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ABSTRACT

Modulation of angiogenesis in adipose tissue (AT) has been suggested as a potential
target in preventing AT dysfunction and improving insulin sensitivity. Liraglutide is a
glucagon-like peptide-1 (GLP-1) analogue, approved for type 2 diabetes treatment, known for
its effects in insulin secretion and sensitivity and lipid homeostasis. However, besides its
glucose-lowering properties, Liraglutide has also been suggested to be a modulator of
angiogenesis. Thus, our aim was to assess the role of Liraglutide in improving AT
angiogenesis and the metabolic outcome. Therefore, we divided 14-week-old Wistar (W) and
non-obese type 2 diabetic Goto-Kakizaki (GK) rats into four groups: two groups of W and
GK rats injected subcutaneously with Liraglutide (200pg/Kg, twice a day) during 14 days (W
Lira; GK Lira) and two control groups comprising W and GK rats with no treatment (W,
GK). The systemic metabolic profile and markers of angiogenesis in epididymal adipose
tissue (EAT) were evaluated. GK rats showed decreased levels of proangiogenic factors as
well as a marked insulin intolerance and a lower activation of the insulin receptor (IR) in EAT
when compared to W group. Liraglutide partially improved insulin tolerance and completely
restored IR activation in GK rats. Liraglutide treatment also led to a marked weight loss and
an improved lipid profile in GK rats. In the EAT of GK rats no significant alterations were
observed in the levels of the endothelial cell marker CD31, angiopoietin-2 (Ang-2) and its
receptor Tie-2, but a significant increase of vascular endothelial growth factor (VEGF), its
receptor VEGFR2 and the hypoxia inducible factor-2a. (HIF-2a,) was observed. Thus, this
study suggests that Liraglutide improves AT angiogenesis which is associated with an

improved AT insulin signalling and a better metabolic outcome in type 2 diabetes.
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RESUMO

A modulacdo da angiogénese do tecido adiposo (TA) tem sido sugerida como alvo
terapéutico na prevencdo da disfuncdo do TA e no aumento da sensibilidade a insulina. O
Liraglutido, um analogo do peptideo semelhante a glucagon-1 (GLP-1), aprovado no
tratamento da diabetes tipo 2 pela sua acdo na secrecdo e na sensibilidade a insulina e na
homeostase lipidica, tem sido igualmente referido como modulador da angiogénese. Assim, 0
nosso objetivo consistiu na avaliacdo do papel do Liraglutido na melhoria da angiogenese do
TA e do perfil metabolico. Estudamos, por isso, 4 grupos de ratos Wistar (W) e ratos Goto-
Kakizaki (GK), um modelo de diabetes tipo 2 ndo obeso, ambos com 14 semanas de idade:
dois grupos, W Lira e GK Lira, constituidos por ratos W e GK tratados com injecGes
subcutaneas de Liraglutido (200ug/Kg, duas vezes por dia) durante 14 dias e dois grupos
controlo, W e GK, formados por ratos W e GK ndo submetidos a tratamento. Avalidmos o
perfil metabdlico sistémico e marcadores da angiogénese no tecido adiposo epididimal (TAE).
Os ratos GK, relativamente aos ratos W, apresentaram niveis diminuidos dos fatores pro-
angiogenicos, uma marcada intoleréncia a insulina e uma menor ativagdo do recetor da
insulina (RI) no TAE. O Liraglutido induziu um aumento parcial da tolerdncia a insulina e um
aumento significativo da ativacdo do RI nos ratos GK, assim como uma melhoria no perfil
lipidico e uma perda significativa de peso. No TAE dos ratos GK ndo se verificaram
alteracdes significativas relativas aos niveis do marcador de célula endotelial CD31, da
angiopoietina-2 (Ang-2) e do seu recetor Tie-2, mas observou-se um aumento significativo do
fator de crescimento endotelial vascular (VEGF), do seu recetor VEGFR2 e do fator induzido
por hipoxia-2a. (HIF-2a). Por conseguinte, conclui-se que o Liraglutido promove a
angiogénese do TA que esta associada a um aumento da sinalizacéo da insulina no TA e aum

melhor perfil metabolico, na diabetes tipo 2.
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INTRODUCTION

According to the World Health Organization (WHO), obesity prevalence has increased
significantly worldwide, affecting now the adult and juvenile population. Visceral obesity is
linked to the development of a chronic low-grade inflammatory state, leading to an increased
risk of metabolic syndrome, type 2 diabetes and cardiovascular disease [1]. Metabolic
syndrome is defined by American Heart Association as a complex condition including at least
3 of the following metabolic risk factors: increased waist circumference,
hypertriglyceridemia, low levels of high density lipoprotein (HDL) cholesterol, hypertension
and fasting hyperglycaemia.

