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Abstract: Hyperglycaemia causes endothelial dysfunction, which is the initial process in the
development of diabetic vascular complications. Upon injury, endothelial cells undergo an
endothelial-to-mesenchymal transition (EndMT), lose their specific marker, and gain mesenchymal
phenotypes. This study investigated the effect of liraglutide, a glucagon-like peptide 1 (GLP-1) receptor
agonist, on EndMT inhibition and neointima formation in diabetic mice induced by streptozotocin.
The diabetic mice with a wire-induced vascular injury in the right carotid artery were treated with or
without liraglutide for four weeks. The degree of neointima formation and re-endothelialisation was
evaluated by histological assessments. Endothelial fate tracing revealed that endothelium-derived
cells contribute to neointima formation through EndMT in vivo. In the diabetic mouse model,
liraglutide attenuated wire injury-induced neointima formation and accelerated re-endothelialisation.
In vitro, a high glucose condition (30 mmol/L) triggered morphological changes and mesenchymal
marker expression in human umbilical vein endothelial cells (HUVECs), which were attenuated by
liraglutide or Activin receptor-like 5 (ALKS5) inhibitor SB431542. The inhibition of AMP-activated
protein kinase (AMPK) signaling by Compound C diminished the liraglutide-mediated inhibitory
effect on EndMT. Collectively, liraglutide was found to attenuate neointima formation in diabetic
mice partially through EndMT inhibition, extending the potential therapeutic role of liraglutide.

Keywords: endothelial-mesenchymal transition; hyperglycaemia; liraglutide; neointima formation

1. Introduction

Diabetes mellitus (DM) causes hyperglycaemia and systemic inflammation, leading to endothelial
dysfunction [1-3]. Endothelial damage is the initial process in the progression of diabetic vascular
complications [4,5]. Vascular complications are the major causes of mortality and morbidity in patients
with DM [4,5]. Endothelial-to-mesenchymal transition (EndMT) is the process by which endothelial
cells lose their specific markers and acquire mesenchymal or myofibroblastic phenotypes [6,7].
The endothelial origin of mesenchymal or fibroblast-like cells can be characterized by the loss of
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cell-cell junctions, acquisition of invasive and migratory capacities, loss of endothelial markers
(e.g., CD31, Tie2, Tiel, Vascular endothelial (VE)-Cadherin, and von Willebrand factor (vWEF)), and gain
of mesenchymal markers (e.g., fibroblast-specific protein 1(FSP-1), alpha-smooth muscle actin (a-SMA),
smooth muscle-22alpha actin (SM22«), N-cadherin, and vimentin) [7-10].

EndMT plays a vital role in cardiovascular diseases, such as cardiomyopathy, pulmonary hypertension,
atherosclerosis, and neointimal hyperplasia [6,9-12]. Interestingly, recent studies have also revealed
that inflammation and diabetic conditions, such as high glucose, trigger the trans-differentiation of
endothelial cells into mesenchymal-like cells [13-16]. Therefore, the EndMT process may be the initial
stage of neointima hyperplasia under diabetic conditions.

Liraglutide is a long-acting analogue of a glucagon-like peptide 1 (GLP-1) receptor agonist and is
used for lowering blood glucose in patients with diabetes [17]. Liraglutide is also believed to possess
cardiovascular protective effects in patients with diabetes [17]. Recently, a GLP-1 agonist has been
found to attenuate atherosclerotic lesions and endothelial function by inhibiting the inflammation
process [18,19]. Liraglutide-mediated AMP-activated protein kinase (AMPK) activation has been linked
to amelioration of palmitate-induced endothelial dysfunction [20]. In addition, the GLP-1 analogue
was shown to protect against hyperglycaemia-induced EndMT [21,22] and myocardial dysfunction
by suppressing poly (Adenosin diphosphoribose) polymerase 1 activity [21]. However, it is unclear
whether the liraglutide-mediated inhibition of EndMT is involved in the neointima hyperplasia,
occurring after a vascular injury in diabetic conditions. In this study, we examined the impact of
liraglutide on high glucose-induced EndMT both in vitro and in vivo in the context of neointima
formation in a diabetic condition.

2. Materials and Methods

2.1. Animals

All animal experiments were conducted in accordance with the Guide for the Use and
Care of Laboratory Animals and were approved by the local Institutional Animal Care and
Use Committee (IACUC) committee of Kaohsiung Chang Gung Memorial Hospital, Kaohsiung,
Taiwan. (IACUC number: 2015092201). Wild type C57BL/6 mice were purchased from the
National Laboratory Animal Center (NLAC), Taipei, Taiwan. C57BL/6-Tg (Tek-RFP, cre/ERT2) 27Narl
(RMRC13162, GEMMS NLAC, Taiwan) mice were crossed with C57BL/6]-Tg (UBC-DsRed-emGFP)
22Narl (RMRC13119, GEMMS NLAC, Taipei, Taiwan) mice to obtain double transgenic mice
(TekCreERT2/DRG). The genotypes of these mice were confirmed using PCR with specific primers:
GFP-forward: TGAACCGCATCGAGCTGAAGGG; GFP-reverse: TCCAGCAGGACCATGTGATCGC;
Cre-forward: CTAAACATGCTT CATCGTCGGTC; Cre-reverse: TCTGACCAGAGTCATCCTTAGCG.
The 5-week-old double transgenic mice (TekCreERT2/DRG) were treated with intraperitoneal (i.p.)
tamoxifen (Sigma—Aldrich, St. Louis, MO, USA) (1 mg/20 g mouse/day; dissolved in corn oil) for
5 consecutive days to induce the Cre-mediated deletion of the floxed DsRed allele. The recombined
allele expresses green fluorescence protein (GFP) in Tek-expressing cells. After a recovery period of at
least 2 weeks after the first tamoxifen injection, the double transgenic mice (TekCreERT2/DRG) were
subjected to streptozotocin (STZ)-induced diabetes.

2.2. Streptozotocin (STZ)-Induced Diabetic Mouse Model

Daily i.p. STZ injections (50 mg/kg) were used to induce diabetic conditions in 9-week-old male
C57BL/6 mice and/or double transgenic (TekCreERT2/DRG) mice weighing 18-20 g for 5 consecutive
days. The fasting serum glucose level was checked every week until all mice were considered diabetic
(blood glucose exceeded 250 mg/dL for 3 consecutive readings). Wire injury-induced endothelial
denudation surgery was performed in these diabetic mice when they reached 12 weeks of age (1 week
after the diabetic condition was confirmed). Mouse tail vein blood was used to test for the serum
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glucose level using One Touch Ultra (LifeScan; Johnson & Johnson, New Brunswick, NJ, USA) on
day 0, 14, and 28.

2.3. Endothelial Denudation and Measurement of Neointima Formation

To investigate the impact of liraglutide on neointima formation in vivo, twenty 12-week-old
male diabetic C57BL/6 mice were anaesthetized with xylazine hydrochloride (16 mg/kg body weight,
Rompun® 2%, Bayer, Leverkusen, Germany) and i.p. Zoletil (0.01 mL/g). Endothelial denudation of
the right common carotid artery was performed as previously described with modification [23]. Briefly,
the right internal common carotid artery was isolated near the carotid bifurcation. The right common
carotid artery was denuded and dilated using a straight guide wire (0.16 mm in diameter) that was
inserted approximately 15 mm from the internal carotid artery near the bifurcation site with three
rotational passes through a transverse arteriotomy of the internal carotid artery. All mice recovered,
and no symptoms of stroke were observed after this procedure. Animals received a daily i.p. injection
of liraglutide (1000 png/kg, once daily) [24] or normal saline (same volume) in the control group for
28 days. In addition, mice in the control group would receive 0.1 U insulin per day if their serum
glucose levels exceeded 500 mg/dL. After 4 weeks, the animals were euthanized, and the isolated
arteries were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) via left ventricle
injection. The areas of the right common carotid arteries, 20 mm around the bifurcation site, were
paraffin-embedded and sectioned for ten continuous serial slides (5 um in thickness) for haematoxylin
and eosin (H and E) staining. Images were captured using a bright-light microscope (Olympus BX51,
Tokyo, Japan). A morphometric analysis was performed using Image J software. Measurements were
performed at a magnification of 200x with the image analysis software (Image J). The intimal area
was calculated as the area inside the internal elastic lamina-luminal area, while the medial area was
calculated as the area encircled by the external elastic lamina area inside the internal elastic lamina;
these calculations were done separately for each artery. The percentage of intimal expansion of the
arterial segment in each section was calculated with the following formula: Intimal expansion % =
(I/M) x 100%; where the intima area I corresponds to the area within the internal elastic lamina, and M
was the medial area.

