaded into the SDS-PAGE column, followed
by Western blot analysis using anti-IκB antibody (Fig. 4C).

3.5. Fenofibrate inhibits induction of VCAM-1, E-selectin,
and ICAM-1 mRNA

Incubation of HGMEC for 8 hours with AGE-BSA
substantially induced the gene expression of VCAM-1, E-
selectin, and ICAM-1. Induction of AGE-BSA–induced
gene expression was markedly suppressed by cotreatment
with a NF-κB inhibitor, BAY11-7082, which selectively and
irreversibly inhibits cytokine-induced IκB phosphorylation,
suggesting that the induction of these genes is NF-κB
dependent (data not shown). Coincubation with 100 μmol/L
fenofibrate markedly diminished AGE-BSA–induced gene
expression of VCAM-1, E-selectin, and ICAM-1, in which
effects of fenofibrate were abrogated by the presence of
compound C (Fig. 5).

3.6. Fenofibrate attenuates cell apoptosis induced by high
glucose condition

Human glomerular microvascular endothelial cells were
exposed to 30 mmol/L glucose for 6 days to mimic chronic
hyperglycemia. Because high glucose increases osmolarity,
HGMEC were also exposed to 24.5 mmol/L mannitol
(+5.5 mmol/L glucose in the culture medium), which is
commonly used as an osmotic control. To analyze the effect
of high glucose/osmolarity in cell viability, we used the MTT
assay [16]. High glucose significantly decreased the MTT
reduction to 73.8% ± 3.2% of the control, whereas mannitol
did not cause a significant decrease in the MTT reduction
(92.8% ± 11.5% of the control) (Fig. 6A).
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To confirm whether the hyperglycemia-induced reduction
in MTT reduction was due to endothelial cell death, we
quantified endothelial cell apoptosis by the ViaCount assay
in which the nuclear dye stains only nucleated cells, whereas
the viability dye brightly stains dying cells to distinguish
viable, apoptotic, and dead cells. High glucose significantly
increased the number of apoptotic cells (10.8% ± 0.5% of
total cells, P b .01) compared with the number of apoptotic
cells in control cultures (4.0% ± 0.2% of total cells).
Fenofibrate (100 μmol/L) significantly diminished apoptotic
cell number, but this effect of fenofibrate was abolished in
the presence of compound C or L-NAME (Fig. 6B).

In cells undergoing apoptosis, phosphatidyl serine is
exposed at the outer leaflet of plasma membrane. Annexin V
binds specifically to phosphatidyl serine, allowing the
discrimination between viable and apoptotic cells [19,20].
Human glomerular microvascular endothelial cells were
stained with annexin V and were detected by flow cytometry
and quantified. High glucose significantly increased the



Fig. 6. A, High glucose decreases microvascular endothelial cell viability.
Human glomerular microvascular endothelial cells were exposed to
5.5 mmol/L glucose (Cont), 30 mmol/L glucose (Glu), or 24.5 mmol/L
mannitol (Man + 5.5 mmol/L glucose) for 6 days. The results are presented
as percentage of control. B, High glucose increases apoptosis, and
fenofibrate (Fe) diminished the apoptotic cell number. Human glomerular
microvascular endothelial cells were exposed to 5.5 mmol/L glucose (Cont)
or 30 mmol/L glucose (Glu) in the absence and presence of compound C
(1 mmol/L) or L-NAME (100 μmol/L) for 6 days. The results are presented
as percentage of total number of cells. C, Fenofibrate (Fe) inhibits high-
glucose–induced early apoptosis. Human glomerular microvascular endo-
thelial cells were exposed to 5.5 mmol/L glucose (Cont) or 30 mmol/L
glucose (Glu) in the absence and presence of compound C (1 mmol/L) or
L-NAME (100 μmol/L) for 6 days. The results are presented as percentage
of annexin V–positive cells compared with control. Each bar represents the
mean ± SEM (n = 4). $P b .01 compared with control; ⁎⁎P b .01 compared
with glucose; #P b .05 compared with high glucose + fenofibrate.
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number of annexin V (+) cells (132.8% ± 6.2% of the
control, P b .01). Fenofibrate (100 μmol/L) significantly
diminished annexin V (+) cell number, but this effect of
fenofibrate was reversed in the presence of compound C or
L-NAME (Fig. 6C).
4. Discussion

