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Dyslipidemia contributes to endothelial dysfunction in 
type 2 diabetes mellitus (T2D)1 and involves vasoac-

tive peptides, such as endothelin-1 (ET-1).2 Clinical trials 
suggest fenofibrate (FF) improves microvascular com-
plications of T2D.3–5 FF is a ligand of the peroxisome 
proliferator–activated receptor-α (PPARα), which on het-
erodimerization with the Retinoid X Receptor binds to per-
oxisome proliferator response elements (PPRE) in target 
gene promoters and activates the transcription of genes, 
hence improving diabetic dyslipidemia.6,7 FF also dis-
plays pleiotropic nonlipid effects thus reducing fibrinogen, 
C-reactive protein, and uric acid levels and the expression 
of adhesion molecules, tissue factor, interleukin-6, COX-2, 
and ET-16,8 and also improving flow-mediated dilatation via 
an increase in endothelial nitric oxide synthase expression 

and activity.9,10 In macrovascular endothelial cells (ECs), 
PPARα activation inhibits signaling pathways, such as 
activator protein (AP)-1 and nuclear factor-κB, thus col-
lectively decreasing vascular inflammation.11

ET-1 is a potent vasoconstrictor expressed both in 
microvascular and in macrovascular ECs. Plasma ET-1 levels 
are elevated in patients with diabetes mellitus.12 Genetic factors 
relate to diabetic microvascular complications and association 
of the transforming growth factor-β (TGFβ) T869C gene 
polymorphism with an increased risk of nephropathy and 
retinopathy in T2D has been observed.13 The ET-1 promoter has 
binding sites for AP-1 and Smad transcription factors, which 
functionally cooperate through cAMP-response element binding 
protein/p300 to mediate TGFβ-induced transcriptional activation 
of the ET-1 gene.14 TGFβ binding to its transmembrane receptor 
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Objective—Dyslipidemia contributes to endothelial dysfunction in type 2 diabetes mellitus. Fenofibrate (FF), a ligand of 
the peroxisome proliferator–activated receptor-α (PPARα), has beneficial effects on microvascular complications. FF 
may act on the endothelium by regulating vasoactive factors, including endothelin-1 (ET-1). In vitro, FF decreases ET-1 
expression in human microvascular endothelial cells. We investigated the molecular mechanisms involved in the effect of 
FF treatment on plasma levels of ET-1 in type 2 diabetes mellitus patients.

Methods and Results—FF impaired the capacity of transforming growth factor-β to induce ET-1 gene expression. PPARα 
activation by FF increased expression of the transcriptional repressor Krüppel-like factor 11 and its binding to the ET-1  
gene promoter. Knockdown of Krüppel-like factor 11 expression potentiated basal and transforming growth factor-β–
stimulated ET-1 expression, suggesting that Krüppel-like factor 11 downregulates ET-1 expression. FF, in a PPARα-
independent manner, and insulin enhanced glycogen synthase kinase-3β phosphorylation thus reducing glycogen synthase 
kinase-3 activity that contributes to the FF-mediated reduction of ET-1 gene expression. In type 2 diabetes mellitus, 
improvement of flow-mediated dilatation of the brachial artery by FF was associated with a decrease in plasma ET-1.

Conclusion—FF decreases ET-1 expression by a PPARα-dependent mechanism, via transcriptional induction of the  
Krüppel-like factor 11 repressor and by PPARα-independent actions via inhibition of glycogen synthase kinase-3 
activity.   (Arterioscler Thromb Vasc Biol. 2013;33:621-628.)

Key Words: endothelin-1 ◼ endothelium ◼ glycogen synthase kinase-3 ◼ peroxisome proliferator–activated 
receptor-α ◼ type 2 diabetes mellitus 
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kinases initiates intracellular signaling cascades, including 
Smad-dependent15 and also Smad-independent pathways.16

Studies on Smad-independent gene expression have identi-
fied a novel family of TGFβ-inducible Sp1/Krüppel-like factors 
(KLF)-like transcription factors contributing to the effects of 
TGFβ on cell growth and differentiation.17 KLF11 is a mem-
ber of this family, which mediates TGFβ-induced actions, for 
example, the repression of c-myc by TGFβ in epithelial cells. 
Mechanistically, KLF11 accomplishes this function by pro-
moter binding via specific GC-rich sites and recruiting the Sin3-
histone deacetylase chromatin remodeling complex.18

Glycogen synthase kinase-3 (GSK3) is a widely expressed 
and highly conserved serine/threonine protein kinase, which 
controls TGFβ signaling.19 Thus, GSK3 mediates TGFβ-
induced phosphorylation of Smad3 at the linker region.20 
GSK3 is different from other kinases because it is generally 
highly active in resting cells, but inhibited in response to 
cellular signals,21 including signals activating receptor tyro-
sine kinases that activate the phosphatidylinositide 3-kinase 
(PI3K)/Akt pathway.22

PPARα agonists improve microvascular complications of 
T2D,4 in part, owing to actions on the endothelium. We pre-
viously showed that FF improved endothelial function in 
diabetic patients.23 We now investigate the molecular mecha-
nisms by which FF regulates ET-1 expression and the effect of 
FF on plasma ET-1 levels in T2D patients.

Materials and Methods
The immortalized human microvascular EC line (HMEC-1) 
was a generous gift of F.J. Candal (Atlanta, GA).24 The KLF11 
expression vector was a gift from R. Urrutia (Rochester, MN).

RNA Analysis
HMEC-1 cells were incubated with vehicle or FF (100 
μmol/L) in MCDB131 medium containing 0.2% fetal calf 
serum, with or without TGFβ (10 ng/mmol/L), GSK3 inhibi-
tor IX (50 nmol/L), Kenpaullone (2.3 μmol/L), Wortmannin 
(1 μmol/L), or insulin (100 nmol/L). For RNA quantification, 
see Methods in the online-only Data Supplement.

KLF11-Luc Promoter Constructs
A 2-kb KLF11 promoter region (−1910/+144) was amplified 
from genomic DNA as described in Methods in the online-
only Data Supplement.

Transfections
HMEC-1 cells were seeded at 40×103 cells/well in a 24-well 
plate and transfected with PromoFectin-HUVEC transfection 
reagent (Promocell GmbH) as described in Methods in the 
online-only Data Supplement.