Age-matched mice in the control group were sacrificed at the same time. To investigate the EndMT
process in neointima formation, 12-week-old diabetic double transgenic mice (TekCreERT2/DRG)
underwent the same procedure and were sacrificed 4 weeks after the right common carotid artery
endothelial denudation surgery. The tissues of the right common carotid arteries were also collected
using the methods mentioned above.

2.4. Re-Endothelialisation Assay

The area of neo-endothelisation was evaluated by denuded areas stained with 100 uL of 5% Evans
blue dye via penis vein injection, as modified from a previously published study [25]. The extravasations
of the Evans blue dye from the compromised endothelial gap junctions into the surrounding tissue
represented the loss of endothelial integrity and poor re-endothelisation following vascular damage.
The re-endothelialised area was calculated by the planimetric quantification of the ratio of the unstained
area (re-endothelialised area) and the Evan blue-stained area (injured surface area), using Image]J
analysis software (image processing and analysis in JAVA; http://rsb.info.nih.gov/ij/) version 1.43.

2.5. Cell Culture

Primary human umbilical vein endothelial cells (HUVECs) were purchased from the Bioresource
Collection and Research Center (BCRC), Hsinchu, Taiwan. Briefly, cells were cultured in a M199
medium containing 5% fetal bovine serum (FBS), 1% endothelial cell growth factors (02-102, Millipore,
Burlington, MA, USA), and 1% penicillin/streptomycin at 37 °C with 5% CO,. HUVECs between 3 to
6 passages were cultured in monolayer dishes for the experiment. At approximately 80% confluence,
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the culture medium was changed to a serum-free medium for 24 h before the cells were used for
further experiments.

2.6. Induction of EndMT in HUVECs In Vitro

To examine the effect of high glucose on the phenotypic transition in HUVECs, cells were
treated with normal glucose (NG: 5.5 mM), high glucose (HG: 30 mM d-glucose), and an iso-osmotic
medium containing mannitol (5.5 mM NG + 24.5 mM mannitol) for 96 h. Cells were harvested
for further analyses of EndMT markers using qRT-PCR, western blotting, and immunofluorescence
staining. To examine the effect of liraglutide or Activin receptor-like 5 (ALK5) inhibition on HG- and
IL-1p-induced EndMT, the HUVECs were treated with PBS, HG (30 mM), IL-1$3 (10 ng/mL), HG
(30 mM) + IL-1B (10 ng/mL), HG (30 mM) + IL-1B (10 ng/mL) + liraglutide (1 pg/mL), HG (30 mM)
+ IL-1p (10 ng/mL) + liraglutide (1 ug/mL) + SB431542 (1 uM), or HG (30 mM) + IL-1p (10 ng/mL)
+ SB431542 (1 uM) for 24 h. Cells were harvested for the western blot analysis of TGF-3, p-Smad2,
and p-AMPK.

2.7. Histology and Immunofluorescence Staining

For cell immunofluorescence staining, HUVECs were fixed in 4% paraformaldehyde for 20
min and then permeabilized in 0.03% Triton X-100 for 15 min. After blocking in 5% bovine serum
albumin for 30 min at room temperature, cells were incubated overnight at 4 °C with primary
antibodies against SM22« (1:1000; Ab14106, Abcam, Cambridge, UK) and VE-cadherin (1:500;
sc-6458, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and then with fluorescent dye-conjugated
secondary antibodies (Thermo Fisher Scientific, Waltham, MA, USA). Nuclei were visualized with
4’ 6-diamidino-2-phenylindole-2HCI (DAPI) (Santa Cruz Biotechnology).

For tissue immunofluorescence staining, mouse carotid arteries were fixed with 4%
paraformaldehyde, paraffin embedded, sectioned, and stained by standard immunohistochemistry and
fluorescent microscopy methods, as previously described [26]. An additional antigen retrieval step was
applied by heating samples in a Tris-based buffer (pH 9.0) to 95 °C for 20 min. Afterblockingin 5% bovine
serum albumin for 30 min at room temperature, tissues were incubated overnight at 4 °C with primary
antibodies against SM22a (1:1000; ab14106, Abcam), x-SMA (1:1000; ab5694, Abcam), VE-cadherin
(1:500; sc-6458, Santa Cruz Biotechnology), or GFP (1:200; SC-9996, Santa Cruz Biotechnology) and then
with fluorescent dye-conjugated secondary antibodies (Thermo Fisher Scientific). The endothelium
was labelled with biotin-conjugated isolectin B4 (IB4) (1:100; 121414, Invitrogen, Carlsbad, CA, USA)
and a streptavidin-Alexa Fluor™ 647 conjugate (1:500; 521374, Thermo Fisher Scientific). Nuclei were
visualized with DAPI. Images were captured using an immunofluorescence microscope (Olympus
BX51, Tokyo, Japan) or an automated confocal laser-scanning microscope (Olympus FV10i).

2.8. Quantitative Real-Time qPCR

Total RNA was extracted using a GENEzolTM TriRNA pure kit (Geneaid, Taipei City, Taiwan)
according to the user manual. Complementary DNA (cDNA) was synthesized from 1 pg of total
RNA and random hexamers using the Transcriptor First Strand cDNA Synthesis kit (Roche, Basel,
Switzerland). Forward and reverse primers were designed from sequences of different exons of the
target gene to avoid the amplification of genomic DNA. One microliter of diluted cDNA was used per
20 pL reaction using the QuantiNova TM SYBR Green PCR kit (QIAGEN, Hilden, Germany). Real-time
PCR was performed on a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA,
USA), with 40 cycles of 95 °C for 5 s and 60 °C for 1 min. All reactions were performed in triplicate.
Details of the primer sequences used are presented in Table S1.
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2.9. Western Blotting

Cell lysates from cultured HUVECs were extracted using a radioimmunoprecipitation assay
buffer (RIPA) buffer (150 mM NacCl, 0.1% SDS, 0.5% sodium deoxycholate, 1x protease inhibitor
cocktail (Roche), and 50 mM Tris; pH 8.0), and the total protein concentration of cell extracts was
determined using a bicinchoninic acid assay (BCA) protein assay kit (Pierce, Thermo Fisher Scientific).
After resolution using sodium dodecyl sulfate (SDS) polyacrylamide gels, poly(vinylidene fluoride)
(PVDF) membrane filter papers were used for immunoblotting. The washing buffer comprised
0.1% Tween 20 in Tris-buffered saline (20 mM Tris and 150 mM NaCl; pH 7.4), and the blocking
buffer was 5% skim milk (Bio-Rad, Hercules, CA, USA) in a washing buffer. EndMT-related proteins
including TGF-f (1:1000; GTX110630, GeneTex, Irvine, CA, USA), SM22« (1:10,000; ab14106, Abcam),
Snail (1:500; C15D3, Cell Signaling Technology, Danvers, MA, USA), CD31 (1:1000; 89C2, Cell
Signaling Technology), total Smad2/3 (1:1000; D7G7, Cell Signaling Technology), phospho-Smad2
(1:500; Ser465/467; Cell Signaling Technology), vimentin (1:10,000; ab92547, Abcam), total AMPK (1:5000;
#2532, Cell Signaling Technology), and phospho-AMPK (1:5000; 40H9, Cell Signaling Technology)
were examined.

2.10. Statistical Analysis

All data are presented as mean + standard deviation (SD). Data were analyzed using Student’s
t-tests or Kruskal-Wallis non parametric test. P < 0.05 was considered statistically significant. Statistical
analyses were performed using Statistical Product and Service Solutions (SPSS) 18.0 (SPSS Inc., Chicago,
IL, USA).

3. Results

3.1. The GLP-1 Agonist Liraglutide Improves Re-Endothelialisation and Reduces Neointima Lesions after
Arterial Injury in Diabetic Mice

Liraglutide, a GLP-1 agonist, has been used for treating diabetes and is proven to have a
cardiovascular protective effect [17,27]. To evaluate whether liraglutide improves endothelial function
and post-injury endothelium recovery, we performed a wire injury in the carotid artery of streptozotocin
(STZ)-induced diabetic C57BL/6 mice with or without liraglutide treatment. Vascular re-endothelisation
was quantified by Evans blue staining of the denuded area at one and five days after injury (Figure 1a).
Endothelium was severely damaged after injury and recovered by 37% on day five in the wire-injury
group without liraglutide treatment. On day one, there was no difference between the two groups
with and without liraglutide treatment. However, diabetic mice with liraglutide treatment displayed a
higher percentage of re-endothelisation when compared to mice without liraglutide treatment (day five:
Liraglutide 68% versus Control 37%, P < 0.05) (Figure 1a).

