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ARTICLE INFO ABSTRACT

Keywords: Fenofibrate, a peroxisome proliferator-activated receptors a (PPARa) agonist, reduces vascular complications of
Diabetes diabetic patients but its protective mechanisms are not fully understood. Here we tested the hypothesis that
Fenofibrate

fenofibrate improves vascular endothelial dysfunction by balancing endothelium-dependent relaxation and
contractility of the aorta in diabetes mellitus (DM). In streptozotocin-induced diabetic mice, eight weeks of
fenofibrate treatment (100 mg/Kg/d) improved endothelium dependent relaxation in the macro- and micro-
vessels, increased nitric oxide (NO) levels, reduced renal damage markers and effects of the vasoconstrictor
prostaglandin. Levels of superoxide dismutase and catalase were both reduced and hydrogen peroxide was in-
creased in vehicle-treated DM, but these changes were reversed by fenofibrate treatment. Vasodilation of the
aorta after fenofibrate treatment was reversed by PPARa or AMPKa inhibitors. Western blots showed that fe-
nofibrate treatment elevated PPARa expression, induced liver kinase B1 (LKB1) translocation from the nucleus
to the cytoplasm and activated AMP-activated protein kinase-a (AMPKa), thus activating endothelial NO syn-
thase (eNOS). Also, fenofibrate treatment decreased NF-xB p65 and cyclooxygenase 2 proteins in aortas. Finally,
incubation with indomethacin in vitro improved aortic contractility in diabetic mice. Overall, our results show
that fenofibrate treatment in diabetic mice normalizes endothelial function by balancing vascular reactivity via
increasing NO production and suppressing the vasoconstrictor prostaglandin, suggesting mechanism of action of
fenofibrate in mediating diabetic vascular complications.

Endothelial dysfunction
Nitric oxide
Oxidative stress

preventing the development of diabetes-associated vasculopathies.
Fenofibrate is a peroxisome proliferator-activated receptors a

(PPAR ) agonist and can improve dyslipidemia [8]. It causes a mod-

erate reduction in total cholesterol (TC), a marked reduction in trigly-

1. Introduction

The endothelium and factors derived from endothelial cells are
known to control vascular function, including the regulation of vascular

tone [1,2]. Endothelial dysfunction is a hallmark of diabetes and con-
tributes to macrovascular and microvascular complications associated
with diabetes [3,4]. Vascular endothelial dysfunction has been char-
acterized by reduced activity of endothelial nitric oxide synthase
(eNOS), decreased generation of nitric oxide (NO) and increased gen-
eration of reactive oxygen species (ROS) [3,5]. In manifest diabetes,
there is an imbalance between endothelial-dependent vascular relaxa-
tion and constriction, which plays an important role in the development
of pathologies associated with the disease [4,6,7]. Therefore, under-
standing the regulation of this imbalance may be important in
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cerides (TG), and an increase in high-density lipoprotein cholesterol
(HDL-C) [9]. Emerging clinal evidence has demonstrated that fenofi-
brate has a therapeutic potential in alleviating diabetes-associated
vascular disease independently of its hypolipemic action. The Fenofi-
brate Intervention and Event Lowering in Diabetes (FIELD) study
showed that treatment with fenofibrate (200 mg per day) has promising
effects in attenuating the progression of microvascular complications of
diabetes, including reduced nonfatal coronary events, decreased need
for laser treatment of diabetic retinopathy and delayed progression of
diabetic nephropathy [10,11]. The action to control cardiovascular risk
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in diabetes (ACCORD) study also demonstrated that fenofibrate, when
added to statin therapy, slows the progression of diabetic retinopathy in
patients with type 2 diabetes [12]. However, the mechanisms under-
lying vascular benefits of fenofibrate treatment of patients with dia-
betes are not fully understood.

Adenosine monophosphate-activated protein kinase (AMPK) has
many biological functions, including regulation of glucose metabolism,
lipid metabolism [13], intracellular ROS and eNOS levels [14]. Recent
studies suggest that modulating AMPK has a great potential in the
treatment of metabolic disorders such as obesity and Type 2 diabetes
[15]. There are at least two upstream kinases that phosphorylate AMPK:
liver kinase B1 (LKB1) and calcium dependent protein kinase kinase-f3
(CaMKK-P) [16,17]. Previous studies showed that LKB1 forms a het-
erotrimeric complex with regulatory proteins, which are required for its
activation and cytosolic localization [18]. Experiments in cultured cells
demonstrated that fenofibrate plays a role in AMPKa activation
[19,20]. However, data are limited on the effect of fenofibrate on the
expression of AMPK and LKBI1 in vascular reactivity in diabetes.