Adipose tissue (AT) is a heterogeneous structure which contains many cell types
including adipocytes, preadipocytes, immune cells and endothelial cells [2]. Besides being the
body’s major energy storage compartment, it is also an endocrine organ secreting a broad
range of adipokines, including pro-inflammatory, anti-inflammatory, angiogenic and
vasoactive factors [2]. AT growth and function depends on a dynamic vascular network which
allows oxygen and nutrients supply, waste products removal and the transport of immune
cells, adipokines, hormones including insulin and growth factors [3,4]. AT blood flow is then
regulated by both vasoactive factors related mechanisms and angiogenesis, which leads to the
formation of new sprouts from the pre-existing vessels as an answer to an acute hypoxia [3,4].
Accordingly, angiogenesis and adipogenesis are closely linked and mutually regulated, since
an efficient angiogenesis is required during AT expansion in order to prevent the development

of chronic hypoxia and AT dysfunction [4].



Obesity-associated AT expansion comprises adipocyte hyperplasia (cell number
increase) and hypertrophy (cell size increase) [4,5]. While the first allows a normal and well-
adjusted vascular network, some studies suggest that adipocyte hypertrophy is linked to a
limited and impaired vascularization, potentially causing permanent hypoxia [4,5]. This may
occur by means of adipocyte vascular compression, the formation of aberrant vessels and an
inadequate vascular network [4,5]. Furthermore, adipocytes hypertrophy is also associated
with the accumulation of secondary products of lipid metabolism and the increase of
intracellular levels of free fatty acids (FFA) by means of peroxisome proliferator-activated
receptor gamma (PPAR-y) inhibition [4-6]. The increase of the circulating FFA also occurs,
which may result in an ectopic FFA deposition [4-6]. Thus, both lipotoxicity and hypoxia
conditions trigger similar inflammatory pathways which will further increase AT dysfunction.
This may occur by means of lipolysis, PPAR-y inhibition, substrate uptake inhibition,
alteration of the secretory profile with the increase of pro-inflammatory adipokines and the
recruitment of further inflammatory cells in order to enhance angiogenesis [4,6]. Moreover, it
may be found insulin signalling inhibition, leading to insulin resistance [4,6].

Actually, previous studies provided evidences supporting the significant role of AT
function and angiogenesis in the modulation of insulin sensitivity [6]. Therefore, a reduced
blood flow associated to an AT dysfunction and insulin resistance are suggested to be closely
related [6].

Insulin resistance is likewise present in type 2 diabetes as well as a beta-cell

dysfunction [7]. Methylglyoxal (MG) is a potent glycating agent, derived mainly



endogenously from glucose, fructose and lipid metabolism, which levels are elevated in
prediabetic and diabetic patients [8]. Besides inducing oxidative stress, MG is also a strong
advanced glycation end products (AGE) precursor, reacting mainly with proteins and DNA
and modulating signalling and pro-inflammatory pathways, which may lead to B-cell failure
and insulin resistance [8]. Indeed, several studies have correlated insulin resistance to the
effect of glycation in the inactivation of insulin receptor (IR) and its pathways and by
impairing insulin ability to bind and activate the IR [8].

Liraglutide is a long-lasting glucagon-like peptide-1 receptor (GLP-1R) agonist widely
used for type 2 diabetes treatment, based on a glucagon-like peptide-1 (GLP-1) molecule
which is resistant to dipeptidyl peptidase-4 (DPP-IV) enzymatic degradation due to its
binding to a palmitic acid [9]. Liraglutide mimics therefore the effects of GLP-1, a
gastrointestinal incretin hormone, including a weight loss effect, based on a delayed gastric
emptying as well as appetite and food intake inhibition, and a glucose lowering effect mainly
by the glucose-dependent stimulation of insulin synthesis and secretion and the inhibition of
glucagon secretion [9,10].

Regarding the AT, it was observed the GLP-1R expression in adipocytes and
Liraglutide was shown to lead to adipogenesis stimulation and AT redistribution with a
decrease of total AT areas and ectopic lipid accumulation, reducing thereby lipotoxicity and
insulin resistance [10-13].

Several studies have also suggested Liraglutide to be an important modulator and

promotor of angiogenesis in both in vitro and in vivo models, improving endothelial



dysfunction [14-16]. Actually, it is known that vascular endothelium expresses numerous
GLP-1R and that GLP-1 exerts many vascular protective effects, inducing vasodilation and
stimulating endothelial proliferation and angiogenesis [16,17].

Therefore, regarding the strong association between AT angiogenesis and its function
as well as the Liraglutide effects in lipid homeostasis, insulin sensitivity and angiogenesis
modulation, our goal was to evaluate the role of Liraglutide in improving AT angiogenesis,

relating this with the metabolic outcome.



MATERIALS AND METHODS

Animal Models and Maintenance: We studied 14-week-old male Wistar and non-obese type
2 diabetic Goto-Kakizaki rats, from our breeding colonies (Faculty of Medicine, University of
Coimbra). Animals were kept under standard ventilation, temperature (22-24°C), humidity
(50-60%) and light (12h light and 12h darkness) with free access to water and food (standard
diet AO03, SAFE, Barcelona). The experimental protocol was approved by the local
Institutional Animal Care and Use Committee and all the procedures were performed by
licensed users (FELASA).

