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ABSTRACT 

Abdominal aortic aneurysm (AAA) is a localised dilatation of the abdominal 

aorta that predisposes to the potentially fatal consequence of aortic rupture. The 

clinical approach to AAA is currently limited to surgical repair and is not indicated in 

patients with small AAA or who are asymptomatic. Pathological features of AAA 

include chronic vascular inflammation of the aortic wall, progressive extracellular 

matrix degradation and increased neovascularization. Because of the high mortality 

rate associated with AAA, new effective therapeutic strategies are needed to 

prevent its progression.  

Beyond their glucose-lowering effects, recent studies have shown that 

sodium-glucose cotransporter type 2 (SGLT-2) inhibitors reduce cardiovascular 

events and have beneficial effects on several vascular diseases such as 

atherosclerosis; however, the potential effects of SGLT-2 inhibition on AAA remain 

unknown. Therefore, the aim of the first study of the present Thesis was to evaluate 

the effect of the oral treatment with a SGLT-2 inhibitor, empagliflozin, on the 

progression of the AAA induced by angiotensin II (Ang II) in mice deficient in 

apolipoprotein E (apoE-/-) and its possible anti-inflammatory effects on human aortic 

endothelial cells and macrophages.   

Empagliflozin treatment significantly reduced the Ang II-induced increase in 

maximal suprarenal aortic diameter independently of blood pressure effects. 

Immunohistochemistry analysis revealed that empagliflozin diminished Ang II-

induced elastin degradation, neovessel formation, and macrophage infiltration at 

the AAA lesion. Furthermore, Ang II infusion resulted in a marked increase in the 

expression of chemokines CCL-2/MCP-1 and CCL-5/RANTES, vascular endothelial 

growth factor (VEGF) and matrix metalloproteinase (MMP)-2 and MMP-9 in 

suprarenal aortic walls of apoE-/- mice, and all were reduced by empagliflozin 

cotreatment. Western blot analysis revealed that p38 mitogen-activated protein 

kinase (p38 MAPK) and nuclear factor-κB (NF-κB) activation was also reduced in 

the suprarenal aortas of apoE-/- mice cotreated with empagliflozin. In vitro studies in 

human aortic endothelial cells and macrophages showed that empagliflozin 

inhibited leukocyte-endothelial cell interactions and release of pro-inflammatory 

chemokines induced by TNFα. In conclusion, the pleiotropic beneficial effects that 



 ÉÚÛÙÈÊÛ
 

28 
 

empagliflozin exerts to reduce AAA pathology suggest that therapeutic inhibition of 

SGLT-2 could be a viable strategy to limit AAA growth.  

Morbid obesity is a chronic metabolic disease characterised by an excess of 

body mass due to an imbalance between food intake and energy expenditure. 

Nowadays, the incidence and prevalence of this pathology is increasing worldwide, 

specially in developed countries. Some of the main concerns are linked to the wide 

spectrum of comorbidities related to this disorder such as type 2 diabetes mellitus 

(T2DM).  

Inflammation governs adipose tissue (AT) dysfunction in obesity. In the last 

years, retinoic acid receptor‐related orphan receptor alpha (RORα) has been 

reported to be associated with inflammation and insulin resistance in animal 

studies, but its role in human obesity remains elusive. Therefore, the next objective 

of this Thesis was to investigate the expression and function of RORα in AT from 

obese diabetic and non-diabetic patients. For this purpose, RORα expression was 

assessed in paired biopsies of subcutaneous and omental AT from obese patients 

during Roux-en-Y-gastric surgery and the functional consequences of 

pharmacological RORα blockade were explored in AT ex vivo.  

RORα expression was significantly higher in omental AT than in 

subcutaneous AT and was positively associated with body mass index (BMI) and 

homeostasis model assessment of insulin resistance. Furthermore, RORα 

expression was increased in omental AT from diabetic patients in comparation with 

non-diabetic AT samples and immunofluorescence assays corroborated the 

colocalization of RORα in endothelial cells (CD31+ cells) and lymphocytes (CD3+ 

cells). In ex vivo assays, CXCL-8/IL-8 and CCL-2/MCP-1 chemokine release was 

significantly higher in omental fat explants from diabetic patients than from non-

diabetics, and this increase was significantly diminished by RORα blockade. 