Endothelium-dependent contractions are mediated by the products
of cyclooxygenase (COX) [21,22]. COX metabolizes arachidonic acid
(AA) to form the unstable prostaglandin H2 which is further converted
into thromboxanes (TxAs) and prostaglandins (PGs), including PGE2,
PGD2 and prostacyclin [23]. TXxA2 can stimulate TxA2/prostanoid (TP)
receptor to induce vasoconstriction. TxA2 and PGE2 has been suggested
to act as an endothelium derived contracting factor [24]. The produc-
tion of TxA2 and PGE2 by the endothelium is increased in diabetes
[25]. Therefore, inhibition of COX could provide new insights into the
mechanism responsible for endothelial dysfunction.

In the present study, we used a mouse model of streptozotocin-in-
duced diabetes mellitus and investigated whether eight-week fenofi-
brate treatment (100 mg/Kg/d) could prevent diabetes-related en-
dothelial dysfunction in arteries and evaluated possible signaling
mechanisms.

2. Materials and methods
2.1. Animal model and experimental groups

Male adult C57Bl/6 mice (25-28 g) were purchased from SLAC la-
boratory animal company (Shanghai, China). Animals were treated
with standard food and water and housed under climate-controlled
conditions with a 12h light/dark cycle. All the animal handling pro-
cedures and experiment protocols were approved by Zhejiang
University's institutional animal care and use committee and conducted
according to the NIH Guide for the Care and Use of Laboratory Animals.

We induced a diabetes similar to a type I diabetic, according to the
protocols of Animal Models of Diabetic Complications Consortium
(AMDCC) by the National Institutes of Health. Diabetes was induced by
intraperitoneally injection of streptozotocin (STZ, Sigma-Aldrich, St
Louis, MO, USA, dissolved in 0.1 M sodium citrate buffer, pH 4.5) at a
low-dose (50 mg/kg/day for 5 consecutive days). Hyperglycemia was
defined as a random blood glucose level > 16.7 mmol/L three days
after last STZ injection. Plasma glucose level was monitored by a con-
tour glucose meter (Roche, Mannheim, Germany) twice a week for
eight weeks. Fenofibrate (Sigma, St. Louis, MO, USA), 100 mg/kg/d
dissolved in 1% sodium carboxymethyl cellulose, was administered
intragastrically to diabetic mice daily for eight weeks. The control mice
(Con) and diabetic mice (DM) were randomly divided into four groups:
vehicle-treated control group, fenofibrate-treated control group, ve-
hicle-treated diabetic group and fenofibrate-treated diabetic group.

2.2. Vascular reactivity study
After anesthetizing with 2% isoflurane, the thoracic aortas and

mesenteric arteries from mice were rapidly removed, placed in ice-cold
Krebs-Henseleit solution, cleaned gently from adherent connective
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tissue and cut into approximately 2mm length. The arteries were
mounted onto a wire myograph system (model 620 M, Danish Myo
Technology, Aarhus, Denmark) in oxygenated (5% CO,, 95% O,) and
warmed (37 °C) Krebs solution (pH 7.4) with the following composition
(mmol/L): NaCl 112, KCl 5, NaHCO5 25, NaH,PO, 1, MgCl, 0.5, CaCl,
2.5 and glucose 11.5. Each artery was suspended between two stainless
steel wires (diameter, 40 um) and equilibrated for 90 min at 37 °C be-
fore experiments. After that, resting tension was set according to the
manufacturer's protocol and vessel viability was assessed by the re-
sponse to KCI (100 mmol/L). After a wash out, cumulative concentra-
tion responses for vasoactive agents were obtained. Endothelium-de-
pendent relaxation in response to acetylcholine (ACh, 10 ~°-10~* mol/
L) and endothelium-independent relaxation by sodium nitroprusside
(SNP, 10 °-10* mol/L) were measured in aortas pre-contracted by
norepinephrine (NE, 10pmol/L). Also, a dose response to NE
(1071°-107° mol/L) was obtained. Some segments were incubated
with agonist or antagonist for 30 min before vasoreactivity measure-
ment, include GW 6471 (10 umol/L, PPARa inhibitor), compound C
(1 umol/L, AMPK inhibitor), 5-aminoimidazole-4 carboxamide-1-f3-D-
ribofuranosid (AICAR , 1umol/L, AMPK agonist), fenofibrate (FF,
100 umol/L, PPARa agonist), tempol (100 umol/L, superoxide dis-
mutase mimetic), indomethacin (100 umol/L, cyclooxygenase in-
hibitor) and L-nitro-arginine-methyl-ester (L-NAME, 100 pmol/L, NOS
inhibitor). For in vitro hyperglycemia experiments, aortas were in-
cubated in normal (11.5 mmol/L) or hyperglycemic (44 mmol/L) Krebs
solution for 4h with or without fenofibrate. Then, after washing the
preparation, the relaxant responses to ACh and NE were studied. All the
chemicals were from Sigma-Aldrich (St Louis, MO, USA) except AICAR
and GW 6471 which were purchased from ApexBio Technology
(Houston , USA). Fenofibrate, AICAR, GW 6471 , indomethacin and
compound C were dissolved in dimethylsulfoxide (DMSO) and other
drugs in distilled water. DMSO (0.1% v/v) did not modify agonist or
inhibitor-induced responses.