Western Blot Analysis
Proteins were resolved by SDS-PAGE electrophoresis followed 
by western blotting using specific antibodies (antiphospho-
GSK-3α/β[Ser-21/9] [Cell Signaling Technology, Ozyme], 
goat polyclonal antibody anti-KLF11:sc-23162 [Santa Cruz, 
TEBU-Bio], and monoclonal anti-β-actin:clone AC-15 
[Sigma]) and the Immobilon Western HRP chemiluminescent 
substrate (Millipore).

Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation experiments were performed 
as described in Methods in the online-only Data Supplement.

Statistical Analyses
Data are expressed as the mean±SEM, and differences ana-
lyzed for statistical significance by 1-way ANOVA or the 
Student t test (1-tailed).

Human Study
Thirty-five T2D subjects of similar age23 were randomized, 
double-blind to treatment with FF 200 mg/d or placebo for 
12 weeks. Plasma ET-1 was measured at baseline and after 
treatment using a high-sensitivity radioimmunoassay (Biotrak 

Figure 1. Fenofibrate (FF) decreases endothelin-1 (ET-1) and 
increases Krüppel-like factor 11 (KLF11) mRNA and protein 
expression in human microvascular endothelial cell line-1 (HMEC-
1) cells. HMEC-1 cells were treated with vehicle or FF in the 
presence or absence of transforming growth factor-β (TGFβ) and 
ET-1 and KLF11 mRNA analyzed using real-time quantitative 
polymerase chain reaction and normalized to cyclophilin mRNA 
(mean±SEM of triplicate determinations; A to C). ET-1 secretion 
was analyzed by ELISA and KLF11 protein by western blotting (A, 
D). Band intensity was analyzed using the ImageQuant software 
(values indicated). Statistical differences were calculated using 
unpaired t test (1-tailed) (vehicle vs FF 100 μmol/L: P=0.015; 
TGFβ vs TGFβ+FF 50 μmol/L: P=0.016; TGFβ vs TGFβ+FF  
100 μmol/L: P=0.0009 for ET-1 mRNA expression; vehicle vs FF 
50 μmol/L; P=0.013; vehicle vs FF 100 μmol/L P=0.0009; TGFβ 
vs TGFβ+FF 50 μmol/L P=0.006; TGFβ vs TGFβ+FF 100 μmol/L: 
P=0.0004 for ET-1 secretion; vehicle vs FF: P=0.024 for ET-1 at 
24 h and TGFβ vs TGFβ+FF: P=0.0374 for ET-1 at 8 h; P=0.00019 
for ET-1 at 16 h; P=0.0010 for ET-1 at 24 h and vehicle vs FF: 
P=0.0005 for KLF11 at 8 h; P=0.0156 for KLF11 at  
16 h; P=0.0002 for KLF11 at 24 h and TGFβ vs TGFβ+FF: 
P=0.0462 for KLF11 at 8 h; P=0.0016 for KLF11 at 24 h). ns indi-
cates not significant.
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RPA 545, Amersham Biosciences, UK). Treatment effects 
(FF and placebo) on plasma ET-1 levels were analyzed using 
paired t test (within treatment group) and the Mann–Whitney 
U test (between treatment groups).

Results

FF Decreases ET-1 mRNA While Increasing 
KLF11 Expression in HMEC-1 Cells
We previously showed that PPARα activators downregulate 
human ET-1 promoter activity by reducing AP-1 DNA-binding 
activity after thrombin stimulation.25 Because ET-1 expression 
is also TGFβ-regulated,14 we evaluated the effect of FF 
treatment on TGFβ induction of ET-1 in HMEC-1 cells (Figure 
1A and 1B). FF inhibited the TGFβ-mediated increase in ET-1 
expression in a dose- and time-dependent manner, an effect most 
pronounced at 100 μmol/L of FF and already observed within 8 
hours of treatment. The effects of FF on ET-1 mRNA expression 
were accompanied by similar changes in ET-1 secretion in the 
cell culture medium (Figure 1A). Because a transcriptional 
repressor could be involved in this action of FF, because KLF 
transcription factors are involved in cardiovascular diseases26 
and mediate TGFβ-induced actions, and because recent 
transcriptomic analysis proposed KLF11 as a PPARα-regulated 
gene in human hepatocytes,27 we measured KLF11 expression 
in HMEC-1 cells. FF treatment induced KLF11 mRNA (Figure 
1C) already within 8 hours. Because KLF11 is a TGFβ-inducible 

early gene,28 we also investigated the effect of TGFβ on KLF11 
expression in confluent HMEC-1 cells treated or not with FF. 
Whereas FF potently increased KLF11 expression, no further 
increase occurred on cotreatment with TGFβ (Figure 1C). FF 
also increased KLF11 protein expression (Figure 1D).