In the present study, we demonstrate that fenofibrate
activates AMPK by promoting AMPK phosphorylation.
Adenosine monophosphate–activated protein kinase acti-
vation in turn activates eNOS through phosphorylation of
Ser-1177, thereby increasing eNOS activity and producing
more NO in HGMEC. Adenosine monophosphate–activat-
ed protein kinase directly phosphorylated Ser-1177 in
association with eNOS activation; however, Akt phosphor-
ylation occurred at the same rate as AMPK and eNOS
phosphorylation in the present study, suggesting that Akt
may also be involved in eNOS phosphorylation [21].
Although we did not perform a strict kinase assay for
AMPK, we are certain that fenofibrate activates AMPK
because the extent of AMPK phosphorylation at Thr-172
strongly reflects its activity [22] and because phosphory-
lation of the AMPK consensus substrate, ACC, at Ser-79
was also observed [23].

It is interesting that fenofibrate, but not bezafibrate,
resulted in AMPK phosphorylation in HGMEC and that
phosphorylation of AMPK was observed only in vascular
endothelial cells and not in hepatocytes. Fenofibrate dose-
dependently diminished AGE-induced NF-κB activity,
whereas bezafibrate did not affect the NF-κB activity,
suggesting that NF-κB inhibition is tied to AMPK activation.
Indeed, blocking AMPK activation attenuated fenofibrate-
induced inhibition of NF-κB activation as well as the NF-
κB–dependent expression of cell adhesion molecules. The
PPARα activator WY14643 produced limited activation of
AMPK in endothelial cells and hepatic cells, whereas the
PPARα inhibitor MK886 did not affect fenofibrate-induced
AMPK activation in HGMEC, suggesting that fenofibrate
activates AMPK independently of PPARα.

We further demonstrated that fenofibrate inhibits the
expression of proinflammatory and adhesion molecule genes
by blocking the phosphorylation and subsequent degradation
of IκBα. These data suggest that fenofibrate might suppress
AGE-induced NF-κB activation before IκB phosphoryla-
tion. We also demonstrated stimulation of IκBα phosphor-
ylation by AGE through induction of IKK activity, and
inhibition of IKK activity and AGE-induced IκBα phos-
phorylation by fenofibrate. Thus, fenofibrate-activated
AMPK may suppress NF-κB activation by inhibiting IKK
activity in microvascular endothelial cells. It has been
reported that aminoimidazole-4-carboxamide-1-β-ribofura-
noside attenuates LPS-induced activation of NF-κB via
down-regulation of IKK α/β activity in glial cells [24]. A
similar mechanism is observed in vascular endothelial cells
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[25], suggesting that AMPK activation may inhibit AGE-
induced NF-κB activation by suppressing IKK activity
in HGMEC.

It has been reported that adiponectin prevents endothelial
cell apoptosis through AMPK activation, although the
detailed mechanism by which this occurs has not been
described [26]. In the present study, fenofibrate-induced
inhibition of HGMEC apoptosis was abrogated by AMPK
inhibitor or NO synthase inhibitor. Thus, fenofibrate might
inhibit apoptosis through AMPK activation and subsequent
NO production. The production of reactive oxygen species in
response to hyperglycemia results in sustained NF-κB
activation with subsequent downstream activation of JNK
and caspase 3, and a reduction in AKT survival signaling, all
of which contribute to apoptosis [27]. Adenosine monopho-
sphate–activated protein kinase activation and NO produc-
tion in response to fenofibrate might interrupt this apoptotic
signaling pathway. However, recent reports suggest that
endothelial cell apoptosis might occur via a caspase-
independent mechanism [28]. Therefore, further investiga-
tion is necessary to clarify the mechanism by which
fenofibrate inhibits endothelial cell apoptosis.

In conclusion, we have demonstrated that fenofibrate
activates AMPK in endothelial cells of the microvasculature,
resulting in increased NO production and reduced inflam-
mation, as well as inhibition of apoptosis. The ability of
fenofibrate to activate AMPK is of particular interest because
AMPK has been shown to mediate the beneficial and
bioprotective effects of several drugs and adipocytokines
[8-11]. The potential microvascular benefit of fenofibrate is
suggested by an observed reduction in the need for laser
treatment of retinopathy as well as a delay in the progression
of nephropathy. There is also a significant reduction in the
risk of minor amputations in the absence of large-vessel
disease, as observed in the FIELD study [2-4]. Our findings
suggest that fenofibrate-induced AMPK activation occurs
independently of PPARα in microvascular endothelial cells
and may confer microvascular benefits.
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