2.3. Isolation and perfusion of the renal afferent arterioles

To evaluate the effect of fenofibrate on microvessels, isolation and
micro-perfusion of afferent arterioles were conducted as described
previously [26,27]. In brief, kidneys were removed and sliced along the
corticomedullary axis. Slices were placed in ice-cold glucose Dulbecco's
modified Eagle's medium (DMEM). Afferent arterioles with attached
glomeruli were micro-dissected under a stereomicroscope (SZX16,
Olympus, Japan) and then transferred to a temperature-controlled
chamber on the stage of an inverted microscope (Axiovert 100TV,
ZEISS, Oberkochen, Germany), and perfused using a micromanipulator
system with concentric holding and perfusion pipettes. Vessel viability
was tested by depolarization using potassium chloride (100 mM),
greater than 90% contraction was considered as viable and used in our
experiments. Norepinephrine (NE: 1 x 10~ ° mol/L) was used to pre-
constrict afferent arterioles before investigating dilation. Luminal dia-
meter was measured after preconstriction and with increasing doses of
ACh (107° to 10> mol/L) to test endothelium-dependent dilation in
renal afferent arterioles. The arteriolar luminal diameter was calculated
as the mean of seven pictures during stable tension

2.4. Western blot analysis

After euthanasia, the aortas were dissected and stored at — 80 °C.
Frozen aortic tissue samples were homogenized with lysis buffer
(Beyotime, Shanghai, China). Each protein sample was extracted from
the isolated aorta of one mouse. The homogenate was centrifuged for
10 min at 13,000 g at 4 °C. Samples containing equivalent amounts of
protein were loaded and separated by SDS-polyacrylamide gel elec-
trophoresis and transferred onto polyvinylidene difluoride membranes.
Membranes were blocked by 5% fat-free milk powder and im-
munodetected with specific primary antibodies to -actin, eNOS, p-
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LKB1 (Ser334), LKB1, p-AMPK (Thr172), AMPK, COX-2, NF-kB p65 (Ser
468) (Abcam, Cambridge, UK); p-eNOS (Ser1177) (Cell Signaling
Technology, Beverly, MA, USA), Histone H3 (Beyotime Biotechnology,
Shanghai, China) and second horseradish peroxidase-labeled IgG anti-
rabbit (or mouse) antibody (Beyotime Biotechnology, Shanghai, China).
Immunoreactivity was incubated by enhanced chemiluminescence
(Beyotime Biotechnology, Shanghai, China) and visualized in an auto-
mated imaging analysis system (Tanon 5200 Multi, Tanon Science &
Technology Inc, Shanghai, China).

2.5. Biochemical markers of renal function and blood lipid

Animals were anesthetized with 2% isoflurane. Blood was sampled
from the inferior vena cava and centrifuged at 3000 rpm, 4°C for
15 min. Serum was stored at — 80 °C until analysis. Serum creatinine,
blood urea nitrogen and blood lipids were measured using commercial
kits (Roche, Germany).