Experimental groups: Male 14-week-old Wistar rats were randomly divided in 2 groups
(n=7/group): 1) Control Wistar rats maintained with no treatment (W); 2) Wistar rats treated
with Liraglutide (W Lira). Male age-matched Goto-Kakizaki rats were also randomly divided
in 2 groups (n=4/group): 3) Control Goto-Kakizaki rats maintained with no treatment (GK);
4) Goto-Kakizaki rats treated with Liraglutide (GK Lira).

Liraglutide and isotonic solution administration: To the W and GK control groups it was
given a subcutaneous injection of an isotonic solution (NaCl 0.9%), twice a day, during 14
days. W Lira and GK Lira were treated with a subcutaneous injection of 200ug/Kg of
Liraglutide, twice a day, during 14 days. Body weight was daily registered in order to do any
necessary Liraglutide dose adjustment.

Glycaemic profile and triglycerides levels: Before starting (day 1) and after concluding the
treatment with Liraglutide (day 14), fasting glycaemia (6h) and triglycerides levels were

measured in the tail vein using reactive test stripes, a glucometer (Glucometer, Bayer,



Germany) and a portable analyser (Accutrend Plus, Roche, Germany), respectively. An
intraperitoneal insulin tolerance test (ITT) was also performed in the first and the last day of
the treatment: after an intraperitoneal insulin injection (0.25U/Kg) glycaemia was measured
15, 30, 60 and 120 minutes later. The area under the curve (AUC) concerning the
intraperitoneal ITT was then calculated.

Adipose tissue collection: After these procedures, animals were sacrificed by cervical
displacement and epididymal adipose tissue (EAT) was immediately collected, washed in an
isotonic solution (0.9% NacCl) and frozen in liquid nitrogen, being stored at -80°C.

Western Blotting : EAT sections of 300mg were homogenized in a lysis buffer [25mM Tris,
150mM NaCl, 1% Triton X-100, ImM EDTA, 1mM EGTA, 10mM PMSF and 40ul/g tissue
of proteases inhibitor cocktail (Sigma, USA), pH=7.7]. Homegenates were centrifuged at
14000 rpm for 20 minutes at 4°C. The supernatant fraction was collected, ultra-sonicated for
10 seconds (70 Hz) and centrifuged again at 14 000 rpm for 15 min at 4°C. Supernatants were
then collected and aliquoted. Protein concentration was determined using the BCA
(Bicinchoninic Acid) method (Pierce, USA). Samples were loaded and separated by SDS-
PAGE (Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis), with 8% acrylamide
gels, being then transferred to PVDF (Polyvinylidene Difluoride) membranes. Membranes
were blocked with TBST-0.1% solution [25mM Tris-HCI, 150mM NaCl, 0.1% Tween,
pH=7.6] supplemented with 5% of BSA (Bovine Serum Albumin). The membranes were then
incubated overnight at 4°C with the primary antibodies and during 2h at room temperature

with the secondary antibodies (anti-mouse, GE Healthcare, UK; anti-rabbit and anti-goat, Bio-



Rad, USA). After each procedure, membranes were washed with TBST solution. Membranes
were revealed using ECL (Enhanced Chemiluminescence) substrate in a Versadoc system
(Bio-Rad, USA) and analysed with the software Image Quant® (Molecular Dynamics, USA).
Calnexin was used and quantified as a loading control.

Reagents: Primary antibodies used were directed to Calnexin, VEGFA, CD31 (AB0037,
AB0063, AB0112, Sicgen, Portugal), PPAR-y, VEGFR2, (#2443, #2479, Cell Signaling,
USA), p-IR(Y1361), Tie-2, IRP (sc-324, sc-57342, SantaCruz Biotechnology, USA), Ang-2,
GLUT-4, HIF-2a. (Ab8452, Ab65267, Ab8365, Abcam, UK), GLP-1R (bs-1559R, Bioss,
USA).

Statistical analysis: Results are presented as mean + SEM per group. Non-parametric
Kruskal-Wallis test was used to determine statistical differences between the groups, given
the small sample number. It was used SPSS software (IBM, NY, USA) and p<0.05 was

considered significant.
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RESULTS

Table 1: Body weight, fasting glycaemia, serum triglycerides and food consumption
in Wistar and GK rats.

w GK W Lira GK Lira
Group . . . . . ) i )
Initial Final Initial Final Initial Final Initial Final
Body weight 389.4 390.1 3235 312.9 399.3 361 320 302.5
(9) +13.2 +13.4 +5.9 +2.4 +9.9 +8.8 +0.8 +7.3
** ** **% *k*k
Fasting 92.3 84.1 150.5 140.5 93.1 87.9 175.8 115.5
Glycaemia +3.6 +2.4 +26.1  +253 437 4146 4425 451
(mg/dL) * * * *
. . 101 106.1 162.5 207.5 111 100.3 161.8 111.3
Triglycerides +4.9 +9.0 +245  +52.3 +7.9 +7.8 +18.4 +6.6
(mg/dL) * * *
Food 16.940.6 18.3+1.6 112 +0.8 11.6+1.3
consumption e e I e
(o/rat/day)