A glycaemic analysis showed higher serum glucose levels in mice following STZ-treatment
and confirmed the induction of a diabetic condition, whereas no significant difference was observed
between the wire-injured groups with and without liraglutide treatment (Table S2). Wire injury-induced
neointima hyperplasia was observed in STZ-induced diabetic mice at 28 days post-injury (Figure 1b).
A cross-sectional analysis showed a decreased neointima-to-media ratio in the liraglutide-treated group
compared with the control group (Figure 1b). These results indicate liraglutide improves endothelium
recovery and reduces neointima formation in diabetic mice.
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Figure 1. Liraglutide promotes endothelium recovery and reduces neointima formation in wire-injured
carotid arteries of diabetic mice. Streptozotocin (STZ)-induced diabetic C57BL/6 mice were subjected to
a wire-induced carotid artery injury with or without liraglutide treatment. (a) The percentage of the
area of re-endothelisation was determined after the systemic injection of Evans blue at day one and day
five (n = 3 per group). The stained blue area corresponds to the area with poor re-endothelialisation.
The black arrowheads point at the area without blue staining area, which indicated re-endothelialised
cells. Data are shown as mean + SEM. * P < 0.05 analyzed by Student’s {-test. (b) The right common
carotid arteries were collected on day 28 post-injury for haematoxylin and eosin (H and E) staining
to evaluate the severity of neointima formation between groups. Data are shown as the mean + SD
(all groups, n = 10 per group), * P < 0.05 analyzed by Student’s t-test. IEL, internal elastic lamina; EEL,
external elastic lamina; L, lumen; I, intima; M, media; A, adventitia.

3.2. Endothelial Fate-Mapping Model

Next, we examined whether cells of the endothelial lineage contribute to the process of neointima
formation via endothelial-mesenchymal transition (EndMT) in vivo. We crossbred the TekCreERT2 mice
with UBC-DsRed-emGEFP reporter mice to obtain Tek-CreERT2;UBC-DsRed-emGFP (TekCreERT2/DRG)
mice, in which endothelial-specific inducible Cre was driven by the Tek promoter in endothelial cells
and in which the GFP reporter could be monitored as a marker of Cre recombination (Figure 2a).
Before tamoxifen-induced Cre recombination, endothelial cells expressed the DsRed reporter gene.
To determine whether endothelial cells were specifically labelled, we injected the TekCreERT2/DRG
mice with tamoxifen at a dose of 20 mg/kg/day for five days and analyzed the GFP expression in the
carotid artery (Figure 2b). After tamoxifen-induced Cre recombination, the DsRed gene cassette in
Tek-expressing endothelial cells was deleted, as evidenced by the cellular expression of GFP (Figure 2b),
which confirmed the specificity of genetic labelling in endothelial cells of TekCreERT2/DRG mice.
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Figure 2. Endothelia-derived cells contribute to neointima formation through EndMT. (a) Schematic
representation of the induction of endothelial-specific GFP labelling after tamoxifen injection
in TekCreERT2/DRG mice. (b) Representative images of immunofluorescence staining for the
protein expression of GFP (green) and a-SMA (red) in the common carotid artery. Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole-2HCI (DAPI) (blue). The enlarged field (yellow
square) represents the GFP expression in the endothelial layer of the carotid artery. (¢) STZ-induced
diabetic TekCreERT2/DRG mice were subjected to a wire-induced injury or a wire injury plus liraglutide
treatment (n = 4 in each group). The common carotid arteries were collected on day 28. Representative
images show the immunofluorescence staining for GFP (green), x-SMA (red), and nuclei (blue) in
wire-injured common carotid arteries. The enlarged field (yellow square) represents the co-localization
of GFP expression in x-SMA-positive cells (white arrowheads) in the neointima. (d) Quantification
of the number of GFP*SMA™ cells in the neointima area between groups. (e) Quantification of the
neointima to media ratio between groups. * P < 0.05, analyzed by Student’s ¢-test.

3.3. Endothelium-Derived Cells Contribute to Neointima Formation Following Artery Injury through EndMT
in Diabetic Mice

To examine whether endothelium-derived cells contribute to the progression of neointima
formation, we generated the model of wire injury-induced neointima formation in the diabetic
TekCreERT2/DRG mice. TekCreERT2/DRG mice were pre-injected with tamoxifen to induce the
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genetic labelling of endothelial cells. Fourteen days after the final dose of tamoxifen, the mice were
treated with STZ to induce diabetes. Wire-induced injury surgery was then performed at 21 days
after STZ injection. Fasting glucose levels were measured to confirm the induction of diabetes in mice.
Neointima hyperplasia was evident at 28 days post-injury (Figure 2c). Endothelium-derived cells
with positive GFP staining were found to co-localize with the smooth muscle marker x-SMA in the
neointima lesion, indicating that endothelium-derived cells contribute to the progression of neointima
formation. Moreover, liraglutide treatment reduced the number of GFP*SMA™ cells in the neointima
area (Figure 2d) as well as neointima formation (Figure 2e).

3.4. High Glucose Induces EndMT in HUVECs

We next tested the hypothesis that the HG condition promotes the transition of endothelial cells to
the mesenchymal-like phenotype in vitro. We examined the morphological changes and gene expression
of EndMT markers in HUVECs cultured with a control medium (C, 5 mM glucose), an iso-osmotic
medium (M, 5 mM glucose plus 25 mM mannitol), and a HG medium (30 mM glucose). Mannitol was
added to the iso-osmotic medium to match the osmolarity of the HG medium. We found that HUVECs
cultured in the HG condition for 96 h showed distinctive spindle-like morphology compared to those
in the control and M groups (Figure 3a). Endothelial cells lost their endothelial characteristics and
gained a mesenchymal phenotype during the EndMT process, as reported previously [28]. Incubation
in the HG condition for 96 h induced the expression of mesenchymal marker SM22x and inhibited the
endothelial marker VE-cadherin in HUVECsS, indicating that the HG condition triggers EndMT in vitro
(Figure 3a). The qRT-PCR analysis confirmed that the HG condition induces a loss of the endothelial
cell marker (CD31) and a gain of mesenchymal markers (vimentin, SM22«, and Snail) in HUVECs
(Figure 3b).

a b

Control medium
(5mM Glucose)
3

Iso-osmotic medium
(5mM Glucose+25mM Mannitol)
TN 7% 3

*

High glucose medium
(30mM Glucose)

VE-Cadherin SM-22c. DAPI

CD31/ p-actin

Vimentin / p-actin

NG Mannitol  HG

[

s

NG Mannitol  HG

*

NG Mannitol  HG

Figure 3. High glucose induces mesenchymal-like phenotypes in human umbilical venous endothelial
cells (HUVECs). HUVECs were cultured in a control medium with a normal glucose level (NG, 5.5 mM
of glucose), mannitol (M, 5.5 mM of glucose + 24.5 mM of mannitol), or high glucose (HG, 30 mM
of glucose). (a) Representative bright-field images show the morphological changes in cells after

96 h of culture at different conditions. Scale bar represents 200 um. The expression of VE-cadherin

(green) and SM22«x (red) in each group was analyzed using immunofluorescence staining. Nuclei
were counterstained with DAPI (blue). HUVECsS cultured in a HG medium showed a higher SM22x
expression and a lower VE-cadherin expression compared to those in NG- or mannitol-treated groups.
Scale bar represents 50 pm. (b) qRT-PCR analysis of the mRNA levels of CD31, SM22«, vimentin,
and Snail in NG-, mannitol-, and HG-treated HUVECSs. Data are shown as the mean + SD from three
independent experiments. * P < 0.05. The statistical significance was assessed by Kruskal-Wallis test.
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3.5. High Glucose Induces mRNA and Protein Expression of EndMT Markers and Smad2-Snail Signaling
in HUVECs

The signal transduction molecule of activated-Smad?2 (p-Smad2) was induced by HG, indicating
an association between HG-induced EndMT via enhanced TGF-3 signaling (Figure 4a). Western blot
analyses also revealed that HG induced the protein expression of SM22«x, vimentin, and Snail, and it
decreased endothelial marker CD31 (Figure 4b,c). These results together indicate that HG induces
EndMT in HUVECs.
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SM-22¢ — 2 8
SMaU2 - — — = 5260 i 4 3 29
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Figure 4. High glucose promotes EndMT in HUVECs. (a) Representative images of the western blot
analysis of p-Smad2 protein levels. Total Smad2/3 served as the loading control. The quantification
of protein levels is presented as mean + SD from three independent experiments. (b) Representative
images of the western blot analysis of CD31, SM22«, vimentin, and Snail protein levels in HUVECs
treated with different conditions. (c) Quantification of the relative fold increase is shown as the
mean + SD from three independent experiments. * P < 0.05. The statistical significance was assessed
by Kruskal-Wallis test.