2.6. Measurement of hydrogen peroxide

After euthanasia, the aortas were dissected and stored at — 80 °C.
Aortic hydrogen peroxide (H,O,) was measured according to the
manufacturer's instructions of H,O, analysis kit (Beyotime
Biotechnology, Shanghai, China) as described previously [27]. Briefly,
frozen aortic tissue samples were homogenized. The supernatants of
homogenized aortas were collected on ice and centrifuged for 10 min at
13,000 g at 4 °C. Subsequently, the aortic concentration of HO, were
measured by incubation of supernatants with H,O, test solutions for
30 min at room temperature and detection of the absorbance at 560 nm.

2.7. Measurement of enzymatic activity

The supernatants were sampled from homogenized aortas for ana-
lysis of catalase activity and superoxide dismutase activity (SOD) levels
according to the manufacturer's instructions of Catalase Assay Kit and
SOD Assay Kit (Beyotime Biotechnology, Shanghai, China) as described
previously [27].

2.8. Measurement of nitric oxide

Levels of the nitric oxide (NO) were determined in the serum and
aortic tissues. A nitrite oxide detection kit (Beyotime, Shanghai, China)
was used according to the manufacturer's instructions.

2.9. Measurement of TxA2 and PGE2

Levels of the PGE2 and TxA2 were determined in the serum using a
kit (Yeyuan, Shanghai, China) according to instructions provided by the
manufacturer.

2.10. Statistical analysis

Data are present as Mean = SEM. One-way ANOVA followed by a
Bonferroni multiple comparison test was performed when multiple
groups were compared. Two-way repeated measures ANOVA was used
to determine the vascular reactivity differences among groups. All
statistical calculations were made using GraphPad Prism Software 6.0.
Statistical significance was defined as p < 0.05.

3. Results

3.1. Fenofibrate administration ameliorates renal dysfunction and reduces
blood lipids in diabetic mice

Body weights of mice were significantly lower and blood glucose
levels were higher in the diabetic mice (DM) compared with the control
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Table 1

Fenofibrate administration ameliorates renal dysfunction and blood lipids in
diabetic mice. Characteristics of vehicle and fenofibrate-treated control mice
(Con) and diabetic mice (DM).

Fenofibrate Con DM
- + - +

Body weight (g) 251 + 15 265+ 1.1 20.1 + 0.9 19.8 = 1.3

Blood glucose 6.6 = 0.8 6.5 = 0.7 226 =19 21.7 = 1.8
(mmol/L)

Triglycerides 12 £ 04 1.4 +01 46 22" 18 = 0.87%"
(mmol/L)

Cholesterol (mmol/ 2.4 = 0.1 2.6 = 0.3 2.6 £ 0.5 25 * 0.7
L)

HDL-cholesterol 1.9 = 0.2 1.9 + 0.3 1.8 + 0.2 2 + 05
(mmol/L)

Serum creatinine 12 + 2 13 = 1.9 26 + 2" 22 + 0.9%#
(umol/L)

Serum urea nitrogen 9.8 + 1.6 11 + 0.6 14 = 17 12 + 1.7
(mmol/L)

Data are mean * SEM. ***p < 0.001 vs Con, **#p < 0.001 vs vehicle-treated

DM. n = 6.

mice (Con) (Table 1). Fenofibrate treatment did not affect body weights
or blood glucose in diabetic mice. However, fenofibrate treatment de-
creased the levels of plasma triacylglycerol compared with vehicle-
treated DM (4.6 = 2.2 versus 1.8 + 0.8 mmol/L, p < 0.001), tended
to decrease total cholesterol and increase high-density lipoprotein-
cholesterol. Also, fenofibrate treatment decreased serum creatinine
compared with vehicle-treated DM (26 = 2 versus 22 * 0.9 umol/L,
p < 0.01) and showed a trend towards lower serum urea nitrogen
(Table 1).

3.2. Fenofibrate treatment improves vascular dysfunction of aortas in
diabetic mice

Eight-week fenofibrate administration markedly improved en-
dothelium-dependent relaxation (EDR) by acetylcholine in DM aortas
without affecting responses in control mice (Fig. 1A, p < 0.001). The
NO synthase inhibitor L-NAME inhibited acetylcholine-induced re-
laxation in all four groups (Fig. 1B). Endothelium-independent relaxa-
tion by the NO donor sodium nitroprusside was similar in all four
groups (Fig. 1C). Also, fenofibrate treatment improved vascular con-
tractile responses to noradrenaline in DM aortas compared with ve-
hicle-treated DM (Fig. 1D, p < 0.001). The NO concentrations were
greater in eight-week fenofibrate-treated DM compared with vehicle-
treated DM (Fig. 1E, serum NO, 29.3 *+ 5.6 versus 8.7 = 2.6 umol/L;
aortic NO, 71.7 = 5.2 versus 49.5 * 8.2umol/g, p < 0.01). This
matched with the increased vasodilation in the aortas from fenofibrate-
treated DM.