W initial- 14 weeks old Wistar rats; W final- 16 weeks old Wistar rats; GK initial- 14 weeks old
Goto-Kakizaki rats; GK final- 16 weeks old Goto-Kakizaki rats; W Lira initial- 14 weeks old
Wistar rats before starting the Liraglutide treatment; W Lira final- 16 weeks old Wistar rats after
Liraglutide treatment during 14 days; GK Lira initial- 14 weeks old Goto-Kakizaki rats before
starting the Liraglutide treatment; GK Lira final- 16 weeks old Goto-Kakizaki rats after
Liraglutide treatment during 14 days. Data is presented as mean £ SEM. * Different from W at
the same age; # Different from GK at the same age. 1 symbol p<0.05; 2 symbols p<0.01; 3
symbols p<0.001.
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Body weight and Food consumption

Despite no significant differences concerning the food consumption, GK rats (GK) had
lower body weight than age-matched normal rats (W), which is an intrinsic characteristic of
the strain (p<0.01) (Table 1).

Liraglutide treatment resulted in a significant decrease in food consumption in both
normal (W Lira) and type 2 diabetic (GK Lira) rats, also leading to a body weight reduction in
GK rats (GK Lira), through the increase of the difference between GK Lira and W rats,
concerning the GK rats body weight before (p<0.01) and after (p<0.001) Liraglutide
administration (Table 1). These results strengthen the already established role of Liraglutide

in weight loss and food intake inhibition.
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Figure 1: Insulin tolerance determined through AUC of the intraperitoneal ITT before
(AUC ITT Initial) and after (AUC ITT Final) Liraglutide administration (A) and EAT
levels of total IR (IR) and phosphorylated B-subunit of the IR (IRB-Tyr1163) (B).
Representative Western Blots images of IR, IRB-Tyr1163 and GLUT-4 are shown with the
respective calnexin. W- 16 weeks old Wistar rats; GK- 16 weeks old Goto-Kakizaki rats; W
Lira- 16 weeks old Wistar rats after Liraglutide treatment during 14 days; GK Lira- 16 weeks
old Goto-Kakizaki rats after Liraglutide treatment during 14 days. Data is presented as mean
+ SEM. * Different from W at the same age; # Different from GK at the same age. 1 symbol

p<0.05; 2 symbols p<0.01.
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Glycaemic profile, Insulin tolerance and Insulin receptor

As expected, GK group showed higher fasting glycaemia when compared to W group
(Table 1). Liraglutide administration did not result in any statistically significant alteration,
considering fasting glycaemia, in both normal (W Lira) and diabetic (GK Lira) rats (Table 1).
However, a non-statistically decrease is observed in the fasting glycaemia of GK Lira group
after the treatment (Table 1).

The AUC referring to the intraperitoneal ITT is directly related to the insulin
sensitivity of the insulin-responsive tissues. Regarding the AUC of ITT, whereas similar
results were observed in W and W Lira groups, GK group showed a marked insulin
intolerance with a higher AUC when compared to W group (p<0.01) (Figure 1A). Despite no
significant differences were observed between GK and GK Lira groups, the difference in
AUC of ITT between diabetic (GK Lira) and normal (W) rats was partially attenuated after
Liraglutide administration, with a partial decrease of AUC in the end of the treatment in GK
Lira rats (p<0.05 vs W), suggesting that Liraglutide treatment partially improved insulin
tolerance in diabetic rats (Figure 1A).

In EAT, type 2 diabetic rats (GK) and normal rats (W) showed similar levels of total
IR (IR), but GK group revealed lower levels of the phosphorylated, and so activated, B-
subunit of the IR (IRB-Tyr1163) than W group (Figure 1B). No statistically significant
alterations whether it concerns total IR or IRB-Tyr1163 were observed in Liraglutide W-
treated rats (W Lira) in relation to W group (Figure 1B). Liraglutide administration in GK rats

(GK Lira) did not significantly change total IR levels but caused a marked increase in IR[3-
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Tyr1163 when compared to GK group (p<0.01), suggesting a Liraglutide action in promoting
insulin receptor phosphorylation and activation (Figure 1B).
Regarding the glucose transporter type-4 (GLUT-4), it was not observed any

significant alteration in any group (Figure 1).
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Figure 2: Western Blot detection of PPAR-y levels in EAT. Representative Western Blots
images of PPAR-y are shown with the respective calnexin. W- 16 weeks old Wistar rats; GK-
16 weeks old Goto-Kakizaki rats; W Lira- 16 weeks old Wistar rats after Liraglutide
treatment during 14 days; GK Lira- 16 weeks old Goto-Kakizaki rats after Liraglutide
treatment during 14 days. Data is presented as mean + SEM. * Different from W at the same
age. 1 symbol p<0.05.
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Lipid profile and PPAR-y

Regarding lipids, GK rats (GK) showed increased serum triglycerides (TG) levels in
relation to age-matched controls (W) (Table 1).

Despite W Lira group had similar serum TG levels to W group, in diabetic rats (GK
Lira) a significant reduction of serum TG levels was observed after Liraglutide treatment
through the attenuation of the difference of TG levels of GK rats before and after the
treatment (GK Lira initial vs final) when compared to W group (Table 1).