Furthermore, inhibition of RORα improved protein kinase B signalling, which was 

diminished in omental AT from diabetic patients. In addition, under dynamic flow 

conditions, RORα inhibition prevented mononuclear cell attachment to human 

dysfunctional endothelial cells induced by TNFα. Therefore, RORα blockade could 

represent a potential therapy to prevent AT dysfunction and inflammation 

associated with insulin resistance in human obesity. 
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RESUMEN 

El aneurisma aórtico abdominal (AAA) se define como una dilatación local 

de la arteria aorta a nivel abdominal cuya consecuencia más grave es su ruptura si 

no se detiene su crecimiento y progresión. Los rasgos patológicos del AAA 

incluyen un estado inflamatorio crónico que afecta a la pared vascular de la aorta, 

una degradación progresiva de la matriz extracelular y un aumento en la 

neovascularización. Esta enfermedad presenta una elevada tasa de mortalidad y 

en la actualidad el único tratamiento efectivo que se conoce es la intervención 

quirúrgica, pero no está indicada en pacientes asintomáticos o que presentan un 

aneurisma de reducido tamaño. Por ello, es fundamental encontrar nuevas 

estrategias terapéuticas que resulten eficaces para prevenir y detener el desarrollo 

del AAA.  

Recientemente, se ha visto que los inhibidores del cotransportador sodio-

glucosa tipo 2 (SGLT-2) no sólo disminuyen los niveles plasmáticos de glucosa 

sino que además desempeñan un importante papel cardioprotector. Se sabe que 

estos inhibidores de SGLT-2 tienen efectos beneficiosos en enfermedades 

vasculares como la aterosclerosis, sin embargo, se desconoce el efecto que podría 

tener la inhibición de este cotransportador en el desarrollo y progresión del AAA. 

Por ello, el objetivo del primer estudio de la Tesis fue evaluar el efecto del 

tratamiento oral con empagliflozina, un inhibidor de SGLT-2, en la progresión del 

AAA inducido por angiotensina II (Ang II) en ratones deficientes en apolipoproteína 

E (apoE-/-), así como su posible efecto anti-inflamatorio en células endoteliales de 

aorta humana y en macrófagos.  

Tras el tratamiento oral con empagliflozina se observó que el aumento de 

diámetro del AAA inducido por Ang II se reducía de manera significativa y de forma 

independiente al efecto causado en la presión arterial de los ratones. Análisis 

inmunohistoquímicos revelaron que la empagliflozina atenuaba la degradación de 

elastina inducida por Ang II y disminuía tanto la formación de nuevos vasos 

sanguíneos como la infiltración de macrófagos en la lesión. Además, la Ang II 

provocó un aumento en la expresión de las quimiocinas pro-inflamatorias CCL-2 y 

CCL-5, del factor angiogénico VEGF (factor de crecimiento vascular endotelial) y 

de las metaloproteasas MMP-2 y  MMP-9 en la pared de la aorta suprarrenal de 

ratones apoE-/-. El tratamiento oral con empagliflozina disminuyó estos mediadores 
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inflamatorios y angiogénicos. Por medio de la técnica de Western Blot se pudo 

comprobar que la inhibición de SGLT-2 por empagliflozina reducía la activación de 

las rutas de señalización de p38 MAPK (p38 proteína kinasa activada por 

mitógenos) y NF-κB (factor nuclear-κB) inducida por Ang II en la aorta suprarrenal 

de ratones apoE-/-. En estudios in vitro con células endoteliales de aorta humana y 

macrófagos se observó que la incubación con emplagliflozina inhibía las 

interacciones leucocito-endotelio y la liberación de las quimiocinas pro-

inflamatorias CCL-2 y CCL-5 inducido todo ello por TNFα.  Por tanto, estos 

resultados indican que la empagliflozina podría representar una nueva herramienta 

farmacológica en el tratamiento del AAA.  