3.3. Fenofibrate treatment improves vascular dysfunction of microvessels in
diabetic mice

To evaluate the effect of eight-week fenofibrate administration on
micro vessels, vascular reactivity of the mesenteric artery and renal
afferent arterioles were conducted. Results showed that eight-week
fenofibrate administration markedly improved EDR in DM mesenteric
artery and afferent arteriole without affecting responses in control mice
(Fig. 2, p < 0.001). This matched with the increased vasodilation in
the aortas from fenofibrate-treated DM.

3.4. Effect of short time treatment of fenofibrate on mesenteric artery
relaxation

To evaluate the vascular functions during the time course of strep-
tozotocin-induced diabetes under fenofibrate treatment, we conducted
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Fig. 1. Fenofibrate treatment improves vasodilatory and vasoconstrictive dysfunction in aorta from diabetic mice. A, Endothelium-dependent relaxation by acet-
ylcholine (ACh) in aortas from vehicle and fenofibrate-treated control mice (Con) and diabetic mice (DM). B, Vasodilatory responses to ACh with 30 min pre-
incubation of L-NAME (100 pumol/L, NOS inhibitor) treatment in all groups. C, Endothelium-independent relaxation to sodium nitroprusside (SNP) in aortas from
vehicle and fenofibrate-treated Con and DM. D, Vascular contractility by norepinephrine (NE) in aortas from vehicle and fenofibrate-treated Con and DM. E, Levels of

NO in serum and aortic tissues from vehicle and fenofibrate-treated Con and DM. Data are mean + SEM. ***p < 0.001 vs Con, *#*#p < 0.001 vs vehicle-treated DM.

n==6.

vascular experiments after short time treatment with fenofibrate and
monitored mesenteric artery relaxation. Our results showed that one-
week or four-week treatment of fenofibrate were not sufficient to im-
prove vascular function in diabetic mice, but eight-week fenofibrate
treatment improved vascular function. (Fig. 3, p < 0.001)
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3.5. Fenofibrate improves endothelial function via the PPAR/LKB1/AMPK/
eNOS pathway in diabetic mice

Compared with the vehicle-treated DM, phosphorylation of eNOS
(Ser 1177) was 2.4 folder higher in aortas from fenofibrate-treated DM
(Fig. 4D, p < 0.001). This matched with an increased NO concentra-
tion in the aortas from fenofibrate-treated DM (Fig. 4E). To further
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investigate the underlying mechanism, we evaluated PPARa expression
and phosphorylation of LKB1 and AMPKa in aortas. Western blots
showed that protein expression of PPARa and AMPKa phosphorylation
were decreased in vehicle-treated DM, whereas fenofibrate treatment
upregulated both. Compared with the vehicle-treated DM, the phos-
phorylation of LKB1 was increased both in the nucleus and cytosol in
aortas from fenofibrate-treated DM, while protein expression of LKB1
was markedly reduced in the nucleus and increased in the cytosol from
fenofibrate-treated DM. This indicates that LKB1 transfers from the
nucleus to the cytosol and then activates AMPK in fenofibrate-treated
DM.

3.6. Protective effect of fenofibrate is abolished by PPARa antagonist and
AMPKa inhibitor

To understand how activation of these signals contributes to vas-
cular reactivity, we used two selective inhibitors to incubate aortas
from fenofibrate-treated DM: GW6471 inhibits PPARa and compound C
inhibits AMPKa phosphorylation. After incubation with either drug, the
vascular protection of fenofibrate was reversed (Fig. 5A, p < 0.01).
Furthermore, we used two selective agonists to incubate aortas from
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vehicle-treated DM: AICAR activates AMPK and FF activates PPARa.
We found that both drugs increased vasodilation of aortas (Fig. 5B,
p < 0.01), suggesting a direct modulatory effect of fenofibrate on
vascular tone via PPARa- and AMPKa-related pathways in DM. Also,
this indicates that the effect of fenofibrate on vascular function is in-
dependent of its hypolipemic action.