PPAR-y, an important marker of AT function due to its involvement in the control of
FFA uptake and esterification, was also determined. PPAR-y expression in AT was
significantly increased in Liraglutide-treated Wistar rats (W Lira) when compared to W
control rats (W) (Figure 2). It was not observed any other statistically significant difference
concerning the other groups, although GK group revealed a tendency to have lower PPAR-y

levels (Figure 2).
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Figure 3: Western Blot detection of VEGFR2, VEGF, CD31 (A) and HIF-2a. (B) levels
in EAT. Representative Western Blots images of VEGFR2, VEGF, CD31, HIF-2a, Ang-2
and Tie-2 are shown with the respective calnexin. W- 16 weeks old Wistar rats; GK- 16
weeks old Goto-Kakizaki rats; W Lira- 16 weeks old Wistar rats after Liraglutide treatment
during 14 days; GK Lira- 16 weeks old Goto-Kakizaki rats after Liraglutide treatment during
14 days. Data is presented as mean = SEM. * Different from W at the same age; # Different
from GK at the same age. 1 symbol p<0.05; 3 symbols p<0.001.
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Angiogenic factors

In order to study the effects of Liraglutide in AT angiogenesis, it was determined EAT
levels of the vascular endothelial growth factor (VEGF) and its receptor VEGFR2, the
endothelial cell marker CD31, a major transcription factor induced by hypoxia HIF-2a. and
other angiogenesis key regulator angiopoietin-2 (Ang-2) and its receptor Tie-2 (Figure 3).

Regarding Ang-2 and Tie-2, no statistically significant alterations were observed
related to any of the groups (Figure 3).

Type 2 diabetic rats (GK) had significantly decreased VEGFR?2 levels as compared to
control rats (W) (p<0.001), as well as decreased levels of CD31 and HIF-2a. (p<0.05) (Figure
3A, B). However, GK group had VEGF levels similar to W group (Figure 3A).

Liraglutide administration did not significantly affect VEGF, CD31 or HIF-2a. levels
but caused a marked increase in VEGFR2 levels in normal rats (W Lira) (p<0.05) (Figure 3A,
B). Despite no significant changes in CD31 levels in the EAT of diabetic rats after Liraglutide
treatment, GK Lira group showed a significant increase of VEGFR2, VEGF and HIF-2a
levels as compared to non-treated GK rats (GK) (Figure 3A,B). Thus, these findings suggest

that Liraglutide plays an important role in the modulation of AT angiogenesis.
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Liraglutide and GLP-1R

Regarding EAT GLP-1R levels, similar results were observed in each group (Figure
4). Liraglutide treatment did not affect GLP-1R levels neither in normal (W Lira) nor diabetic

rats (GK Lira), which suggests that Liraglutide actions are independent of GLP-1R levels

(Figure 4).
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Figure 4: Western Blot detection of GLP-1R levels in EAT. Representative Western Blots
images of GLP-1R are shown with the respective calnexin. W- 16 weeks old Wistar rats; GK-
16 weeks old Goto-Kakizaki rats; W Lira- 16 weeks old Wistar rats after Liraglutide
treatment during 14 days; GK Lira- 16 weeks old Goto-Kakizaki rats after Liraglutide
treatment during 14 days. Data is presented as mean £ SEM.
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DISCUSSION

In this study, we investigated the angiogenic properties of the GLP-1 analogue
Liraglutide in the EAT in both Wistar rat, a normal animal model used as control, and GK rat,
a non-obese type 2 diabetic animal model. We determined the levels of major angiogenic
markers (CD31, VEGF, VEGFR2, Ang-2, Tie-2 and HIF-2a) as well as the activation of the
IR and systemic metabolic effects of Liraglutide.

GK strain is characterized by an impaired insulin secretion and central and peripheral
insulin resistance [18]. Accordingly, a mild fasting hyperglycaemia, a marked insulin
intolerance with lower activation of the IR and a lipid dysmetabolism are then type 2 diabetic-
like systemic alterations to be expected in GK rats. Furthermore, our group has previously
described in young GK rats an increased secretion of leptin, an anorectic hormone produced
by AT, which, although the lower body weight when compared to normal rats, is associated
with increased abdominal fat [19].

This study reinforces the effectiveness of Liraglutide for weight loss and caloric intake
inhibition, which is entirely consistent with previous studies which have correlated the weight
loss with a decrease of visceral and subcutaneous AT mass [9,10]. A recent study supports
that Liraglutide may reduce the appetite and food intake by central GLP1-R activation of
serotonergic neurons having the hypothalamus as a target, an energy homeostasis regulator
[20].