3.6. Liraglutide Inhibits High Glucose-Induced EndMT in HUVECs via AMPK Pathway

Our results showed that liraglutide inhibits neointima formation and EndMT in diabetic
mice in vivo (Figures 1 and 2). We next aimed to delineate the underlying mechanisms of the
liraglutide-mediated inhibition of HG-induced EndMT in vitro. The pro-inflammatory cytokine IL-13
has been shown to promote EndMT and mediate inflammatory signals in HG-induced EndMT [29,30].
To mimic the pro-inflammatory and hyperglycaemic status during neointima formation in diabetic
mice, HUVECs were treated with HG, IL-13, or HG+IL-1p3 for 24 h.

In vitro, we found that treatment with HG or IL-13 alone increased TGF-f3 expression (Figure 5a).
The combination of HG+IL-1p synergistically induced the phosphorylation of Smad2 (Figure 5b).
Moreover, treatment with liraglutide or ALKS5 inhibitor SB431542, which blocks TGF-f3 receptor
signaling, attenuated the effect of HG+IL-13-mediated TGF-f3 and p-Smad2 upregulation. These
observations suggested that HG, in combination with pro-inflammatory stimuli such as IL-13, augments
TGF-p signaling via ALK5 (Figure 5a,b). Interestingly, liraglutide increased the phosphorylation of
AMPK in the HG+IL-1p group, whereas this was not altered in the presence of the ALK5 inhibitor
(Figure 5¢).

To further confirm whether liraglutide inhibits EndMT via the AMPK pathway, we treated the
HUVECs with liraglutide (1 pg/mL) or with the AMPK inhibitor Compound C (1 pM) followed
by exposure to HG+IL-13 for 72 h. Liraglutide enhanced p-AMPK and reduced p-Smad2 in
HG+IL-1p3-treated HUVECs (Figure 6a). The inhibition of AMPK by Compound C attenuated
the liraglutide-mediated effects on signal transduction (p-AMPK and p-Smad2) and EndMT marker
expression (CD31, SM22«, Snail, and vimentin) (Figure 6b,c). Taken together, these results indicate
that liraglutide reverses HG+IL-1p3-induced EndMT via the AMPK pathway.
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Figure 5. Liraglutide attenuates high glucose- and IL-13-induced TGF-f signaling in HUVECs.
HUVECs were cultured in the conditions indicated for 24 h. Cells were harvested for western blot
analyses of the protein levels of (a) TGF-3 and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as an internal control, (b) p-Smad?2 and total Smad?2/3 as an internal control, and (c) p-AMPK and total
AMPK as an internal control. Quantification of the relative fold increase is shown as the mean + SD
from three independent experiments. * P < 0.05 compared to saline control. # P < 0.05 compared to
HG+IL-1p group. The statistical significance was assessed by Kruskal-Wallis test.
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Figure 6. Liraglutide inhibits EndMT in HUVECs via the AMPK pathway. HUVECs were cultured in
the following four conditions for 72 h: (1) Saline; (2) HG (30 mM glucose) plus IL-1f3; (3) HG plus IL-13
and Liraglutide; (4) Liraglutide and Compound C. Cell lysates were collected for western blot analyses.
(a) Western blot analysis of the protein levels of p-AMPK«x and p-Smad2. Total AMPK« and Smad2/3
were used as loading controls for p-AMPK and p-Smad?2, respectively. (b) Western blot analysis of
the protein levels of CD31, SM22«, vimentin, and Snail in HUVECs treated with different conditions.
B-actin was used as the loading control. (c) Quantification of the relative fold increase is shown as the
mean + SD from three independent experiments. * P < 0.05. The statistical significance was assessed by
Kruskal-Wallis test.
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3.7. Liraglutide Activates Endothelial AMPK Signaling and Enhances Endothelial Recovery In vivo

To further address whether liraglutide activates endothelial AMPK signaling in vivo, we examined
the expression of pAMPK in the wire-injured carotid arteries from diabetic mice. We found that
liraglutide treatment increased the levels of pAMPK (Figure 7a) in the isolectin B4 (IB4)-labelled
endothelium (Figure 7b). In addition, liraglutide treatment increased endothelial coverage of the
artery following the wire injury (Figure 7c). Together, these results indicated that liraglutide activated
endothelial AMPK signaling, improved endothelial recovery, and reduced EndMT in vitro and in vivo.
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Figure 7. Liraglutide activates AMPK and enhances endothelial recovery in vivo. (a) STZ-induced
diabetic C57BL/6 mice were subjected to a wire-induced carotid artery injury with or without liraglutide
treatment. The expression of a-SMA (green) and p-AMPK (red) in the carotid arteries was analyzed
by immunofluorescence staining. The endothelium was labelled by isolectin B4 (IB4, grey). Nuclei
were stained with DAPIL (b) Number of p-AMPK*IB4* endothelial cells per high-power field (HPF).
(c) Percentage of endothelial coverage of the vascular lumen. Data are shown as mean =+ SD, from three
independent experiments. * P < 0.05. The statistical significance was assessed by Kruskal-Wallis test.

4. Discussion

Our results show that HG condition-treated HUVECs acquired spindle morphology and
mesenchymal markers with a loss of their original endothelial cell markers, which were in line
with previous reports that HG induced a loss of endothelial phenotype in HUVECs [16,31]. These
findings also confirmed that HG induced the EndMT process in HUVECs, which was in accordance
with previously published results [15,21,32]. Inflammation and oxidative stress contribute to the
EndMT process [9,14], but it is unclear how HG induces EndMT. The HG condition is reported to
increase the expression of TGF-3 [33]. Our findings revealed that the Snail-Smad signaling pathway
was upregulated during HG-induced EndMT in HUVECs. Snail has been associated with the process
of EndMT in previous studies [34,35]. The phosphorylation of Smad?2 is a downstream event of the
TGF-f3 signaling [36,37]. These findings suggest that upregulation of Smad signaling is associated with
the HG-triggered EndMT process.

The EndMT process is triggered by chronic hyperglycaemia, and EndMT was found to participate
in diabetic cardiomyopathy, nephropathy, and retinopathy [11,38—40]. A higher restenosis rate is
found in diabetic patients compared to the non-diabetic population even in the era of drug-eluting
stents [41]. Several growth factors are proposed to promote vascular smooth muscle proliferation
in HG conditions [42]. Medial vascular smooth muscle cells, circulating bone marrow-derived cells,
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and circulating stem/progenitor cells are all seen as the cellular origin of neointimal lesions [43—45].
Our findings revealed that endothelium-derived cells participate in neointima lesion formation
through the EndMT process in diabetic mice, which is in line with a previous report demonstrating
that endothelium-derived cells participate in neointima lesions through EndMT via activation of
the TGF-pB-Snail-Smad signaling pathway in biomechanical stress-induced pathological vascular
remodeling of vein grafts [7]. Taken together, these findings might explain the worse outcome of
diabetic patients in clinical practice.

Liraglutide, a new long-acting GLP-1 analogue, has recently been reported to possess a
cardiovascular protective effect; however, the underlying molecular mechanism remained unclear.
Several studies provided evidence of GLP-1 receptor expression on endothelial cells [46-49]. The GLP-1
receptor-mediated activation of the AMPK pathway by GLP-1 has been shown to attenuate
diabetes-induced endothelial dysfunction and diabetic nephropathy [50-52]. In this study, our
results demonstrated that liraglutide inhibits HG-induced Smad?2 phosphorylation and EndMT via
the AMPK pathway, suggesting that liraglutide mediates preservation of the endothelial phenotype
and prevents hyperglycaemia-induced EndMT. Liraglutide activated the GLP-1 receptor to trigger
AMPK via PKA-dependent phosphorylation of the LKB1 pathway in endothelial cells [47,48]. AMPK
signaling plays an important role in the regulation of endothelial function and prevents HG-induced
diabetic nephropathy, endothelial dysfunction, and impaired re-endothelisation [53-55]. Interestingly,
AMPK signaling was also known to inhibit the TGF-f-mediated Smad2/3 pathway, as well as the
epithelial-to-mesenchymal transition (EMT) [53,56,57]. In addition, AMPK signaling is essential for
angiogenesis in response to hypoxic stress [58], which contributes to re-endothelisation [55]. Together,
these findings suggest that the vascular protective role of liraglutide is mediated by the activation of
the AMPK pathway in diabetic mice.

In this study, we found that liraglutide treatment upregulated the expression of p-AMPK in
the endothelium layer (Figure 7). In a previous report, Kushima et al. found that early liraglutide
treatment suppressed the neointima formation through the stimulation of the endothelial AMPK-nitric
oxide axis [47]. This finding suggested the possible involvement of liraglutide-mediated inhibition
of vascular inflammation and stimulation of endothelial nitric oxide signaling in the context of
liraglutide-induced suppression of EndMT in vivo. In vitro, we found that: (1) Liraglutide inhibits
HG-induced EndMT and activates the AMPK pathway; (2) AMPK inhibition by Compound C abolished
the liraglutide-mediation inhibition of HG-induced EndMT. In vivo, we confirmed that liraglutide
inhibits HG-induced EndMT and activates the AMPK pathway. Therefore, it is logical to hypothesise
that liraglutide-mediated AMPK signaling attribute to the liraglutide-mediated inhibition EndMT
in vivo. However, further in vivo studies specifically targeting endothelial AMPK signaling might
help to answer this question.