3.7. Diabetes-associated oxidative stress is attenuated by fenofibrate
treatment

Since diabetes is associated with excessive superoxide production
that may reduce NO bioavailability, we tested levels of oxidative stress
in aortic tissues. Levels of superoxide dismutase (SOD) and catalase
were both reduced and hydrogen peroxide (H,O,) was increased in
vehicle-treated DM. However, all of these changes were reversed by
fenofibrate treatment (Fig. 6A to C, p < 0.001). Also, incubation with
the permeable superoxide mimetic tempol increased the vasodilatory
response to acetylcholine in vehicle-treated DM (Fig. 6D), but failed to
change acetylcholine responses in fenofibrate-treated DM, further
supporting the inhibitory role of fenofibrate on oxidative stress in
diabetes.
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3.8. Fenofibrate treatment normalizes vasoconstriction via the NF-xkB/COX-
2 pathway in diabetic mice

Compared with the vehicle-treated DM, fenofibrate administration
decreased COX-2 and NF-kB p65 proteins in the aorta (Fig. 7A and B,
p < 0.01). Levels of TxA2 and PGE2 in serum were both increased in
vehicle-treated DM and were reversed by fenofibrate treatment (Fig. 7C
and D, p < 0.01). Also, incubation of aortas with indomethacin to
inhibit cyclooxygenase restored the enhanced NE-mediated contraction
in vehicle-treated DM, but did not show any effect in aortas from
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fenofibrate-treated DM (Fig. 7E). This indicates a modulatory effect of
fenofibrate on vasocontractility via the COX-2 related pathway.
Therefore, improvement of vascular contractility by fenofibrate treat-
ment can be largely attributed to suppression of the vasoconstrictor
prostaglandin via inhibition of the NF-xB/COX-2 pathway.

3.9. Effect of fenofibrate on vascular reactivity altered by high glucose
concentrations in vitro

ACh-induced vasodilation was markedly impaired and the
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Fig. 6. Diabetes-associated oxidative stress is attenuated by fenofibrate treatment. A, Levels of superoxide dismutase (SOD) in aortic tissues from vehicle and
fenofibrate-treated control mice (Con) and diabetic mice (DM). B, Levels of catalase in aortas from vehicle and fenofibrate-treated Con and DM. C, Levels of hydrogen
peroxide (H202) in aortas from vehicle and fenofibrate-treated Con and DM. D, Effect of 30-min preincubation with tempol (100umol/L, superoxide dismutase
mimetic) on endothelium dependent relaxation in aortas from vehicle and fenofibrate-treated DM. Data are mean + SEM. ***p < 0.001 vs Con, **#p < 0.001 vs

vehicle-treated DM. n = 6.
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contractile responses to NE were greater in control aortas incubated
with hyperglycemic concentrations, compared with normal concentra-
tions of glucose. Incubation with fenofibrate improved vascular re-
laxation and constriction under high glucose concentration, while it did
not affect the vascular response in normal glucose concentration
(Fig. 8A and B, p < 0.001).

4. Discussion

The present study was designed to evaluate the effects of fenofibrate
on endothelial function in diabetes and explore possible signaling me-
chanisms involved. We used a mouse model of STZ-induced DM and
investigated effects of an eight-week treatment with fenofibrate
(100 mg/kg/d) on endothelial dysfunction. Our results show that fe-
nofibrate treatment reduced renal damage markers and plasma trigly-
ceride levels, while there was no significant change in blood glucose
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#xxp < 0.001 vs NG, “*#p < 0.001 vs HG. n = 5.

and body weight between vehicle and fenofibrate-treated DM. Eight-
week fenofibrate treatment improved endothelium dependent relaxa-
tion in macro- and microvessels, increased NO levels and inhibited
oxidative stress. Similarly, incubating aortas from wild type mice with a
hyperglycemic concentration exhibited a remarkably weaker vascular
relaxation, whereas fenofibrate treatment reversed this change. The
aorta vasodilation by fenofibrate treatment was reversed by a PPARa
and by an AMPKa inhibitor. Western blot results showed that fenofi-
brate treatment elevated PPARa expression, subsequently induced
LKB1 translocation from the nucleus to the cytoplasm to activate
AMPKa and thus activated eNOS. The vascular relaxation effect of fe-
nofibrate most likely is through modulation of the PPAR/LKB1/AMPK/
eNOS pathway to increase production of NO and suppress oxidative
stress. We found that fenofibrate treatment reduced levels of the va-
soconstrictor prostaglandin and decreased the protein expressions of
NF-kB p65 and cyclooxygenase 2 in aortas. Incubation with in-
domethacin improved aortic contractility in diabetic mice. The vascular
contractility effect of fenofibrate most likely is via inhibition of the NF-
kB/COX-2 pathway to reduce vasoconstrictor prostaglandin. Overall,
our results show that fenofibrate treatment improved the vascular en-
dothelial function by balancing endothelium-dependent relaxation and
contractility in diabetic mice.