FF-Activated PPARα Stimulates KLF11 
Transcription via a PPRE in the KLF11 Promoter
Computer-assisted transcription factor mapping using 
Genomatix (http://www.genomatix.de/) identified a putative 
PPRE in the human KLF11 promoter at position −267/−244 
(Figure 2A). To assess whether PPARα regulates KLF11 pro-
moter activity, the upstream regulatory sequence (−1903/+153) 
of the human KLF11 gene was cloned in front of a lucifer-
ase reporter gene. FF strongly increased promoter activity in 
HMEC-1 cells transiently transfected with PPARα (Figure 2B). 
Since PPARα expression is low at the cell density required for 
optimal transient transfection (60%-80%), cotransfection of 
cells with a PPARα expression plasmid was required to evalu-
ate the KLF11 promoter activation by PPARα (Figure IA in the 
online-only Data Supplement). Increase of PPARα expression 
from pre- to confluent cells correlates with an upregulation in 
KLF11 mRNA and protein expression (Figure IA and IB in the 
online-only Data Supplement). Mutation of the KLF11 pro-
moter PPRE sequence (Figure 2A) abolished PPARα-induction 
of promoter activity (Figure 2C). Electrophoretic mobility shift 
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Figure 2. Peroxisome proliferator–activated 
receptor-α (PPARα) activates and binds to a peroxi-
some proliferator response element (PPRE) in the 
Krüppel-like factor 11 (KLF11) promoter in human 
microvascular endothelial cell line-1 (HMEC-1) 
cells. A, Nucleotide sequence of the KLF11 pro-
moter PPRE (mutated [mt] nucleotides are under-
lined). B, HMEC-1 cells were transfected with the 
control or a luciferase reporter vector containing 
2 kb of the KLF11 promoter (−2 kb-KLF11-Luc) 
and human PPARα (hPPARα) expression or pSG5 
control vectors. 24 h after transfection, cells were 
treated or not with FF (24 h). C, HMEC-1 cells were 
transfected with the KLF11 wild-type (WT) or mt 
promoter and PPARα expression (black) or pSG5 
control vectors (white) (mean±SEM of triplicate 
determinations). Statistical differences were cal-
culated using unpaired t test (1-tailed) (vehicle vs 
FF: P<0.0001 for transfection with hPPARα and −2 
kb-KLF11-Luc; pSG5 vs hPPARα: P=0.0006 for 
cells transfected with the construct containing the 
WT KLF11 promoter). D, Electrophoretic mobil-
ity shift assay was performed with radiolabeled 
KLF11 PPRE or a DR1 consensus probe and in 
vitro translated PPARα and Retinoid X Receptor 
(RXR) proteins. Competition assays used increas-
ing amounts of cold WT or mutant oligonucleotides 
and supershift used an anti-PPARα antibody (Ab). 
E, Chromatin immunoprecipitation (ChIP) assays 
were performed using anti-PPARα antibody. Con-
fluent HMEC-1 cells were treated with vehicle or FF 
for 24 hours. Total extracts were used as controls. 
Samples were analyzed by quantitative polymerase 
chain reaction (mean±SEM of triplicate determina-
tions). Statistical differences were calculated using 
unpaired t test (1-tailed; vehicle vs FF: P=0.0008). 
The sequences and positions of oligonucleotides 
used in the ChIP assays are indicated in (A; hori-
zontal arrows). RLU indicates relative light units.
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assay analysis using a radiolabeled oligonucleotide correspond-
ing to the (−267/−244) KLF11 promoter sequence, containing 
the PPRE, showed binding of the PPARα/Retinoid X Receptor 
heterodimer to the probe which is competed by cold wild-type, 
but not mutated PPRE oligonucleotide (Figure 2D). Finally, 
chromatin immunoprecipitation assays showed PPARα binding 
to the KLF11 promoter increased by FF treatment (Figure 2E).

FF Increases KLF11 Binding to the ET-1  
Promoter, Which Contributes to the 
Reduction of Basal and TGFβ-Induced 
ET-1 Expression in HMEC-1 Cells
To test whether PPARα induction of KLF11 accounts for the 
effect of FF on ET-1 expression, we investigated whether 
KLF11 binds to the ET-1 promoter in cell. In silico analy-
sis identified potential KLF11 binding sites in the −650-
bp region of the ET-1 promoter (Figure 3A). Chromatin  
immunoprecipitation assays using primer pairs covering these 
putative KLF binding sites showed specific binding of KLF11 
on the ET-1 promoter in confluent HMEC-1 cells, which was 
increased by FF (Figure 3A).

siRNA knockdown of KLF11 or PPARα expression to, 
respectively, 50% and 80% of control (Figure 3C) enhanced 

TGFβ-induced ET-1 mRNA expression, suggesting that both 
PPARα and KLF11 exert inhibitory actions on TGFβ-induced 
ET-1 expression (Figure 3B).

The PI3K/Akt/GSK3 Pathway Is Involved 
in the ET-1 mRNA Decrease by FF
Surprisingly, TGFβ-induced ET-1 expression was still 
reduced by FF, albeit to a lesser extent, on siRNA knockdown 
of PPARα, suggesting PPARα-independent mechanisms 
(Figure 4A). Because the PI3K/Akt/GSK3 pathway also 
mediates TGFβ signaling,16 we analyzed the effect of FF on 
GSK3β phosphorylation in HMEC-1 cells. FF increased the 
inactivating Ser-9 phosphorylation of GSK3β (Figure 4B). 
The induction of GSK3β phosphorylation was observed 
early and remained elevated for 24 hours, suggesting 
that FF-induced GSK3 phosphorylation could contribute 
to the regulation of ET-1 expression. To confirm the  
implication of the GSK3 pathway in the decrease of ET-1 
mRNA expression by FF, different GSK3 inhibitors were 
tested on confluent HMEC-1 cells. Treatment for 24 hours 
with the GSK3 inhibitors IX and Kenpaullone decreased 
ET-1, but not KLF11 mRNA expression (Figure 4C and 
4D). These results suggest that FF-mediated reduction in 

Figure 3. Fenofibrate (FF)-induced endothelin-1 
(ET-1) promoter Krüppel-like factor 11 (KLF11) 
binding contributes to the reduction of ET-1 expres-
sion in human microvascular endothelial cell line-1 
(HMEC-1) cells. A, HMEC-1 cells were treated 
with vehicle or FF for 20 h. Chromatin immuno-
precipitation (ChIP) assays were performed using 
anti-KLF11 antibodies. Total extracts (input) were 
used as controls. Samples were analyzed by semi-
quantitative polymerase chain reaction (qPCR; A, 
left) or by qPCR (A, right; bars are mean±SEM of 
triplicate determinations). Statistical differences 
were calculated using unpaired t test (1-tailed; 
vehicle vs FF: P=0.0002). Schematical representa-
tion of the ET-1 promoter with the potential KLF11, 
Smad and activator protein (AP)-1 binding sites; 
horizontal arrows indicate the positions of the 
oligonucleotides used in ChIP assays. B, HMEC-1 
cells transfected with KLF11- or PPARα-siRNA 
were treated with vehicle (white) or TGFβ (diagonal) 
for 24 h and ET-1 mRNA analyzed by qPCR normal-
ized to the cyclophilin mRNA (mean±SEM of trip-
licate determinations). Statistical differences were 
calculated using 1-way ANOVA followed by New-
man–Keuls–corrected post hoc analysis (P<0.001). 
C, KLF11 and PPARα mRNA were analyzed by 
qPCR in HMEC-1 cells transfected with KLF11- or 
PPARα- or ctrl-siRNA and normalized to cyclophilin 
mRNA. Statistical differences were calculated using 
unpaired t test (1-tailed; sictrl vs siKLF11: P=0.0139 
and sictrl vs siPPARα: P=0.0007).
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GSK3 activity contributes to the decrease of ET-1 mRNA 
levels in a KLF11-independent way. Because insulin receptor 
activation in the endothelium induces the PI3K/Akt pathway 
and vasodilatation,29 we investigated also the effect of insulin 
on ET-1 expression. Insulin decreased ET-1 expression in 
HMEC-1 cells (Figure 4E), an effect reverted by wortmannin, 
an inhibitor of Akt. Moreover, insulin strongly increased the 
inhibitory phosphorylation of GSK3, which was reduced 
by treatment with wortmannin (Figure 4F). Moreover, 
wortmannin treatment increased ET-1 expression in line 
with a role of Akt/GSK3 pathway in ET-1 regulation, even 
on KLF11 knockdown (Figure 4G). On KLF11 knockdown, 
FF still inhibited the wortmannin-mediated increase of ET-1 
expression, suggesting that FF acts downstream of Akt.