Liraglutide is known to enhance systemic and AT insulin sensitivity, leading to
improved insulin signalling by promoting adipocyte differentiation, a down-regulation of the
inflammatory status and also the PPAR-y activity, associated to a higher adiponectin secretion
[10-13]. Indeed, the results from the present study suggest that Liraglutide treatment improves
insulin signalling in EAT of diabetic rats, partially improving insulin tolerance. Moreover,

insulin signalling was also enhanced since we observed that the activation of the intracellular
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B-subunit of the IR was completely restored after Liraglutide treatment in GK rats. After
binding to the extracellular a-subunit of the IR, insulin triggers the auto-phosphorylation of
the B-subunit and the IR substrate (IRS) family, leading to insulin signalling pathways which
will trigger the translocation of GLUT-4 to the cell membrane [21]. Unexpectedly, after
Liraglutide treatment no differences were observed regarding the fasting glycaemia and
GLUT-4 EAT levels in both normal and diabetic rats, although we have not studied its
translocation to the membrane. On the contrary, a previous study conducted in another
diabetic animal model supports that the effect of Liraglutide in improving insulin sensitivity
may be due to the upregulation of GLUT-4 [21]. A recent study also revealed that Liraglutide
directly stimulates glucose uptake by skeletal muscle cells through GLUT-4 translocation to
the cell membrane in an insulin-independent manner, through AMP-activated protein kinase
(AMPK) phosphorylation [22].

Regarding the lipid profile, a previous study carried on humans reported an
improvement in postprandial lipid metabolism with Liraglutide [23]. Consistently, we
observed a significant reduction of serum TG in GK rats after Liraglutide treatment, which
might be due to an increased expression of PPAR-y. It is already established that PPAR-y
activation improves insulin sensitivity and lipid homeostasis by promoting adipogenesis and
FFA uptake and esterification in AT, reducing circulating FFA and TG and avoiding therefore
ectopic lipid accumulation [4,6]. Moreover, recent studies have demonstrated that AT
vascularisation can directly be modulated by PPAR-y, with an increase of capillary density
[4,6]. Surprisingly, Liraglutide only increased PPAR-y expression in normal rats, without
significantly affecting its expression in diabetic rats.

Adipocytes are responsible for the secretion of several pro-angiogenic factors which
reflects its ability to self-regulate angiogenesis in AT. Indeed, our results showed decreased

levels of proangiogenic mediators namely VEGFR2, CD31 and HIF-2a in type 2 diabetic
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rats, which is in accordance with our previous findings of a decreased AT blood supply in
older GK rats [19,27].

Nevertheless, the major aim of this study was to determine the effects of Liraglutide in
AT angiogenesis and we observed that Liraglutide treatment was able to increase EAT
expression of VEGFR2, VEGF and HIF-2a in GK rats. These findings suggest the
involvement of Liraglutide in the vascular remodelling process in AT, which is consistent
with previous studies showing that Liraglutide significantly improves angiogenesis and exerts
a protective effect in the vascular dysfunction [14-16]. Indeed, a recent study supports that
Liraglutide promotes angiogenesis and long-term recovery of focal cerebral ischemia in mice
through an increased VEGF expression [14]. Liraglutide was also shown to increase
angiogenesis of transplanted islets through VEGF up-regulation and to restore the
angiogenesis of impaired cultured human umbilical vein endothelial cells (HUVEC),
promoting endothelial tube formation in a dose-dependent manner [15,16]. VEGF and its
receptors are crucial regulators of vasculogenesis and angiogenesis, promoting the
recruitment, proliferation and differentiation of endothelial cells [3,14]. In fact, VEGF and
VEGFR2 signalling plays a major role in both physiological and pathological angiogenesis,
restoring the capillarization area and vessel density and also improving vessel structure [3,14].
On the other hand, HIF-2a, an important regulator of the hypoxia adaptation, is thought to
bind to a specific promoter region of VEGF, which might be linked to increased levels of
VEGF activating subsequently VEGFR2 during hypoxia [3,14,24].

Interestingly, whereas VEGF and VEGFR2 levels in AT were increased in GK rats
after Liraglutide treatment, no alterations were observed regarding Ang-2 and Tie2, also
known for angiogenesis and inflammation modulation. Current data indicate that, under
different conditions, Ang-2 can either enhance Tie-2 and induce angiogenesis or can act as a
Tie-2 antagonist supressing its downstream targets and causing vessel instability and
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regression [3,25]. However, a recent study conducted in mice under a high fat diet observed
the pro-angiogenic effects of Ang-2 in AT, along with a reduced inflammatory status and an
enhanced insulin sensitivity [25].

In general, our study showed that Liraglutide have more effects in GK rats than in
normal rats, possibly because diabetic rats have shown decreased levels of angiogenic factors
and a decreased activation of the IR than normal rats.

One limitation to the present study is its short duration, since the exposure time to
Liraglutide was only for 14 days, which could explain the modest improvement of the
metabolic profile obtained after Liraglutide treatment, mostly concerning the fasting
glycaemia and the GLUT-4 expression. We also observed that Liraglutide did not lead to
significant changes in CD31 levels, which also might be due to the short duration of our
study, adequate to allow the activation of pro-angiogenic mediators being nonetheless
insufficient for the formation of a significant vascular network. Further studies with a longer
duration are then needed in order to optimize the effects of Liraglutide. Additionally, our
sample size is also significantly small which could also justify the current discrepancies.