Previous clinical studies have noted the importance of vascular
complications of diabetes. Both the FIELD and ACCORD study reported
that fenofibrate treatment in type 2 diabetic patients reduces the need
for laser treatment of diabetic retinopathy, delayed the progression of
diabetic nephropathy and reduced nonfatal coronary events [10,11].
The mechanisms of fenofibrate action responsible for these benefits
were not apparent. Endothelial dysfunction is the most likely culprit for
vascular complications of diabetes mellitus. A proposed core event are
diminished amounts of NO due to reduced expression or activity of
eNOS [28]. We found that fenofibrate treatment stimulated NO pro-
duction and increased phosphorylation of eNOS in arteries from dia-
betic mice. Also, endothelium-dependent relaxation is impaired in
aortas from diabetic mice and this vascular impairment is corrected by
treatment with fenofibrate. Previous studies showed that eNOS could be
phosphorylated on serine 1177 by AMPK [29,30]. We found that fe-
nofibrate administration increased the protein expression of PPARa and
AMPKa phosphorylation in aortas from diabetic mice. This result was
consistent with previous cell experiments reporting that fenofibrate has
a role in AMPKa activation [19,20], but the mechanism by which
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fenofibrate activates AMPK is poorly defined. Interestingly, a poten-
tially important observation in our study is that fenofibrate adminis-
tration upregulated LKB1 by transferring from the nucleus to the cy-
toplasm and increased phosphorylation of LKB1, thus activating AMPK
in the cytosol. Previous studies reported that LKB1 has many biological
pathways and deletion of LKB1 has a directly negative affect on AMPK
[31]. Therefore, we propose that fenofibrate activates PPARa, induces
LKB1 transferring from the nucleus to the cytosol, upregulates LKB1
phosphorylation, activates AMPKa and increases eNOS phosphoryla-
tion. Our in vitro vascular experiments further confirm our hypothesis.
Preincubation of aortas with GW 6471 (a PPARa inhibitor) and Com-
pound C (an AMPK inhibitor) from fenofibrate-treated DM did reverse
the improvement in endothelium-dependent relaxation. Also, pre-
incubation of aortas with FF (a PPARa agonist) or AICAR (an AMPK
agonist) restored acetylcholine-induced vasodilation in vehicle-treated
DM, but did not affect aorta from fenofibrate-treated DM. This strongly
suggests a direct modulatory effect of fenofibrate on vascular tone via
PPARa- and AMPKo-related pathways in diabetic mice. Also, in-
cubating aortas with fenofibrate improved endothelial-dependent re-
laxation under high glucose conditions suggesting that fenofibrate has
positive effects on vascular function independent of its hypolipemic
action. Together, our data show that fenofibrate normalizes en-
dothelium-dependent relaxation in aortas via the activation of PPAR/
LKB1/AMPK/eNOS pathway signals to increase NO production in dia-
betic mice.

Amongst the underlying mechanisms in the diabetes-related macro-
and microvascular complications, except for impaired eNOS derived NO
production, oxidative stress also plays a vital role [3,32], which redu-
cing NO bioavailability. We found that levels of SOD and catalase were
increased and hydrogen peroxide was decreased in aortic tissues in
fenofibrate-treated diabetic mice compared with vehicle-treated dia-
betic mice, which indicating an inhibition of oxidative stress by feno-
fibrate in diabetes. It is thought that SOD promotes the conversion of
superoxide into oxygen and H,O, which is then rapidly decomposed by
the enzyme catalase to oxygen and water. However, H,O, level was
higher than controls, in spite of either low level of SOD in vehicle-
treated diabetic mice or higher level of catalase in fenofibrate-treated
diabetic mice. This discrepancy may be attributed by oxidases in per-
oxisomes, which are other sources of H,O, [33,34]. Indeed, the al-
terations in peroxisomal redox metabolism have been associated with
the etiology and progression of diabetes [35]. Previously, it has been
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shown that AMPK plays a vital role in regulating mitochondrial func-
tion and reduces intracellular ROS levels [14,36] through increased
expression or activation of LKB1 [31]. Therefore, we conclude that
activation of PPAR/LKB1/AMPK/eNOS signaling by fenofibrate may
also relate to the inhibition of oxidative stress and these effects together
improve endothelial function in diabetes.