FF Decreases Plasma ET-1 in T2D Patients
T2D subjects have impaired endothelial function that 
improves with FF as measured by brachial artery flow-medi-
ated dilatation. Evaluation of the effects of FF on plasma ET-1 
levels by ELISA assay (Figure 5A) showed a significant on-
treatment decrease in plasma ET-1 (P=0.032; baseline versus 
end), whereas there was no significant on-treatment change in 

the placebo group (P=0.415). FF treatment decreased plasma 
ET-1 significantly compared with placebo (P=0.010).

Discussion
Our previous studies23 showed that FF improves macro- and 
microcirculatory function. We now investigated the molecu-
lar mechanisms underlying the beneficial effect of FF on 
microcirculation in diabetes mellitus by studying ET-1 regu-
lation. In human microvascular endothelial HMEC-1 cells, 
FF significantly decreased ET-1 mRNA, an effect most 
pronounced on TGFβ activation. We thus hypothesized that 
a transcriptional repressor accounts for this action of FF. 
KLF11 has been recently identified by Affymetrix GeneChip 
analysis as a PPARα-induced gene in mouse and human 
hepatocytes.27 We show that KLF11 is a bona fide PPARα 
target gene in human ECs. KLF11 induction by FF occurs 
at the transcriptional level via a PPRE located near its tran-
scription start site. KLF11 regulates ET-1 because reduction 
of endogenous KLF11 by siRNA increased ET-1 expression. 
We further identified KLF11 binding sites within the ET-1 
gene. FF increased KLF11 occupancy on the ET-1 promoter. 
Therefore, we identify a novel molecular pathway regulating 
ET-1 expression through PPARα-mediated induction of the 

Figure 4. Fenofibrate (FF) increases glycogen 
synthase kinase-3β (GSK3β) phosphorylation that 
contributes to a PPARα-independent reduction of 
endothelin-1 (ET-1) expression. A, Human micro-
vascular endothelial cell line-1 (HMEC-1) cells 
transfected with PPARα- or ctrl-siRNA and treated 
with transforming growth factor-β (TGFβ) and FF. 
ET-1 mRNA expression was analyzed by quantitative 
polymerase chain reaction (qPCR) and normalized to 
cyclophilin mRNA. Statistical differences were cal-
culated using unpaired t test (1-tailed; vehicle vs FF: 
P<0.0001 for sictrl and vehicle vs FF: P=0.0015 for 
short interfering [si]PPARα). B, Confluent HMEC-1 
cells were treated with vehicle or FF. Total cell 
lysates were then analyzed for expression of GSK3β 
and Ser-9 phosphorylation of GSK3β by immunob-
lotting. GSK3β phosphorylation intensities of the 
western blot bands normalized to GSK3β measured 
using the ImageQuant software are indicated. C 
and D, Confluent HMEC-1 cells were treated with 
vehicle, FF, GSK3 inhibitor IX (IX), Kenpaullone 
(K). ET-1 (C) or KLF11 (D) mRNA were measured 
by qPCR and normalized to cyclophilin mRNA 
(mean±SEM of triplicate determinations). Statistical 
differences were calculated using unpaired t test 
(1-tailed; vehicle vs FF: P=0.0012; vehicle vs inhibi-
tor IX: P=0.0035; vehicle vs Kenpaullone: P=0.0007 
for ET-1 and vehicle vs FF: P=0.017 for KLF11). E, 
Confluent HMEC-1 cells were treated with vehicle, 
insulin (Ins), or Ins+wortmannin (Wrt). Cells were 
analyzed for ET-1 mRNA expression normalized to 
cyclophilin mRNA (mean±SEM of triplicate determi-
nations). Statistical differences were calculated using 
unpaired t test (1-tailed; vehicle vs Ins: P=0.0003; Ins 
vs Ins+Wrt: P=0.0087). F, Confluent HMEC-1 cells 
treated with vehicle, FF, FF+Wrt, Ins or Ins+Wrt and 
GSK3 protein measured by western blotting using 
GSK3β and phosphorylated GSK3β antibodies. 
G, HMEC-1 cells were transfected with KLF11- or 
ctrl-siRNA, treated with FF and Wrt and TGFβ. ET-1 
mRNA expression was analyzed by qPCR normal-

ized to cyclophilin mRNA. Statistical differences were calculated using 1-way ANOVA followed by Newman–Keuls–corrected post hoc 
analysis (Wrt vs Wrt+FF: P<0.001 for siKLF11).
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repressor KLF11. ET-1 expression is regulated by numerous 
factors, among which TGFβ seems most important.30 FF also 
repressed TGFβ-induced ET-1 gene expression in a PPARα- 
and KLF11-dependent manner. We previously described 
that TGFβ induces ET-1 gene expression through functional 
cooperation between Smad proteins and AP-1 transcription 
factors at specific binding sites within the proximal ET-1 
promoter.14 The present study identified, in the ET-1 gene, 
putative KLF11 binding sites in the proximity of Smad and 
AP-1 sites. Therefore, KLF11 may repress basal and TGFβ-
stimulated ET-1 expression by interfering with Smad and 
AP-1 transcription factors.