La obesidad grave mórbida es una enfermedad metabólica crónica 

caracterizada por un exceso de masa corporal debido a un desequilibrio entre el 

consumo de calorías y el gasto energético. Actualmente la incidencia y prevalencia 

de esta patología está aumentando considerablemente, sobre todo en países 

desarrollados y preocupa especialmente el amplio espectro de comorbilidades que 

lleva asociadas entre las que destaca la diabetes mellitus tipo 2.  

Los individuos con obesidad mórbida suelen presentar un tejido adiposo 

(TA) disfuncional como consecuencia de un estado inflamatorio crónico. En los 

últimos años se ha visto en modelos animales que el receptor huérfano 

relacionado con el ácido retinoico α (RORα) está implicado en el proceso 

inflamatorio y en la resistencia a insulina, sin embargo, se desconoce el papel que 

desempeña en la obesidad en humanos. Por ello, el siguiente objetivo de esta 

Tesis fue investigar la expresión y función de RORα en el proceso inflamatorio 

asociado a esta enfermedad en el TA de pacientes diabéticos y no diabéticos. Para 

ello se analizó la expresión de RORα en biopsias pareadas de TA subcutáneo y 

visceral de pacientes obesos sometidos a cirugía bariátrica y ex vivo se evaluaron 

los efectos funcionales derivados del bloqueo farmacológico de este receptor en el 

TA.  

 Se observó que la expresión de RORα está aumentada en el TA visceral de 

estos pacientes en comparación con el TA subcutáneo, y ello estaba positivamente 

relacionado con el índice de masa corporal (IMC) y el índice de resistencia a 

insulina. Además, la expresión de RORα era mayor en el TA visceral de los 

pacientes diabéticos que de los no diabéticos y por inmunofluorescencia se 

comprobó la colocalización de RORα en células endoteliales (CD31+) y linfocitos 
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(CD3+). A continuación, en ensayos ex vivo se vio que la liberación de IL-8/CXCL-

8 y MCP-1/CCL-2 aumentaba significativamente en el TA visceral de pacientes 

diabéticos en comparación con el de los no diabéticos y dicho incremento se 

reducía considerablemente cuando en dichos explantes se bloqueaba la actividad 

del receptor RORα. También se observó que la inhibición de RORα aumentaba la 

activación de la vía de señalización de proteína kinasa B en el TA visceral de los 

pacientes diabéticos. Además, estudios in vitro revelaron que bajo condiciones de 

flujo dinámico, el bloqueo farmacológico de RORα disminuye la adhesión de 

células mononucleares al endotelio arterial disfuncional. Por todo ello, la inhibición 

de RORα podría suponer una prometedora diana terapéutica para prevenir la 

disfunción del TA y la inflamación que subyace a la resistencia a insulina asociada 

a la obesidad grave mórbida en humanos. 
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1.1  Inflammatory process 
 

1.1.1 General overview 

The immune system is the responsible of protecting the organism against 

infections and tissue injury. Depending on their specificity, immune responses can 

be divided into innate or adaptive immune responses. The innate immunity is 

known as the first line of defense against pathogens. It is a non-specific response 

in which macrophages, dendritic cells, natural killer cells, neutrophils, basophils and 

eosinophils are involved. On the other side, adaptive immunity generates a specific 

cellular response to recognise a particular pathogen and it includes T and B 

lymphocytes 1. 

Inflammation is defined as a non-specific defense and healing mechanism 

exerted by the immune system in the presence of tissue damage or infection in 

order to restore and maintain corporal homeostasis. Acute inflammation, which is a 

short-term response, constitutes the main defensive barrier activated by the innate 

immune system. It promotes vasodilatation and leukocyte-endothelial cell adhesion 

and it also increases vascular permeability, resulting in an accumulation of fluid and 

acute-phase proteins from the blood vessels to the damaged tissue leading to 

edema 2. This event can be accompanied by other signs of acute inflammation 

such as redness, heat, pain and loss of function 3. In response to an inflammatory 

stimulus, tissue-resident macrophages, mast cells and dendritic cells release pro-