Eriksson et al. reported that Exendin-4 did not facilitate endothelial regeneration, but it did
suppress neointimal hyperplasia [59]. There are two possibilities to explain the differences between
ours and the findings by Eriksson et al. First, we used an STZ-induced diabetic mouse model. In line
with our observation, Feng et al. recently demonstrated that the activation of GLP-1 receptor signaling
promoted carotid vascular re-endothelisation only in the diabetic condition but not in the non-diabetic
condition in a rat model [46]. Second, in our study, we used liraglutide instead of Exendin-4. Liraglutide
was shown to provide cardiovascular protective effects in patients with diabetes [17]. The different
potency and half-life of these compounds may explain the pharmacological differences between the
two drugs.

The wire injury-induced endothelial damage triggered the EndMT process and occurred in
the early phase of neointima formation [7]. The exact origin of cells in the neointima has been
explored in previous studies. Medial smooth muscle cells, bone marrow-derived cells, and stem
cells in adventitia are found to participate in neointima formation [43-45]. Our study evidenced that
endothelium-derived cells participate in the formation of neointima in diabetic mice. Systemic
GLP-1 agonist or analogues are effective in attenuating neointima formation by inhibiting the
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inflammatory process [22,60]. The pro-inflammatory response also initiates and promotes the EndMT
process. The damage of endothelial cells may trigger endothelial cells to transdifferentiate into
mesenchymal-like cells with a loss of their initial endothelial functions and characteristics, which
delays the re-endothelisation process. In clinical practice, diabetic patients show a higher incidence
of in-stent restenosis [41]. Our findings demonstrate that the EndMT process was inhibited through
acceleration of the re-endothelisation process mediated by liraglutide, which may explain the underlying
mechanism of GLP-1 agonist-mediated cardiovascular protective effects (Figure 8).
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Figure 8. Liraglutide attenuates diabetes-associated neointima formation and pathogenic EndMT
via the AMPK pathway. (a) The proposed underlying mechanisms of the therapeutic effects of
liraglutide on the attenuation of a diabetes-associated vascular injury. Upon diabetic conditions such as
hyperglycaemia in combination with pro-inflammatory stimulation by IL-13, endothelial cells undergo
the pathogenic EndMT process with increased mesenchymal marker expression (vimentin and SM22¢).
Liraglutide, a GLP-1 agonist, activates downstream AMPK signaling via GLP-1R and attenuates diabetic
insult-induced EndMT in endothelial cells. (b) In vivo, endothelium-derived smooth muscle-like cells
contribute to the progression of neointima formation after a wire-induced carotid artery injury. Reduced
neointima formation in diabetic mice upon liraglutide treatment may be partially attributed to the
reduced EndMT process.

This study has several limitations. First, this study did not investigate the optimal dosage of
liraglutide for maximizing the vascular protective effects in the carotid artery injury model. However,
previous studies have demonstrated that a relatively high dose of liraglutide (1000 ug/kg/day) offered
adequate protective effects in mouse models of atherosclerosis [24]. The dosage of liraglutide used
in the present study (1000 pg/kg/day) was therefore identical to that of the previous study [24].
Second, the diabetic mice used in the present study were 12 weeks old with a diabetic duration of
five weeks. However, the clinical situation was not well reflected in our study setting. It would thus
be inappropriate to directly extrapolate these results to the clinical setting. Third, the attenuation
of EndMT was mediated by the inhibition of AMPK in this study; however, the precise signaling
pathway(s) through which liraglutide exerted its therapeutic effects were not elucidated. Fourth,
in our study, we did not analyze the cardiac functions of mice and systemic parameters such as lipid
profiles and inflammation cytokines. Though liraglutide inhibited IL-1{3-triggered EndMT in vitro, we
did not exclude the possibility that liraglutide attenuates the EndMT process through the inhibition
of the systemic inflammation process in vivo. Fifth, we demonstrated that liraglutide inhibited
HG+IL-1-p-induced TGF-f protein in HUVECsS, whereas the effect of the secretion and activation of
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the TGF-p protein was not analyzed in our in vitro experiments. Whether liraglutide-mediated AMPK
signaling altered the secretion and activation of TGF-[3 await further investigation.

5. Conclusions

Liraglutide is currently used in diabetic patients for controlling serum glucose levels. Our study
demonstrated that (1) the HG condition promotes the process of EndMT in HUVECs; (2) cells of
endothelial origin are involved in neointima formation in a wire-injured carotid artery in diabetic
mice; (3) liraglutide reduces neointima formation and accelerates re-endothelisation in diabetic mice;
and (4) liraglutide inhibits HG-induced EndMT via the AMPK pathway in vitro and in vivo. These
results together suggest a beneficial effect of liraglutide on neointima formation through the inhibition
of EndMT in a diabetic mouse model (Figure 8a,b). Thus, our findings may explain, at least in
part, the therapeutic mechanisms of liraglutide in diabetic patients and encourage the possible
use of liraglutide in diabetic patients with coronary artery disease, in the prevention of restenosis,
and promoting re-endothelialisation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/6/589/s1,
Table S1: Primers used in this study. Table S2: Serum glucose levels of the mice at different stages between the
experimental groups.

Author Contributions: Performed experiments and data analysis: T.-H.T. and C.-H.L.; Designed experiments and
wrote the manuscript: T.-H.T. and W.-Y.C.; Data analysis and provided critical technical and scientific discussion:
C.-LC,Y.-NF,S.-YC,S-M.C,, C-J.L, C-J.W, and C.-L.H. All authors read and approved the final manuscript.

Funding: This study was supported by program grants from Chang Gung Medical Foundation (Grant number:
CMRPGS8E1151, CMRPG8F0351, CMRPG8B0601, CMRPG8D0231-3 and CMRPG8E0661-3, CMRPG8F1831,
CMRPGS8F1681, CMRPG8G1371 and CMRPG8G1541).

Acknowledgments: C57BL/6-Tg (Tek-RFP, cre/ERT2) 27Narl (RMRC13162) and C57BL/6]-Tg (UBC-DsRed-emGFP)
22Narl (RMRC13119) mice were generated by GEMMS NLAC, Taipei, Taiwan.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Tabit, C.E.; Chung, W.B.; Hamburg, N.M.; Vita, ].A. Endothelial dysfunction in diabetes mellitus: Molecular
mechanisms and clinical implications. Rev. Endocr. Metab. Disord. 2010, 11, 61-74. [CrossRef] [PubMed]

2. Loader, J.; Montero, D.; Lorenzen, C.; Watts, R.; Meziat, C.; Reboul, C.; Stewart, S.; Walther, G. Acute
Hyperglycemia Impairs Vascular Function in Healthy and Cardiometabolic Diseased Subjects: Systematic
Review and Meta-Analysis. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 2060-2072. [CrossRef] [PubMed]

3. Funk, S.D.; Yurdagul, A, Jr.; Orr, AW. Hyperglycemia and endothelial dysfunction in atherosclerosis:
Lessons from type 1 diabetes. Int. J. Vasc. Med. 2012, 2012, 569654. [CrossRef] [PubMed]

4. Sena, C.M,; Pereira, A.M,; Seica, R. Endothelial dysfunction - a major mediator of diabetic vascular disease.
Biochim. Et Biophys. Acta 2013, 1832, 2216-2231. [CrossRef] [PubMed]

5. Paneni, F; Beckman, J.A.; Creager, M.A.; Cosentino, F. Diabetes and vascular disease: Pathophysiology,
clinical consequences, and medical therapy: Part I. Eur. Heart |. 2013, 34, 2436—2443. [CrossRef] [PubMed]

6. Chen, PY,; Qin, L.; Baeyens, N.; Li, G.; Afolabi, T.; Budatha, M.; Tellides, G.; Schwartz, M.A.; Simons, M.
Endothelial-to-mesenchymal transition drives atherosclerosis progression. J. Clin. Investig. 2015, 125,
4514-4528. [CrossRef] [PubMed]

7. Cooley, B.C.; Nevado, ].; Mellad, J.; Yang, D.; St Hilaire, C.; Negro, A.; Fang, E; Chen, G.; San, H.; Walts, A.D.;
et al. TGF-beta signaling mediates endothelial-to-mesenchymal transition (EndMT) during vein graft
remodeling. Sci. Transl. Med. 2014, 6, 227ra234. [CrossRef]