Altogether, our findings demonstrate that Liraglutide increases AT angiogenesis along
with an improved insulin signalling and metabolic outcome. This is in accordance with
previous studies which have suggested AT angiogenesis as a potential target and an effective
strategy in promoting insulin sensitivity, since an impaired AT angiogenesis could limit
adipogenesis through local AT hypoxia and thereby contribute to AT dysfunction, being this a
crucial event for insulin resistance [3,4,6]. Accordingly, several studies have also reported the
implication of HIF-2a in improving insulin signalling by preventing AT inflammation and
increasing its angiogenic ability [24,26].

Our study also suggests that Liraglutide actions are independent of GLP-1R levels

since they were not affected. However, we mainly focus on the impact of Liraglutide in AT
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angiogenesis and so the molecular mechanism underlying Liraglutide-induced angiogenesis
remains therefore to be elucidated.

Recently, we observed that glycation and AGE accumulation in EAT of obese rats
contributed to an impaired microvascular network and vascular dysfunction in AT, hampering
AT expandability and adaptation, which is likely to lead to AT dysfunction and insulin
resistance [27]. Thus, we could hypothesize if the pro-angiogenic effects induced by
Liraglutide are related to any modulation or inhibition of the glycation-induced vascular
lesions in AT.

Further studies are therefore warranted to provide a better understanding of the
molecular mechanisms underlying the promotion of angiogenesis by Liraglutide. Additional
studies evaluating the angiogenic effects of Liraglutide should also be performed in obese
models, given that angiogenesis and adipogenesis are closely related. Such mechanisms

should also be assessed in other fat pads such as subcutaneous AT.
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CONCLUSION

Our results suggest that in type 2 diabetes the GLP-1 analogue Liraglutide improves
AT angiogenesis, highlighted by the increase of local angiogenic markers levels, and AT
insulin signalling which may lead to the enhancement of AT function along with a better

metabolic outcome.

25



ACKNOWLEDGEMENTS

| am thankful above all to Dr Paulo Matafome for accepting me in his team in which |
felt well-integrated since the first day, for the leadership, assistance and availability, for his
patience mostly at beginning, for the constructive criticism, for not giving me promptly the
answers but instead stimulate me to question the results and to be able to fully understand
them, but above all, I am thankful for our friendship.

A special thank you for her guidance and friendship to Professor Raquel Seica, who
has always inspired me for her knowledge and her passion towards medicine and teaching and
who supported me throughout the whole journey always with a wise advice and a kind word.

I would also like to acknowledge my colleagues and friends at the laboratory,
specially to Doctoral student Tiago Rodrigues, for his availability and support and for always
contributing to the good working environment.

To the friends from ever.

And to my family, specially my parents, to whom | owe my perseverance and for,

from so little, giving me so much. Thank you for allowing me to dream.

26



REFERENCES

1.

10.

Emanuela F, Grazia M, Marco DR, Maria Paola L, Giorgio F, Marco B. Inflammation
as a link between obesity and metabolic syndrome. Journal of nutrition and
metabolism. 2012 Mar 1;2012.

Halberg N, Wernstedt-Asterholm I, Scherer PE. The adipocyte as an endocrine cell.
Endocrinology and Metabolism Clinics. 2008 Sep 1;37(3):753-68.

Corvera S, Gealekman O. Adipose tissue angiogenesis: impact on obesity and type-2
diabetes. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease. 2014
Mar 1;1842(3):463-72.

Matafome P, Rodrigues T, Seica R. Glycation and hypoxia: two key factors for
adipose tissue dysfunction. Current medicinal chemistry. 2015 Jul 1;22(20):2417-37.
Gustafson B, Gogg S, Hedjazifar S, Jenndahl L, Hammarstedt A, Smith U.
Inflammation and impaired adipogenesis in hypertrophic obesity in man. American
Journal of Physiology-Endocrinology and Metabolism. 2009 Jul 21;297(5):E999-
1003.

Manneras-Holm L, Krook A. Targeting adipose tissue angiogenesis to enhance insulin
sensitivity. Diabetologia. 2012 Oct 1;55(10):2562-4.

Melmed S. Williams. Textbook of endocrinology. Elsevier Health Sciences; 2016.
Matafome P, Rodrigues T, Sena C, Sei¢a R. Methylglyoxal in metabolic disorders:
facts, myths, and promises. Medicinal research reviews. 2017. Mar 1;37(2):368-403.
Drucker DJ, Dritselis A, Kirkpatrick P. Liraglutide. Nature Reviews Drug Discovery.
2010.

Suzuki D, Toyoda M, Kimura M, Miyauchi M, Yamamoto N, Sato H, Tanaka E,
Kuriyama Y, Miyatake H, Abe M, Umezono T. Effects of liraglutide, a human

glucagon-like peptide-1 analogue, on body weight, body fat area and body fat-related

27



11.

12.

13.

14.

15.

16.

17.

markers in patients with type 2 diabetes mellitus. Internal Medicine.
2013;52(10):1029-34.