inflammatory mediators to attract more innate immune cells from the blood vessels 

to the injury 4 (Figure 1). The primary leukocytes recruited to the infected or 

damaged area are neutrophils, followed by monocytes, which later on differenciate 

into macrophages to continue secreting pro-inflammatory mediators. Recurrent 

acute inflammation can lead to chronic inflammation, which is a persistent condition 

characterised by mononuclear cell infiltration and fibrosis 5. Chronic inflammation is 

considered a dysregulated and maladaptive immune response that can lead to 

tissue destruction and organ dysfunction and it is responsible of a wide range of 

disorders that include cancer, rheumatoid arthritis, diabetes, obesity, asthma and 

neurological, autoimmune and cardiovascular diseases 3 (Figure 1). 
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Figure 1. Sequence of events in an inflammatory reaction. In the presence 

of an inflammatory stimulus, tissue-resident macrophages, mast cells and dendritic 

cells release pro-inflammatory mediators that promote vasodilatation, vascular 

permeability and leukocyte recruitment from the blood vessels to the injury. These 

events produce edema, redness and heat, characteristic signs of acute inflammation. 

Then, the recruited innate immune cells remove the inciting agent, or repair the 

damaged tissue by activating fibroblast activity. This immunological response usually 

lasts a short period of time. However, if acute inflammation prorogues, it derives in 

chronic inflammation which can lead to the development of different metabolic, 

neurological, cardiovascular and autoimmune diseases. Adapted from Hoda et al. 
20154. 
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1.1.2 Leukocyte recruitment cascade 

Leukocyte recruitment is a complex process that has been thoroughly 

studied for the last decades. Several studies carried out with genetically modified 

mice have been crucial to identify the molecules and proteins implicated in this 

event and to elucidate the role of the inflammatory mediators in leukocyte 

extravasation. In addition, research techniques such as the flow chamber or the 

intravital microscopy of the microcirculation have enabled the visualization of the 

leukocyte-endothelium interactions which has led to a better understanding of the 

leukocyte infiltration process 6, 7. 

Endothelial dysfunction is characterised by an increase of the vascular 

permeability and an activation of the immune system, two processes that drive the 

endothelium to a pro-inflammatory and pro-thrombotic state 8. This vascular 

remodelling promotes leukocyte infiltration across the vessel wall to the inflamed 

tissue to repair and clear the injury or infection. This is a highly regulated event that 

constitutes one of the earliest stages of the inflammatory response and it is 

mediated by leukocyte-endothelial cell interactions which are crucial to guarantee 

the recruitment of immune cells to the arterial surface 9, 10. Diverse agents that are 

considered risk factors for cardiovascular diseases such as the tumor necrosis 

factor α (TNFα), angiotensin II (Ang II), interleukin (IL)-1β, and cigarette smoke are 

potent inducers of this process as they promote the expression of cell adhesion 

molecules (CAMs) on the cell surface, increase the secretion of diverse 

chemoattactant molecules and enhance reactive oxygen species (ROS) production. 

These events contribute to a firm leukocyte adhesion to the endothelium and their 

subsequent transmigration to the subendothelial space 11, 12.  

Leukocyte recruitment  cascade is performed by diverse types of immune 

cells and inflammatory mediators and it can be divided into four different stages: 

rolling, activation, firm adhesion and leukocyte transmigration (Figure 2) 13. 
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Figure 2. Stages of leukocyte recruitment and extravasation. Under pro-

inflammatory conditions, endothelial cells and leukocytes express diverse CAMs that 

contribute to leukocyte rolling, which is the first step in the leukocyte infiltration process. 

Then, leukocytes become activated and they firmly attach to the endothelium. After the 

adhesion stage, leukocytes migrate to the inflammatory focus. Only the most 

remarkable cell adhesion molecules are shown. Abbreviations: ESL-1, E-Selectin 

Ligand-1; PSGL-1, P-Selectin glycoprotein ligand-1; CD, cluster of differentiation; VLA-

4, very late antigen-4; LFA-1, lymphocyte function-associated antigen-1; Mac-1, 

macrophage antigen-1; ICAM-1, intercellular adhesion molecule-1; ICAM-2, 

intercellular adhesion molecule-2; VCAM-1, vascular cell adhesion molecule-1; 

PECAM-1, platelet endothelial cell adhesion molecule-1; JAMs, junctional adhesion 

molecules; VE-Cadherin, vascular endothelial cadherin. Created with BioRender.com. 