However, the transcriptional activation of KLF11 
expression by FF does not account for the whole effect of 
FF on ET-1 expression as siRNA-mediated PPARα silencing 
did not completely prevent the effect of FF on TGFβ-induced 
ET-1 expression. Therefore, we examined the effects of FF 
on the PI3K/Akt-GSK3 pathway as it is involved in TGFβ 
signaling.16 FF increased the Ser-9 phosphorylation of 
GSK3β in HMEC-1 cells, which results in GSK3β inhibition. 
By contrast, the TCF7L2 transcription factor, a canonical 
Wnt/β-catenin downstream effector, is not involved in the 

FF-mediated reduction of ET-1 expression (Figure II in the 
online-only Data Supplement). Smad3 activity increases on 
treatment with FF or GSK3 inhibitors (Figure III in the online-
only Data Supplement) but its exact role on FF regulation of 
the ET-1 promoter remains to be determined. Wortmannin, 
which inhibits insulin-activation of Akt,31 induced ET-1 
especially on KLF11 knockdown. However, on KLF11 
expression reduction, FF still inhibited ET-1-induction by 
wortmannin illustrating the existence of mechanisms different 
from KLF11 and downstream the Akt pathway. In line, 
potential roles of nuclear factor-κB and AP-1 in the effect of 
FF on ET-1 expression were identified in macrovascular ECs 
and cardiomyocytes.11,25,32,33

ET-1 expression is also inhibited by insulin, via activation of 
the Akt/GSK3 pathway suggesting that FF mimics the effect 
of insulin. In T2D patients, FF treatment was associated with 
a decrease in plasma ET-1 levels, most relevantly in those 
whose ET-1 levels were significantly elevated compared 
with nondiabetic controls (data not shown). Despite random 
allocation of subjects to treatment groups, the lower plasma 
ET-1 levels in the placebo group could be owing to sampling 
variation, and may account for why the between-group changes 
were less significant after adjustment for baseline values. 
Nevertheless, these observations provide a partial explanation 
for our finding that FF improves resistance vessel function and 
ambulatory blood pressure in diabetes mellitus34,35 and could 
provide a contributing mechanism explaining the beneficial 
effects of FF on microvascular complications of diabetes 
mellitus in the Fenofibrate Intervention and Event Lowering in 
Diabetes (FIELD) and Action to Control Cardiovascular Risk 
in Type 2 Diabetes (ACCORD) trials, including a significant 
reduction in the need for laser treatment of retinopathy, as 
well as a delay in the progression of nephropathy.36–38 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.39 Our study supports the hypothesis that the beneficial 
effects of FF treatment in T2D patients on microvascular 
circulation may be, in part, mediated by decreased ET-1 levels. 
FF acts by counteracting effects of TGFβ, which is increased 
in T2D40 by decreasing AP-1 binding on the ET-1 promoter 
(Figure IV in the online-only Data Supplement) and GSK3 
activity (Figure V in the online-only Data Supplement). TGFβ 
elevation has been linked to diabetic complications, particularly 
to nephropathy, retinopathy, and cardiovascular diseases.41,42

In conclusion, we propose a novel molecular mechanism 
whereby FF may improve the microcirculatory dysfunction in 
T2D (Figure 5B). FF significantly decreases ET-1 expression 
by a PPARα-dependent mechanism, via the transcriptional 
activation of the KLF11 repressor, and by PPARα-independent 
actions via the inhibition of GSK3 activity. 

Acknowledgments
We thank Geneviève Marchandise (Center Infection Immunity of Lille 
[CIIL], France) for her technical assistance.

Sources of Funding
This work was supported by grants from Région Nord-Pas de Calais/
FEDER, Fondation Coeur et Artères and a project grant from the 
National Health and Medical Research Council (NHMRC) of 

Figure 5. A, Diabetic patients divided into 2 groups were random-
ized double-blind to Fenofibrate (FF) treatment (200 mg/d; n=17) 
or placebo (n=18) for 12 weeks. Plasma endothelin-1 (ET-1) was 
measured at baseline and after treatment, and data values are 
presented as mean (SEM) in units of pg/mL (P=0.032, baseline 
vs end), in placebo group (P=0.415). FF vs placebo (P=0.010). B, 
Scheme summarizing the molecular mechanisms of FF on ET-1 
expression in human microvascular endothelial cell line-1 (HMEC-
1) cells. FF increases Krüppel-like factor 11 (KLF11) expression via 
activation of peroxisome proliferator–activated receptor (PPARα) 
resulting in a decrease of ET-1 expression. FF increases the inhibi-
tory phosphorylation of glycogen synthase kinase-3β (GSK3β) 
decreasing ET-1 expression. These combined effects contribute 
to a significant time-dependent decrease of ET-1 expression and 
subsequent endothelial dysfunction and vascular complications.

 at Centro Biologia Molecular Severo Ochoa on April 25, 2014http://atvb.ahajournals.org/Downloaded from 

http://atvb.ahajournals.org/


Glineur et al  ET-1 Regulation by FF  627

Australia. Gerard T. Chew was the receipt of an NHMRC medi-
cal scholarship. Bernadette Neve received support from the French 
National Research Agency (ANR). Bernadette Neve is a researcher 
of Institut National de la Santé et de la Recherche Médicale. 
Corine Glineur is a researcher of Centre National de la Recherche 
Scientifique. Bart Staels is a member of the Institut Universitaire de 
France.

Disclosures
None.

References
 1. Woodman RJ, Chew GT, Watts GF. Mechanisms, significance and treat-

ment of vascular dysfunction in type 2 diabetes mellitus: focus on lipid-
regulating therapy. Drugs. 2005;65:31–74.

 2. Kalani M. The importance of endothelin-1 for microvascular dysfunc-
tion in diabetes. Vasc Health Risk Manag. 2008;4:1061–1068.

 3. Ansquer JC, Foucher C, Aubonnet P, Le Malicot K. Fibrates and 
microvascular complications in diabetes–insight from the FIELD study. 
Curr Pharm Des. 2009;15:537–552.

 4. Hermans MP. Prevention of microvascular diabetic complications by 
fenofibrate: lessons from FIELD and ACCORD. Diab Vasc Dis Res. 
2011;8:180–189.

 5. Chew EY, Ambrosius WT, Davis MD, Danis RP, Gangaputra S, Greven 
CM, Hubbard L, Esser BA, Lovato JF, Perdue LH, Goff DC, Jr., Cushman 
WC, Ginsberg HN, Elam MB, Genuth S, Gerstein HC, Schubart U, Fine 
LJ. Effects of medical therapies on retinopathy progression in type 2 
diabetes. N Engl J Med. 2010;363:233–244.

 6. Lefebvre P, Chinetti G, Fruchart JC, Staels B. Sorting out the roles of 
PPAR alpha in energy metabolism and vascular homeostasis. J Clin 
Invest. 2006;116:571–580.