Excessive superoxide production results in formation of peroxyni-
trite, a potent oxidant agent [37,38]. Increased peroxynitrite generation
is believed to contribute to numerous pathologies, including chronic
heart failure, diabetes, stroke and local inflammatory diseases [39].
Peroxynitrite has also been implicated in the loss of vascular en-
dothelium-dependent responses [40]. Since peroxynitrite generation is
linked closely to the production of superoxide, inhibition of oxidative
stress by fenofibrate treatment thus could reduce peroxynitrite pro-
duction and prevent peroxynitrite induced cytotoxicity and vascular
injury.

In diabetic animal models, COX-2 expression was found upregulated
and COX-2-derived prostaglandins were shown to induce abnormal
vasoconstrictor responses [41,42]. The present finding is consistent
with these previous reports. Vascular constriction, protein expression of
COX-2, and levels of TxA2 and PGE2 were all increased in diabetic
mice. However, fenofibrate administration reversed these changes. We
also found that nuclear NF-kB p65 protein in aortas decreased in fe-
nofibrate-treated diabetic mice. Incubation of aortas with indomethacin
to inhibit the cyclooxygenase, restored enhanced NE-mediated con-
traction in vehicle-treated DM, but did not affect aortas from fenofi-
brate-treated DM, which indicates that fenofibrate plays a modulatory
effect on vasoconstrictive tone via inhibiting the NF-kB/COX-2
pathway. In accordance with our present results, previous studies have
demonstrated that inhibition of NF-kB activity normalized TxA2 release
in aortas from diabetic rats [43] and have shown that enhanced NF-xB
activity impairs vascular function through COX-2-dependent me-
chanism in diabetic arteries [44]. Furthermore, prior studies that have
noted that COX-2-derived TxA2 release could be responsible for the
decreased NO bioavailability in aortas from aged rats [45]. Similarly,
production of NO was augmented in thromboxane prostanoid knockout
mice [46]. The studies suggested that COX-2 has an opposing regulatory
effect on the release of NO. Therefore, as discussed above, normal-
ization of NO levels by fenofibrate treatment of diabetic mice, may
partly result from the inhibition of the NF-xB/COX-2 signal by fenofi-
brate. Thus, we propose an important role of fenofibrate in regulating
the COX-derived constrictor prostaglandins in diabetic mice.

To the best of our knowledge, we are the first to reveal the balance
of vascular endothelial-dependent relaxation and constriction in eval-
uating the effect of fenofibrate in type I diabetic mice. A novel finding
in our study is that we found that fenofibrate activates AMPK by in-
creasing LKB1 phosphorylation and by inducing LKB1 translocation
from the nucleus to the cytoplasm and thus activate AMPK. Another
interesting observation is that endothelial protection by fenofibrate is
partly driven by the inhibition of a COX-related pathway. As a potential
weakness of our current study, we did not use PPARa, AMPKa or COX
knockout mice, but we conducted the vascular experiments with
pharmacologic reagents i.e. agonists and inhibitors, which demonstrate
their role in the vascular endothelium.

In summary, we show that chronic fenofibrate administration nor-
malizes endothelial function by balancing endothelial-dependent re-
laxation and constriction in diabetic mice. The effect of increased en-
dothelium-dependent relaxation is via activating the PPAR/LKB1/
AMPK/eNOS pathway, thus increasing endogenous NO generation and
preventing oxidative stress. Contractile responses were related to the
inhibition of NF-kB/COX-2 pathway and thus suppressing vasocon-
strictor prostaglandin. Our findings give further insights into the me-
chanisms underlying the vascular protective effect of fenofibrate in
diabetic endothelial function, suggesting a potential advantage of in-
tervention with fenofibrate as a therapeutic approach to diabetes-re-
lated vascular complications.
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