 

1.1.2.1 Leukocyte rolling 

Leukocyte recruitment is a process that requires adhesive and signalling 

interactions between the leukocytes and the endothelium. This process is mainly 

mediated by selectins. Under pathological conditions, the activated endothelium 

promotes the expression of P-selectin and E-selectin on the vascular wall (Table 
1). In turn, leukocytes express on their surface L-selectin 10. These three selectins 

interact with a common ligand, the P-selectin glycoprotein ligand-1 (PSGL-1). 

PSGL-1 is expressed by leukocytes and endothelial cells and its interaction with 



 Introduction 

 

39 
 

selectins induces a conformational change on leukocyte integrins leading to their 

activation. Activated integrins show a high affinity and avidity for their specific 

endothelial ligands favouring thus the slow rolling of leukocytes and their transitory 

interaction with the endothelium 14, 15. As shown in Table 1, E-Selectin also 

interacts with E-selectin ligand-1 (ESL-1) and glycosylated CD44, both expressed 

on leukocytes. The glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1), 

the mucosal vascular addressin cell adhesion molecule-1 (MadCAM-1) and the 

mucin-like protein CD34, expressed on endothelial cells are L-selectin ligans 16. 

Furthermore, during the acute inflammatory response there is an increase of 

the vascular permeability that is accompanied by a significant plasma loss and a 

local hemoconcentration which leads to a lower rate blood flow. This slowing down 

of the blood flow also facilitates the interaction between the leukocytes and the 

CAMs expressed by endothelial cells allowing leukocytes to roll along the 

endothelial surface 17. Then, depending on the intensity of the inflammatory 

response, leukocyte can firmly attach to the endothelium and extravasate or 

conversely, return to the bloodstream. Thus, the rolling stage is critical for the 

leukocyte infiltration cascade to be continued 15. 

1.1.2.2 Leukocyte activation 

Reversible leukocyte-endothelium interactions mediated by selectins and 

the generation of a chemoattractant gradient lead to leukocyte activation 18. The 

production and subsequent release of different chemoattractant molecules such as 

chemokines induces leukocyte activation and polarization and coordinates their 

locomotion along the endothelial surface. 

1.1.2.2.1 Chemokines 

Chemokines are small secreted cytokines (approximately 70-80 amino acids 

residues) with selective chemoattractant properties that orchestrate leukocyte 

trafficking across the vessel  wall  and  modulate  the  migration  of immune cells to 

the damaged or inflamed tissue. Chemokines are involved in different human 

pathologies including cancer, autoimmune and chronic inflammatory diseases 19.   
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Table 1. Cell adhesion molecules (CAMs) involved in leukocyte 
infiltration. Adapted from Gerhard et al. 2015 20. 

Family Common 
name 

Immunological 
name Main ligands Cellular 

expression Function 

 