 7. Staels B, Maes M, Zambon A. Fibrates and future PPARalpha agonists in 
the treatment of cardiovascular disease. Nat Clin Pract Cardiovasc Med. 
2008;5:542–553.

 8. Staels B, Koenig W, Habib A, Merval R, Lebret M, Torra IP, Delerive P, 
Fadel A, Chinetti G, Fruchart JC, Najib J, Maclouf J, Tedgui A. Activation 
of human aortic smooth-muscle cells is inhibited by PPARalpha but not 
by PPARgamma activators. Nature. 1998;393:790–793.

 9. Watts GF, Staels B. Regulation of endothelial nitric oxide synthase 
by PPAR agonists: molecular and clinical perspectives. Arterioscler 
Thromb Vasc Biol. 2004;24:619–621.

 10. Goya K, Sumitani S, Xu X, Kitamura T, Yamamoto H, Kurebayashi 
S, Saito H, Kouhara H, Kasayama S, Kawase I. Peroxisome prolifer-
ator-activated receptor alpha agonists increase nitric oxide synthase 
expression in vascular endothelial cells. Arterioscler Thromb Vasc Biol. 
2004;24:658–663.

 11. Delerive P, De Bosscher K, Besnard S, Vanden Berghe W, Peters JM, 
Gonzalez FJ, Fruchart JC, Tedgui A, Haegeman G, Staels B. Peroxisome 
proliferator-activated receptor alpha negatively regulates the vascular 
inflammatory gene response by negative cross-talk with transcription 
factors NF-kappaB and AP-1. J Biol Chem. 1999;274:32048–32054.

 12. Schneider JG, Tilly N, Hierl T, Sommer U, Hamann A, Dugi K, Leidig-
Bruckner G, Kasperk C. Elevated plasma endothelin-1 levels in diabetes 
mellitus. Am J Hypertens. 2002;15:967–972.

 13. Buraczynska M, Baranowicz-Gaszczyk I, Borowicz E, Ksiazek A. 
TGF-beta1 and TSC-22 gene polymorphisms and susceptibility to 
microvascular complications in type 2 diabetes. Nephron Physiol. 
2007;106:p69–p75.

 14. Rodríguez-Pascual F, Redondo-Horcajo M, Lamas S. Functional cooper-
ation between Smad proteins and activator protein-1 regulates transform-
ing growth factor-beta-mediated induction of endothelin-1 expression. 
Circ Res. 2003;92:1288–1295.

 15. Moustakas A, Souchelnytskyi S, Heldin CH. Smad regulation in TGF-
beta signal transduction. J Cell Sci. 2001;114(Pt 24):4359–4369.

 16. Moustakas A, Heldin CH. Non-Smad TGF-beta signals. J Cell Sci. 
2005;118(Pt 16):3573–3584.

 17. Ellenrieder V. TGFbeta regulated gene expression by Smads and 
Sp1/KLF-like transcription factors in cancer. Anticancer Res. 
2008;28(3A):1531–1539.

 18. Buck A, Buchholz M, Wagner M, Adler G, Gress T, Ellenrieder V. The 
tumor suppressor KLF11 mediates a novel mechanism in transforming 

growth factor beta-induced growth inhibition that is inactivated in pan-
creatic cancer. Mol Cancer Res. 2006;4:861–872.

 19. Guo X, Ramirez A, Waddell DS, Li Z, Liu X, Wang XF. Axin and GSK3- 
control Smad3 protein stability and modulate TGF- signaling. Genes 
Dev. 2008;22:106–120.

 20. Wang G, Matsuura I, He D, Liu F. Transforming growth factor-{beta}-
inducible phosphorylation of Smad3. J Biol Chem. 2009;284:9663–9673.

 21. Doble BW, Woodgett JR. GSK-3: tricks of the trade for a multi-tasking 
kinase. J Cell Sci. 2003;116(Pt 7):1175–1186.

 22. Mitsiades CS, Mitsiades N, Koutsilieris M. The Akt pathway: molecular 
targets for anti-cancer drug development. Curr Cancer Drug Targets. 
2004;4:235–256.

 23. Playford DA, Watts GF, Best JD, Burke V. Effect of fenofibrate on bra-
chial artery flow-mediated dilatation in type 2 diabetes mellitus. Am J 
Cardiol. 2002;90:1254–1257.

 24. Ades EW, Candal FJ, Swerlick RA, George VG, Summers S, Bosse DC, 
Lawley TJ. HMEC-1: establishment of an immortalized human micro-
vascular endothelial cell line. J Invest Dermatol. 1992;99:683–690.

 25. Delerive P, Martin-Nizard F, Chinetti G, Trottein F, Fruchart JC, Najib J, 
Duriez P, Staels B. Peroxisome proliferator-activated receptor activators 
inhibit thrombin-induced endothelin-1 production in human vascular 
endothelial cells by inhibiting the activator protein-1 signaling pathway. 
Circ Res. 1999;85:394–402.

 26. McConnell BB, Yang VW. Mammalian Krüppel-like factors in health 
and diseases. Physiol Rev. 2010;90:1337–1381.

 27. Rakhshandehroo M, Hooiveld G, Müller M, Kersten S. Comparative 
analysis of gene regulation by the transcription factor PPARalpha 
between mouse and human. PLoS ONE. 2009;4:e6796.

 28. Ellenrieder V, Buck A, Harth A, Jungert K, Buchholz M, Adler G, 
Urrutia R, Gress TM. KLF11 mediates a critical mechanism in TGF-beta 
signaling that is inactivated by Erk-MAPK in pancreatic cancer cells. 
Gastroenterology. 2004;127:607–620.

 29. Zeng G, Nystrom FH, Ravichandran LV, Cong LN, Kirby M, Mostowski 
H, Quon MJ. Roles for insulin receptor, PI3-kinase, and Akt in insulin-
signaling pathways related to production of nitric oxide in human vascu-
lar endothelial cells. Circulation. 2000;101:1539–1545.

 30. Castañares C, Redondo-Horcajo M, Magán-Marchal N, ten Dijke P, 
Lamas S, Rodríguez-Pascual F. Signaling by ALK5 mediates TGF-beta-
induced ET-1 expression in endothelial cells: a role for migration and 
proliferation. J Cell Sci. 2007;120(Pt 7):1256–1266.