8.  Kovacic, J.C.; Dimmeler, S.; Harvey, R.P; Finkel, T.; Aikawa, E.; Krenning, G.; Baker, A.H. Endothelial to
Mesenchymal Transition in Cardiovascular Disease: JACC State-of-the-Art Review. |. Am. Coll. Cardiol. 2019,
73,190-209. [CrossRef]

9. Evrard, S.M.; Lecce, L.; Michelis, K.C.; Nomura-Kitabayashi, A.; Pandey, G.; Purushothaman, K.R;;
d’Escamard, V.; Li, ].R.; Hadri, L.; Fyjitani, K.; et al. Endothelial to mesenchymal transition is common in
atherosclerotic lesions and is associated with plaque instability. Nat. Commun. 2016, 7, 11853. [CrossRef]


http://www.mdpi.com/2073-4409/8/6/589/s1
http://dx.doi.org/10.1007/s11154-010-9134-4
http://www.ncbi.nlm.nih.gov/pubmed/20186491
http://dx.doi.org/10.1161/ATVBAHA.115.305530
http://www.ncbi.nlm.nih.gov/pubmed/26112007
http://dx.doi.org/10.1155/2012/569654
http://www.ncbi.nlm.nih.gov/pubmed/22489274
http://dx.doi.org/10.1016/j.bbadis.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/23994612
http://dx.doi.org/10.1093/eurheartj/eht149
http://www.ncbi.nlm.nih.gov/pubmed/23641007
http://dx.doi.org/10.1172/JCI82719
http://www.ncbi.nlm.nih.gov/pubmed/26517696
http://dx.doi.org/10.1126/scitranslmed.3006927
http://dx.doi.org/10.1016/j.jacc.2018.09.089
http://dx.doi.org/10.1038/ncomms11853

Cells 2019, 8, 589 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hopper, RK.; Moonen, J.R.; Diebold, I; Cao, A; Rhodes, CJ.; Tojais, N.F; Hennigs, J.K;
Gu, M.; Wang, L.; Rabinovitch, M. In Pulmonary Arterial Hypertension, Reduced BMPR2 Promotes
Endothelial-to-Mesenchymal Transition via HMGA1 and Its Target Slug. Circulation 2016, 133, 1783-1794.
[CrossRef]

Feng, B.; Cao, Y,; Chen, S.; Chu, X; Chu, Y.; Chakrabarti, S. miR-200b Mediates Endothelial-to-Mesenchymal
Transition in Diabetic Cardiomyopathy. Diabetes 2016, 65, 768-779. [CrossRef] [PubMed]

Moonen, J.R,; Lee, E.S.; Schmidt, M.; Maleszewska, M.; Koerts, J.A.; Brouwer, L.A.; van Kooten, T.G.;
van Luyn, M.].; Zeebregts, C.J.; Krenning, G.; et al. Endothelial-to-mesenchymal transition contributes to
fibro-proliferative vascular disease and is modulated by fluid shear stress. Cardiovasc. Res. 2015, 108, 377-386.
[CrossRef] [PubMed]

Mabhler, G.J.; Farrar, E.J.; Butcher, J.T. Inflammatory cytokines promote mesenchymal transformation in
embryonic and adult valve endothelial cells. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 121-130. [CrossRef]
[PubMed]

Rieder, F.; Kessler, S.P.; West, G.A.; Bhilocha, S.; de la Motte, C.; Sadler, T.M.; Gopalan, B.; Stylianou, E.;
Fiocchi, C. Inflammation-induced endothelial-to-mesenchymal transition: A novel mechanism of intestinal
fibrosis. Am. . Pathol. 2011, 179, 2660-2673. [CrossRef] [PubMed]

Tang, R.; Gao, M.; Wu, M,; Liu, H.; Zhang, X.; Liu, B. High glucose mediates endothelial-to-chondrocyte
transition in human aortic endothelial cells. Cardiovasc. Diabetol. 2012, 11, 113. [CrossRef] [PubMed]

Yu, C.H.; Suriguga; Gong, M.; Liu, W.].; Cui, N.X,; Wang, Y.; Du, X.; Yi, Z.C. High glucose induced endothelial
to mesenchymal transition in human umbilical vein endothelial cell. Exp. Mol. Pathol. 2017, 102, 377-383.
[CrossRef] [PubMed]

Marso, S.P; Daniels, G.H.; Brown-Frandsen, K.; Kristensen, P.; Mann, J.F.; Nauck, M.A.; Nissen, S.E.;
Pocock, S.; Poulter, N.R.; Ravn, L.S; et al. Liraglutide and Cardiovascular Outcomes in Type 2 Diabetes.
New Engl. ]. Med. 2016, 375, 311-322. [CrossRef] [PubMed]

Liu, L.; Liu, ].; Wong, W.T,; Tian, X.Y.; Lau, CW.; Wang, Y.X.; Xu, G.; Pu, Y.;; Zhu, Z.; Xu, A.; et al. Dipeptidyl
peptidase 4 inhibitor sitagliptin protects endothelial function in hypertension through a glucagon-like
peptide 1-dependent mechanism. Hypertension 2012, 60, 833-841. [CrossRef] [PubMed]

Arakawa, M.; Mita, T.; Azuma, K,; Ebato, C.; Goto, H.; Nomiyama, T.; Fujitani, Y.; Hirose, T.; Kawamori, R.;
Watada, H. Inhibition of monocyte adhesion to endothelial cells and attenuation of atherosclerotic lesion by
a glucagon-like peptide-1 receptor agonist, exendin-4. Diabetes 2010, 59, 1030-1037. [CrossRef]

Li, N.; Zhao, Y.; Yue, Y;; Chen, L.; Yao, Z.; Niu, W. Liraglutide ameliorates palmitate-induced endothelial
dysfunction through activating AMPK and reversing leptin resistance. Biochem. Biophys. Res. Commun. 2016,
478, 46-52. [CrossRef]

Yan, E; Zhang, G.H.; Feng, M.; Zhang, W.; Zhang, ].N.; Dong, W.Q.; Zhang, C.; Zhang, Y.; Chen, L.;
Zhang, M.X. Glucagon-Like Peptide 1 Protects against Hyperglycemic-Induced Endothelial-to-Mesenchymal
Transition and Improves Myocardial Dysfunction by Suppressing Poly(ADP-Ribose) Polymerase 1 Activity.
Mol. Med. 2015, 21, 15-25. [CrossRef]

Hirata, Y.; Kurobe, H.; Nishio, C.; Tanaka, K.; Fukuda, D.; Uematsu, E.; Nishimoto, S.; Soeki, T.; Harada, N.;
Sakaue, H.; et al. Exendin-4, a glucagon-like peptide-1 receptor agonist, attenuates neointimal hyperplasia
after vascular injury. Eur. . Pharm. 2013, 699, 106-111. [CrossRef] [PubMed]

Noels, H.; Zhou, B.; Tilstam, P.V.; Theelen, W.; Li, X.; Pawig, L.; Schmitz, C.; Akhtar, S.; Simsekyilmaz, S.;
Shagdarsuren, E.; et al. Deficiency of endothelial CXCR4 reduces reendothelialization and enhances
neointimal hyperplasia after vascular injury in atherosclerosis-prone mice. Arterioscler. Thromb. Vasc. Biol.
2014, 34, 1209-1220. [CrossRef] [PubMed]

Bisgaard, L.S.; Bosteen, M.H.; Fink, L.N.; Sorensen, C.M.; Rosendahl, A.; Mogensen, C.K.; Rasmussen, S.E.;
Rolin, B.; Nielsen, L.B.; Pedersen, T.X. Liraglutide Reduces Both Atherosclerosis and Kidney Inflammation in
Moderately Uremic LDLr-/- Mice. PLoS ONE 2016, 11, e0168396. [CrossRef] [PubMed]