Challa TD, Beaton N, Arnold M, Rudofsky G, Langhans W, Wolfrum C. Regulation
of adipocyte formation by GLP-1/GLP-1R signaling. Journal of Biological Chemistry.
2012 Feb 24;287(9):6421-30.

Morano S, Romagnoli E, Filardi T, Nieddu L, Mandosi E, Fallarino M, Turinese I,
Dagostino MP, Lenzi A, Carnevale V. Short-term effects of glucagon-like peptide 1
(GLP-1) receptor agonists on fat distribution in patients with type 2 diabetes mellitus:
an ultrasonography study. Acta diabetologica. 2015 Aug 1;52(4):727-32.

Armstrong MJ, Hull D, Guo K, Barton D, Hazlehurst JM, Gathercole LL, Nasiri M,
Yu J, Gough SC, Newsome PN, Tomlinson JW. Glucagon-like peptide 1 decreases
lipotoxicity in non-alcoholic steatohepatitis. Journal of hepatology. 2016 Feb
1;64(2):399-408.

Chen Y, Zhang X, He J, Xie Y, Yang Y. Delayed Administration of the Glucagon-
Like Peptide 1 Analog Liraglutide Promoting Angiogenesis after Focal Cerebral
Ischemia in Mice. Journal of Stroke and Cerebrovascular Diseases. 2018 Jan 21.
Langlois A, Mura C, Bietiger W, Seyfritz E, Dollinger C, Peronet C, Maillard E,
Pinget M, Jeandidier N, Sigrist S. In vitro and in vivo investigation of the angiogenic
effects of liraglutide during islet transplantation. PloS one. 2016 Mar
14;11(3):e0147068.

Aronis KN, Chamberland JP, Mantzoros CS. GLP-1 promotes angiogenesis in human
endothelial cells in a dose-dependent manner, through the Akt, Src and PKC
pathways. Metabolism-Clinical and Experimental. 2013 Sep 1;62(9):1279-86.

Chai W, Fu Z, Aylor KW, Barrett EJ, Liu Z. Liraglutide prevents microvascular

insulin resistance and preserves muscle capillary density in high-fat diet-fed rats.

28



18.

19.

20.

21.

22.

23.

24,

American Journal of Physiology-Endocrinology and Metabolism. 2016 Jul
19;311(3):E640-8.

Ishii Y, Ohta T, Sasase T. Non-obese type 2 diabetes animals models. InGlucose
Tolerance 2012. InTech.

Matafome P, Santos-Silva D, Criséstomo J, Rodrigues T, Rodrigues L, Sena CM,
Pereira P, Seica R. Methylglyoxal causes structural and functional alterations in
adipose tissue independently of obesity. Archives of physiology and biochemistry.
2012 May 1;118(2):58-68.

Anderberg RH, Richard JE, Eerola K, Lépez-Ferreras L, Banke E, Hansson C,
Nissbrandt H, Berqquist F, Gribble FM, Reimann F, Asterholm IW. Glucagon-like
peptide 1 and its analogs act in the dorsal raphe and modulate central serotonin to
reduce appetite and body weight. Diabetes. 2017 Apr 1;66(4):1062-73.

Chen LN, Lyu J, Yang XF, Ji WJ, Yuan BX, Chen MX, Ma X, Wang B. Liraglutide
ameliorates glycometabolism and insulin resistance through the upregulation of
GLUT4 in diabetic KKAy mice. International Journal of Molecular Medicine. 2013
Oct 1;32(4):892-900.

Andreozzi F, Raciti GA, Nigro C, Mannino GC, Procopio T, Davalli AM, Beguinot F,
Sesti G, Miele C, Folli F. The GLP-1 receptor agonists exenatide and liraglutide
activate Glucose transport by an AMPK-dependent mechanism. Journal of
translational medicine. 2016 Dec;14(1):229.

Koska J, Lopez L, D'Souza K, Osredkar T, Deer J, Kurtz J, Salbe AD, Harman SM,
Reaven PD. The effect of liraglutide on dietary lipid induced insulin resistance in
humans. Diabetes, Obesity and Metabolism. 2017 Jun.

Choe SS, Shin KC, Ka S, Lee YK, Chun JS, Kim JB. Macrophage HIF-20 ameliorates

adipose tissue inflammation and insulin resistance in obesity. Diabetes. 2014 Oct

29



25.

26.

217.

1;63(10):3359-71.

An YA, Sun K, Joffin N, Zhang F, Deng Y, Donze O, Kusminski CM, Scherer PE.
Angiopoietin-2 in white adipose tissue improves metabolic homeostasis through
enhanced angiogenesis. Elife. 2017;6.

Aouadi M. HIF-2a blows out the flames of adipose tissue macrophages to keep
obesity in a safe zone. Diabetes. 2014 Oct 1;63(10):3169-71.

Rodrigues T, Matafome P, Sereno J, Almeida J, Castelhano J, Gamas L, Neves C,
Gongcalves S, Carvalho C, Arslanagic A, Wilcken E. Methylglyoxal-induced glycation
changes adipose tissue vascular architecture, flow and expansion, leading to insulin

resistance. Scientific reports. 2017 May 10;7(1):1698.

30