 31. van Weeren PC, de Bruyn KM, de Vries-Smits AM, van Lint J, Burgering 
BM. Essential role for protein kinase B (PKB) in insulin-induced glyco-
gen synthase kinase 3 inactivation. Characterization of dominant-nega-
tive mutant of PKB. J Biol Chem. 1998;273:13150–13156.

 32. Irukayama-Tomobe Y, Miyauchi T, Sakai S, Kasuya Y, Ogata T, 
Takanashi M, Iemitsu M, Sudo T, Goto K, Yamaguchi I. Endothelin-1-
induced cardiac hypertrophy is inhibited by activation of peroxisome 
proliferator-activated receptor-alpha partly via blockade of c-Jun NH2-
terminal kinase pathway. Circulation. 2004;109:904–910.

 33. Ogata T, Miyauchi T, Sakai S, Takanashi M, Irukayama-Tomobe 
Y, Yamaguchi I. Myocardial fibrosis and diastolic dysfunction in 
deoxycorticosterone acetate-salt hypertensive rats is ameliorated 
by the peroxisome proliferator-activated receptor-alpha activator 
fenofibrate, partly by suppressing inflammatory responses associ-
ated with the nuclear factor-kappa-B pathway. J Am Coll Cardiol. 
2004;43:1481–1488.

 34. Chew GT, Watts GF, Davis TM, Stuckey BG, Beilin LJ, Thompson PL, 
Burke V, Currie PJ. Hemodynamic effects of fenofibrate and coenzyme 
Q10 in type 2 diabetic subjects with left ventricular diastolic dysfunc-
tion. Diabetes Care. 2008;31:1502–1509.

 35. Hamilton SJ, Chew GT, Davis TM, Watts GF. Fenofibrate improves endo-
thelial function in the brachial artery and forearm resistance arterioles of 
statin-treated Type 2 diabetic patients. Clin Sci. 2010;118:607–615.

 36. Keech A, Simes RJ, Barter P, et al.; FIELD Study Investigators. Effects 
of long-term fenofibrate therapy on cardiovascular events in 9795 people 
with type 2 diabetes mellitus (the FIELD study): randomised controlled 
trial. Lancet. 2005;366:1849–1861.

 37. Keech AC, Mitchell P, Summanen PA, et al.; FIELD Study Investigators. 
Effect of fenofibrate on the need for laser treatment for diabetic retinop-
athy (FIELD study): a randomised controlled trial. Lancet. 2007;370: 
1687–1697.

 38. Hermans MP. Non-invited review: prevention of microvascular diabetic 
complications by fenofibrate: lessons from FIELD and ACCORD. Diab 
Vasc Dis Res. 2011;8:180–189.

 at Centro Biologia Molecular Severo Ochoa on April 25, 2014http://atvb.ahajournals.org/Downloaded from 

http://atvb.ahajournals.org/


628  Arterioscler Thromb Vasc Biol  March 2013

 39. Rajamani K, Colman PG, Li LP, Best JD, Voysey M, D’Emden MC, 
Laakso M, Baker JR, Keech AC; FIELD Study Investigators. Effect of 
fenofibrate on amputation events in people with type 2 diabetes mellitus 
(FIELD study): a prespecified analysis of a randomised controlled trial. 
Lancet. 2009;373:1780–1788.

 40. Pfeiffer A, Middelberg-Bisping K, Drewes C, Schatz H. Elevated plasma 
levels of transforming growth factor-beta 1 in NIDDM. Diabetes Care. 
1996;19:1113–1117.

 41. Chen S, Jim B, Ziyadeh FN. Diabetic nephropathy and transforming 

growth factor-beta: transforming our view of glomerulosclerosis and fibro-

sis build-up. Semin Nephrol. 2003;23:532–543.

 42. Gerhardinger C, Dagher Z, Sebastiani P, Park YS, Lorenzi M. The 

transforming growth factor-beta pathway is a common target of 

drugs that prevent experimental diabetic retinopathy. Diabetes. 

2009;58:1659–1667.

 at Centro Biologia Molecular Severo Ochoa on April 25, 2014http://atvb.ahajournals.org/Downloaded from 

http://atvb.ahajournals.org/


SUPPLEMENTAL MATERIAL  

METHODS 

KLF11-Luc promoter constructs  

A 2kb KLF11 promoter region (-1910/+144) was amplified from genomic DNA using 

the GeneAmp PCR system (Applied Biosystems) with a forward primer (5’-

AGAACGCGTCTGGTGGGGAGACAGATGAT-3’) containing a MluI site and 

reverse primer (5’-TGCAAGCTTGCCGGGAGCAACAAAG-3’) with a HindIII site. 

The amplified fragment was cloned into the pGL3-basic luciferase vector (Promega, 

Charbonnières, France).  The PPRE mutation was introduced using the QuickChange 

site-directed mutagenesis kit (Stratagene) and the primers 

5’-CGCCGCTGCGAAAATTCCCTTACTTTCCAG-3’ and 

5’-CTGGAAAGTAAGGGAATTTTCGCAGCGGCG-3’. The sequences of all 

constructs were confirmed by automated sequencing (Applied Biosystems). 

Transfection procedure 

HMEC-1 cells were seeded at 40x103 cells/well in a 24-wells plate and transfected 

with PromoFectin-HUVEC transfection reagent (Promocell GmbH). After 24 h, the 

cells were lysed in the reporter lysis buffer (Promega) and luciferase gene expression 

was monitored. β-galactosidase activity was measured as a control of the transfection. 

Each transfection experiment was done in triplicate and the results expressed as mean 

relative light units normalized to β-galactosidase activity. For siRNA studies, HMEC-

1 cells were transfected with siRNA at a concentration of 50nM using the Dharmafect 

transfection reagent (Dharmacon, Thermo-Fisher Scientific) and RNA levels were 

measured by real-time quantitative PCR. ON-TARGETplus SMARTpool KLF11 and 

PPAR  siRNAs from Dharmacon were used. SiRNA TCF7L2 (sense 5’-

CCCACCCUCUUCAGAUGGAAGCUUA-3’; antisense 5’-

UAAGCUUCCAUCUGAAGAGGGUGGG-3’) (TCF7L2HSS110547) were used. 