Sorrentino, S.A.; Bahlmann, EH.; Besler, C.; Muller, M.; Schulz, S.; Kirchhoff, N.; Doerries, C.; Horvath, T.;
Limbourg, A.; Limbourg, F; et al. Oxidant stress impairs in vivo reendothelialization capacity of
endothelial progenitor cells from patients with type 2 diabetes mellitus: Restoration by the peroxisome
proliferator-activated receptor-gamma agonist rosiglitazone. Circulation 2007, 116, 163-173. [CrossRef]
[PubMed]


http://dx.doi.org/10.1161/CIRCULATIONAHA.115.020617
http://dx.doi.org/10.2337/db15-1033
http://www.ncbi.nlm.nih.gov/pubmed/26718496
http://dx.doi.org/10.1093/cvr/cvv175
http://www.ncbi.nlm.nih.gov/pubmed/26084310
http://dx.doi.org/10.1161/ATVBAHA.112.300504
http://www.ncbi.nlm.nih.gov/pubmed/23104848
http://dx.doi.org/10.1016/j.ajpath.2011.07.042
http://www.ncbi.nlm.nih.gov/pubmed/21945322
http://dx.doi.org/10.1186/1475-2840-11-113
http://www.ncbi.nlm.nih.gov/pubmed/22998723
http://dx.doi.org/10.1016/j.yexmp.2017.03.007
http://www.ncbi.nlm.nih.gov/pubmed/28347704
http://dx.doi.org/10.1056/NEJMoa1603827
http://www.ncbi.nlm.nih.gov/pubmed/27295427
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.195115
http://www.ncbi.nlm.nih.gov/pubmed/22868389
http://dx.doi.org/10.2337/db09-1694
http://dx.doi.org/10.1016/j.bbrc.2016.07.095
http://dx.doi.org/10.2119/molmed.2014.00259
http://dx.doi.org/10.1016/j.ejphar.2012.11.057
http://www.ncbi.nlm.nih.gov/pubmed/23220706
http://dx.doi.org/10.1161/ATVBAHA.113.302878
http://www.ncbi.nlm.nih.gov/pubmed/24723559
http://dx.doi.org/10.1371/journal.pone.0168396
http://www.ncbi.nlm.nih.gov/pubmed/27992511
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.684381
http://www.ncbi.nlm.nih.gov/pubmed/17592079

Cells 2019, 8, 589 16 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Chen, W.Y,; Chang, Y.J.; Su, C.H,; Tsai, T.H.; Chen, S.D.; Hsing, C.H.; Yang, J.L. Upregulation of Interleukin-33
in obstructive renal injury. Biochem. Biophys. Res. Commun. 2016, 473, 1026-1032. [CrossRef]

Mader, ] K.; Jensen, L.; Ingwersen, S.H.; Christiansen, E.; Heller, S.; Pieber, T.R. Pharmacokinetic Properties
of Liraglutide as Adjunct to Insulin in Subjects with Type 1 Diabetes Mellitus. Clin. Pharmacokinet. 2016, 55,
1457-1463. [CrossRef]

Piera-Velazquez, S.; Li, Z.; Jimenez, S.A. Role of endothelial-mesenchymal transition (EndoMT) in the
pathogenesis of fibrotic disorders. Am. |. Pathol. 2011, 179, 1074-1080. [CrossRef]

Zhu, D.D,; Tang, RN.; Ly, L.L.; Wen, Y,; Liu, H.; Zhang, X.L.; Ma, K.L.; Liu, B.C. Interleukin-1beta mediates
high glucose induced phenotypic transition in human aortic endothelial cells. Cardiovasc. Diabetol. 2016, 15,
42. [CrossRef]

Maleszewska, M.; Moonen, J.R.; Huijkman, N.; van de Sluis, B.; Krenning, G.; Harmsen, M.C. IL-1beta and
TGFbeta2 synergistically induce endothelial to mesenchymal transition in an NFkappaB-dependent manner.
Immunobiology 2013, 218, 443-454. [CrossRef]

Chen, Y,; Yang, Q.; Zhan, Y.; Ke, J.; Lv, P.; Huang, J. The role of miR-328 in high glucose-induced
endothelial-to-mesenchymal transition in human umbilical vein endothelial cells. Life Sci. 2018, 207, 110-116.
[CrossRef] [PubMed]

Peng, H.; Li, Y.; Wang, C.; Zhang, J.; Chen, Y.; Chen, W,; Cao, J.; Wang, Y.; Hu, Z.; Lou, T. ROCK1 Induces
Endothelial-to-Mesenchymal Transition in Glomeruli to Aggravate Albuminuria in Diabetic Nephropathy.
Sci. Rep. 2016, 6, 20304. [CrossRef] [PubMed]

Wu, L,; Derynck, R. Essential role of TGF-beta signaling in glucose-induced cell hypertrophy. Dev. Cell 2009,
17, 35-48. [CrossRef] [PubMed]

Kokudo, T.; Suzuki, Y.; Yoshimatsu, Y.; Yamazaki, T.; Watabe, T.; Miyazono, K. Snail is required for
TGFbeta-induced endothelial-mesenchymal transition of embryonic stem cell-derived endothelial cells.
J. Cell Sci. 2008, 121, 3317-3324. [CrossRef] [PubMed]

Medici, D.; Potenta, S.; Kalluri, R. Transforming growth factor-beta2 promotes Snail-mediated
endothelial-mesenchymal transition through convergence of Smad-dependent and Smad-independent
signalling. Biochem. J. 2011, 437, 515-520. [CrossRef] [PubMed]

Liu, L,; Liu, X,; Ren, X,; Tian, Y.; Chen, Z.; Xu, X.; Du, Y,; Jiang, C.; Fang, Y.; Liu, Z.; et al. Smad2 and Smad3
have differential sensitivity in relaying TGFbeta signaling and inversely regulate early lineage specification.
Sci. Rep. 2016, 6, 21602. [CrossRef] [PubMed]

Xu, L.; Chen, Y.G.; Massague, J. The nuclear import function of Smad?2 is masked by SARA and unmasked
by TGFbeta-dependent phosphorylation. Nat. Cell Biol. 2000, 2, 559-562. [CrossRef] [PubMed]

Srivastava, S.P.; Koya, D.; Kanasaki, K. MicroRNAs in kidney fibrosis and diabetic nephropathy: Roles on
EMT and EndMT. Biomed. Res. Int. 2013, 2013, 125469. [CrossRef] [PubMed]

Cao, Y.; Feng, B.; Chen, S.; Chu, Y.; Chakrabarti, S. Mechanisms of endothelial to mesenchymal transition in
the retina in diabetes. Investig. Ophthalmol. Vis. Sci. 2014, 55, 7321-7331. [CrossRef] [PubMed]

Kanasaki, K.; Shi, S.; Kanasaki, M.; He, J.; Nagai, T.; Nakamura, Y.; Ishigaki, Y.; Kitada, M.; Srivastava, S.P;
Koya, D. Linagliptin-mediated DPP-4 inhibition ameliorates kidney fibrosis in streptozotocin-induced
diabetic mice by inhibiting endothelial-to-mesenchymal transition in a therapeutic regimen. Diabetes 2014,
63,2120-2131. [CrossRef]

Seabra-Gomes, R. Percutaneous coronary interventions with drug eluting stents for diabetic patients. Heart
2006, 92, 410-419. [CrossRef] [PubMed]

Aronson, D.; Bloomgarden, Z.; Rayfield, E.J. Potential mechanisms promoting restenosis in diabetic patients.
J. Am. Coll. Cardiol. 1996, 27, 528-535. [CrossRef]

Yajima, N.; Takahashi, M.; Morimoto, H.; Shiba, Y.; Takahashi, Y.; Masumoto, ] ; Ise, H.; Sagara, J.; Nakayama, J.;
Taniguchi, S.; et al. Critical role of bone marrow apoptosis-associated speck-like protein, an inflammasome
adaptor molecule, in neointimal formation after vascular injury in mice. Circulation 2008, 117, 3079-3087.
[CrossRef] [PubMed]

Tsai, T.N.; Kirton, ].P.; Campagnolo, P; Zhang, L.; Xiao, Q.; Zhang, Z.; Wang, W.; Hu, Y.; Xu, Q. Contribution
of stem cells to neointimal formation of decellularized vessel grafts in a novel mouse model. Am. . Pathol.
2012, 181, 362-373. [CrossRef]

Wang, G.; Jacquet, L.; Karamariti, E.; Xu, Q. Origin and differentiation of vascular smooth muscle cells.
J. Physiol. 2015, 593, 3013-3030. [CrossRef]


http://dx.doi.org/10.1016/j.bbrc.2016.04.010
http://dx.doi.org/10.1007/s40262-016-0413-4
http://dx.doi.org/10.1016/j.ajpath.2011.06.001
http://dx.doi.org/10.1186/s12933-016-0358-9
http://dx.doi.org/10.1016/j.imbio.2012.05.026
http://dx.doi.org/10.1016/j.lfs.2018.05.055
http://www.ncbi.nlm.nih.gov/pubmed/29859985
http://dx.doi.org/10.1038/srep20304
http://www.ncbi.nlm.nih.gov/pubmed/26842599
http://dx.doi.org/10.1016/j.devcel.2009.05.010
http://www.ncbi.nlm.nih.gov/pubmed/19619490
http://dx.doi.org/10.1242/jcs.028282
http://www.ncbi.nlm.nih.gov/pubmed/18796538
http://dx.doi.org/10.1042/BJ20101500
http://www.ncbi.nlm.nih.gov/pubmed/21585337
http://dx.doi.org/10.1038/srep21602
http://www.ncbi.nlm.nih.gov/pubmed/26905010
http://dx.doi.org/10.1038/35019649
http://www.ncbi.nlm.nih.gov/pubmed/10934479
http://dx.doi.org/10.1155/2013/125469
http://www.ncbi.nlm.nih.gov/pubmed/24089659
http://dx.doi.org/10.1167/iovs.14-15167
http://www.ncbi.nlm.nih.gov/pubmed/25335984
http://dx.doi.org/10.2337/db13-1029
http://dx.doi.org/10.1136/hrt.2005.062992
http://www.ncbi.nlm.nih.gov/pubmed/16501210
http://dx.doi.org/10.1016/0735-1097(95)00496-3
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.746453
http://www.ncbi.nlm.nih.gov/pubmed/18541743
http://dx.doi.org/10.1016/j.ajpath.2012.03.021
http://dx.doi.org/10.1113/JP270033