RNA analysis 

HMEC-1 cells were incubated with vehicle or FF (100 M) in MCDB131 medium 

containing 0.2% FCS in the presence or absence of TGFβ (10ng/ml), for the indicated 

times. HMEC-1 cells were incubated with vehicle, GSK3 inhibitor IX (50nM),  



Kenpaullone (2.3 M), Wortmannin (1 M) or insulin (100nM) in MCDB131 medium 

containing 0.2% FCS, for the indicated times. RNA extraction was performed using 

TRIzol reagent (Invitrogen) and reverse transcription of 1 g RNA using the high 

capacity cDNA reverse transcription kit (Applied Biosystems).  Real-time 

quantitative PCR analyses were performed using the Brilliant SYBR Green QPCR 

Master Mix on the Mx4000 detection system (Stratagene). The primers were human 

ET-1 5’-CCACCTGGACATCATTTGGGTCA-3’ and 5’-

CCCTGAGTTCTTTTCCTGCTTGGC-3’; human KLF11 5’-

AGCATCTTGGAGCAGACA-3’ and 5’-TGCACAGTGGTGGTGACA-3’; 

cyclophilin 5’-GCATACAGGTCCTGGCATCTTGTCC-3’ and 5’-

ATGGTGATCTTCTTGCTGGTCTTGC-3’ 

Samples were analyzed in triplicate in two independent runs. Ct values were 

determined for ET-1, KLF11 and normalized to the Ct of cyclophilin using the 

following equation:  Relative values = 2-( Ct target gene-Ct cyclophilin ).  

Chromatin immunoprecipitation assays   

ChIP experiments were performed as described in1. Immunoprecipitation was 

performed with the goat polyclonal antibody anti-KLF11 (sc-23162) from Santa 

Cruz. Final DNA extractions were PCR-amplified using primer pairs that cover the 

three proximal KLF sites in the ET-1 promoter. The primers were 5’-

AGGGAGAGCATTCCCTTGTT-3’ and 5’-GTCGGAGCTGTTTACCCCCAC-3’. 

The PCR products were also analyzed by real-time quantitative PCR using the same 

primers pair.  
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FIGURES 

Suppl. FigureI: PPAR  expression is increased in confluent cells and this is 

correlated with an increase in KLF11 mRNA and protein expression. (A) 

PPAR - and KLF-11  mRNA expression was measured in non-confluent (NC) and 

confluent (C) cells using QPCR and normalized to the cyclophilin mRNA (mean 

value ± SEM of triplicate determinations). KLF11 protein expression was analyzed 

by western blotting using anti-KLF11 antibodies (B).  
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Suppl. FigureII: The pathway β-catenin and LEF/TCF is not involved in the 

FF-mediated reduction of ET-1 expression. It has been published that GSK3β 

down-regulation increases TCF7L2 expression2. Therefore, we tested the 

implication of this pathway in FF-mediated reduction of ET-1 expression. (A) 

HMEC-1 cells were transfected with TCF7L2- or ctrl-siRNA and cell lysates 

analyzed for ET-1 expression by QPCR and normalized to cyclophilin mRNA (mean 

value ± SEM of triplicate determinations). Statistical differences were calculated 

using unpaired t-test (one-tailed) (DMSO versus FF: p-value=0.0114 for ctrl siRNA; 

TGFβ versus TGFβ+FF: p-value=0.0221 for ctrl siRNA; DMSO versus FF: p-

value=0.0084 for TCF7L2 siRNA; TGFβ versus TGFβ+FF: p-value=0.0280 for 

TCF7L2 siRNA; ctrl- versus TCF7L2-siRNA: p-value=0.0182 for DMSO). (B) 

HMEC cells transfected with TCF7L2- or ctrl-siRNA were analyzed by QPCR for 

TCF7L2 and normalized to the cyclophilin mRNA. 
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Suppl. FigureIII: The Smad proteins control ET-1 transcription via a 

mechanism involving GSK3. We have tested Smad as a potential target of this 

pathway because it has been published that GSK3β negatively regulates gene 

expression through interaction with Smad33. HMEC-1 cells were transfected with a 

specific Smad3 reporter plasmid (CAGA-luc) and 24h after transfection, treated 

with FF, GSK3 inhibitor IX (IX) or Kenpaullone (K) with or without TGFβ for 24h. 

The cell lysates were analyzed for the luciferase gene expression and β-

galactosidase activity was measured as a control of the transfection. Each bar is the 

mean value  SEM of triplicate determinations. Statistical differences were 

calculated using unpaired t-test (one-tailed) (TGFβ vs TGFβ+FF: p-value=0.0116; 

TGFβ vs TGFβ+IX: p-value=0.0112; TGFβ vs TGFβ+K: p-value=0.0111). 



input 

ChIP c-Jun 

Classic PCR (35 cycles) 

AP-1 site 

input 

ChIP c-Jun 
 Distal site 

Suppl.  FigureIV: FF decreases the binding of AP-1 on the ET-1 promoter in the 

presence of TGFβ probably contributing to the stronger effect of FF observed 

when cells are treated with TGFβ. Confluent HMEC-1 cells were treated with 

vehicle, FF, TGFβ or both compounds. ChIP assays were performed using anti-c-Jun 

antibodies (sc-44x) from Santa Cruz. Total extracts (input) were used as controls. 

The samples were analyzed by semi-QPCR using the oligonucleotides pair 5’-

GGGCGTCTGCCTCTGAAGTTAGCAG-3’ and 5’-

GACTTGGACAGCTCTCTGCC-3’ surrounding the AP-1 binding site located in 

the proximal part of the ET-1 promoter. The oligonucleotides pair 5’-

GGTCAAAGTTGCCAAAAGGT-3’ and 5’-ACTGAGCCGGAAGCCAG-3’ 

located in the distal part of the ET-1 promoter was used as a negative control.  
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Suppl.  FigureV: Full GSK3 activity is necessary for the ET-1 expression 

induction by TGFβ. Confluent HMEC-1 cells were treated with vehicle, TGFβ, 

TGFβ+GSK3-inhibitor IX (IX) or TGFβ+Kenpaullone (K). Cells were analyzed for 

ET-1 mRNA expression by QPCR and normalized to cyclophilin mRNA (mean 

value  SEM of triplicate determinations). Statistical differences were calculated 

using unpaired t-test (one-tailed) (ctrl vs TGF: p-value=0.0385; TGFb vs TGF+IX: 

p-value=0.0033; TGFb vs TGFb+K: p-value=0.0083). 
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