Cells 2019, 8, 589 17 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Feng, L.; Wang, J.; Ma, X. Exogenous SERP1 attenuates restenosis by restoring GLP-1 receptor activity in
diabetic rats following vascular injury. Biomed. Pharm. 2018, 103, 290-300. [CrossRef]

Kushima, H.; Mori, Y.; Koshibu, M.; Hiromura, M.; Kohashi, K.; Terasaki, M.; Fukui, T.; Hirano, T. The role of
endothelial nitric oxide in the anti-restenotic effects of liraglutide in a mouse model of restenosis. Cardiovasc.
Diabetol. 2017, 16, 122. [CrossRef]

Ke, J; Liu, Y; Yang, J.; Lu, R.; Tian, Q.; Hou, W.,; Wang, G.; Wei, R.; Hong, T. Synergistic effects of metformin
with liraglutide against endothelial dysfunction through GLP-1 receptor and PKA signalling pathway.
Sci. Rep. 2017, 7, 41085. [CrossRef]

Liu, X.; Mujahid, H.; Rong, B.; Lu, Q.H.; Zhang, W.; Li, P; Li, N.; Liang, E.S.; Wang, Q.; Tang, D.Q.; et al.
Irisin inhibits high glucose-induced endothelial-to-mesenchymal transition and exerts a dose-dependent
bidirectional effect on diabetic cardiomyopathy. J. Cell. Mol. Med. 2018, 22, 808-822. [CrossRef]

Krasner, N.M.; Ido, Y.; Ruderman, N.B.; Cacicedo, ].M. Glucagon-like peptide-1 (GLP-1) analog liraglutide
inhibits endothelial cell inflammation through a calcium and AMPK dependent mechanism. PLoS ONE 2014,
9, €97554. [CrossRef]

Wang, D.; Luo, P.; Wang, Y; Li, W.; Wang, C.; Sun, D.; Zhang, R.; Su, T.; Ma, X.; Zeng, C.; et al. Glucagon-like
peptide-1 protects against cardiac microvascular injury in diabetes via a cAMP/PKA/Rho-dependent
mechanism. Diabetes 2013, 62, 1697-1708. [CrossRef] [PubMed]

Mima, A.; Hiraoka-Yamomoto, J.; Li, Q.; Kitada, M.; Li, C.; Geraldes, P.; Matsumoto, M.; Mizutani, K.;
Park, K.; Cahill, C.; et al. Protective effects of GLP-1 on glomerular endothelium and its inhibition by PKCbeta
activation in diabetes. Diabetes 2012, 61, 2967-2979. [CrossRef] [PubMed]

Zhao, J.; Miyamoto, S.; You, Y.H.; Sharma, K. AMP-activated protein kinase (AMPK) activation inhibits
nuclear translocation of Smad4 in mesangial cells and diabetic kidneys. Am. J. Physiology. Ren. Physiol. 2015,
308, F1167-F1177. [CrossRef] [PubMed]

Cheang, W.S,; Tian, X.Y.; Wong, W.T,; Lau, C.W.,; Lee, S.S.; Chen, Z.Y.; Yao, X.; Wang, N.; Huang, Y. Metformin
protects endothelial function in diet-induced obese mice by inhibition of endoplasmic reticulum stress
through 5 adenosine monophosphate-activated protein kinase-peroxisome proliferator-activated receptor
delta pathway. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 830-836. [CrossRef] [PubMed]

Li, EY,; Lam, K.S.; Tse, H.E; Chen, C.; Wang, Y.; Vanhoutte, PM.; Xu, A. Endothelium-selective activation
of AMP-activated protein kinase prevents diabetes mellitus-induced impairment in vascular function and
reendothelialization via induction of heme oxygenase-1 in mice. Circulation 2012, 126, 1267-1277. [CrossRef]
[PubMed]

Stone, J.D.; Holt, A.W.; Vuncannon, J.R.; Brault, J.J.; Tulis, D.A. AMP-activated protein kinase inhibits
transforming growth factor-beta-mediated vascular smooth muscle cell growth: Implications for a
Smad-3-dependent mechanism. Am. J. Physiology. Heart Circ. Physiol. 2015, 309, H1251-H1259. [CrossRef]
[PubMed]

Lim, J.Y,; Oh, M.A; Kim, W.H.; Sohn, H.Y.; Park, S.I. AMP-activated protein kinase inhibits TGF-beta-induced
fibrogenic responses of hepatic stellate cells by targeting transcriptional coactivator p300. J. Cell Physiol. 2012,
227,1081-1089. [CrossRef]

Nagata, D.; Mogi, M.; Walsh, K. AMP-activated protein kinase (AMPK) signaling in endothelial cells is
essential for angiogenesis in response to hypoxic stress. J. Biol. Chem. 2003, 278, 31000-31006. [CrossRef]
Eriksson, L.; Saxelin, R.; Rohl, S.; Roy, J.; Caidahl, K.; Nystrom, T.; Hedin, U.; Razuvaev, A. Glucagon-Like
Peptide-1 Receptor Activation Does not Affect Re-Endothelialization but Reduces Intimal Hyperplasia via
Direct Effects on Smooth Muscle Cells in a Nondiabetic Model of Arterial Injury. J. Vasc. Res. 2015, 52, 41-52.
[CrossRef]

Lim, S.; Lee, G.Y,; Park, H.S.; Lee, D.H.; Tae Jung, O.; Kyoung Min, K.; Kim, Y.B.; Jun, H.S.; Hak Chul, J.;
Park, K.S. Attenuation of carotid neointimal formation after direct delivery of a recombinant adenovirus
expressing glucagon-like peptide-1 in diabetic rats. Cardiovasc. Res. 2017, 113, 183-194. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.biopha.2018.04.039
http://dx.doi.org/10.1186/s12933-017-0603-x
http://dx.doi.org/10.1038/srep41085
http://dx.doi.org/10.1111/jcmm.13360
http://dx.doi.org/10.1371/journal.pone.0097554
http://dx.doi.org/10.2337/db12-1025
http://www.ncbi.nlm.nih.gov/pubmed/23364453
http://dx.doi.org/10.2337/db11-1824
http://www.ncbi.nlm.nih.gov/pubmed/22826029
http://dx.doi.org/10.1152/ajprenal.00234.2014
http://www.ncbi.nlm.nih.gov/pubmed/25428125
http://dx.doi.org/10.1161/ATVBAHA.113.301938
http://www.ncbi.nlm.nih.gov/pubmed/24482374
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.108159
http://www.ncbi.nlm.nih.gov/pubmed/22851545
http://dx.doi.org/10.1152/ajpheart.00846.2014
http://www.ncbi.nlm.nih.gov/pubmed/26276823
http://dx.doi.org/10.1002/jcp.22824
http://dx.doi.org/10.1074/jbc.M300643200
http://dx.doi.org/10.1159/000381097
http://dx.doi.org/10.1093/cvr/cvw213
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Streptozotocin (STZ)-Induced Diabetic Mouse Model 
	Endothelial Denudation and Measurement of Neointima Formation 
	Re-Endothelialisation Assay 
	Cell Culture 
	Induction of EndMT in HUVECs In Vitro 
	Histology and Immunofluorescence Staining 
	Quantitative Real-Time qPCR 
	Western Blotting 
	Statistical Analysis 

	Results 
	The GLP-1 Agonist Liraglutide Improves Re-Endothelialisation and Reduces Neointima Lesions after Arterial Injury in Diabetic Mice 
	Endothelial Fate-Mapping Model 
	Endothelium-Derived Cells Contribute to Neointima Formation Following Artery Injury through EndMT in Diabetic Mice 
	High Glucose Induces EndMT in HUVECs 
	High Glucose Induces mRNA and Protein Expression of EndMT Markers and Smad2-Snail Signaling in HUVECs 
	Liraglutide Inhibits High Glucose-Induced EndMT in HUVECs via AMPK Pathway 
	Liraglutide Activates Endothelial AMPK Signaling and Enhances Endothelial Recovery In vivo 

	Discussion 
	Conclusions 
	References