Im
m

un
og

lo
bu

lin
s 

ICAM-1 CD54 LFA-1, Mac-1 
EC, VSMC, 

macrophages 
Adhesion, 

transmigration 

ICAM-2 CD102 LFA-1 EC 
Adhesion, 

transmigration 

VCAM-1 CD106 VLA-4, LPAM-1 EC, VSMC 
Leukocyte 

arrest 

PECAM-1 CD31 PECAM-1 
EC, platelets, 

leukocytes 
Transmigration 

MAdCAM-1 Addressin 
LPAM-1, L-

Selectin, VLA-4 
Mucosal EC 

Leukocyte 
arrest 

In
te

gr
in

s 

LFA-1 (αLβ2) CD11a/CD18 ICAM-1,-2 Leukocytes 
Arrest, 

locomotion 

Mac-1 (αMβ2) CD11b/CD18 ICAM-1 
Monocytes, 
granulocytes 

Activation 
Arrest 

Locomotion 
Transmigration 

P150/95 (αxβ2) CD11c/CD18 iC3b 
Granulocytes, 

monocytes 
Leukocyte 
adhesion 

VLA-4 (α4β1) CD49d/CD29 
VCAM-1, 

MAdCAM-1 

Monocytes, 
eosinophils, 

lymphocytes, 
basophils 

Adhesion, 
transmigration 

LPAM-1 (α4β7) CD49d/CD- 
VCAM-1, 

MAdCAM-1 
Lymphocytes Transmigration 

αDβ2 CD11d/CD18 
ICAM-3, 
VCAM-1 

Macrophages, 
dendritic cells 

Leukocyte 
arrest 

Se
le

ct
in

s 

E-Selectin CD62E 
ESL-1, PSGL-

1, CD44 
EC Slow rolling 

P-Selectin CD62P PSGL-1 
EC and 
platelets 

Leukocyte 
rolling and 

arrest 

L-Selectin CD62L 
PSGL-1, CD34, 

MAdCAM-1, 
GlyCAM-1 

Granulocytes,m
onocytes, 

lymphocytes 

Leukocyte 
rolling and 
signalling 

C
ad

he
rin

s 

VE-Cadherin 
 

CD144 α-,β-catenins EC Transmigration 

E-Cadherin CD324 Integrin αEβ7 Epithelial cells 
T cells  

adhesion to 
epithelial cells 

Abbreviations: CD, cluster of differentiation; VSMC, vascular smooth muscle 

cells; ESL-1, E-Selectin ligand-1; PSGL-1, P-Selectin glycoprotein ligand-1; ICAM, 

intercellular adhesion molecule; VCAM-1, vascular cell adhesion molecule-1; PECAM-

1, platelet endothelial cell adhesion molecule-1; VLA-4, very late antigen-4; LFA-1, 

lymphocyte function-associated antigen-1; Mac-1, macrophage antigen-1; MAdCAM-1, 

mucosal vascular addressin cell adhesion molecule-1; GlyCAM-1, glycosylation-

dependent cell adhesion molecule-1; LPAM-1, lymphocyte Peyer’s patch adhesion 

molecule-1; iC3b, inactivated complement component 3b; EC, endothelial cells. 
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To date more than 50 chemokines and 20 chemokine receptors have been 

described in humans with homologues and orthologs proteins in mice and other 

vertebrate species. The expression of these soluble small protein ligands (8-12 

KDa) generates a chemotactic gradient that induces leukocyte extravasation from 

the bloodstream to the site of injury or infection. Leukocyte arrest to the 

endothelium is mediated by the interaction between chemokines and their 

receptors, G protein-coupled receptors (GPCRs), which are imbedded in the cell 

membranes of leukocytes 19. Chemokine receptors, like all members of the GPCR 

superfamily, consist of seven transmembrane α helices (TM1-TM7) connected by 

six loops (three extracellular and three intracellular), an extracellular N-terminus 

and an intracellular C-terminus. External regions are implicated in the ligand 

binding and internal regions are associated to G proteins and participate in the 

intracellular signalling 21. Chemoattractants and GPCRs are tipically highly 

promiscuous, which means that a single ligand can bind to different receptors but 

also a single receptor can bind multiple chemokines with variable affinities. This 

property occasionally allows chemokines to exhibit diverse effects or responses 

depending on the local environment and the circumstances in which they exert their 

action 22. Furthermore, because chemokine receptors are expressed on several cell 

types, chemokines are involved in multiple biological functions, including 

angiogenesis; tissue and vascular remodelling; pathogen removal; antigen 

presentation; leukocyte activation, migration and survival; chronic inflammation; 

tissue repair or healing; fibrosis; embryogenesis and tumorigenesis 23, 24.  

According to the conserved N-terminal cysteine-containing motif and 

disulfide bridges, chemokines can be classified into four families or groups: C, C-C, 

C-X-C and C-X3-C (Figure 3). All of them present two N-terminal cysteine residues 

and two disulfide bridges except the C chemokine group, which only have one N-

terminal cysteine amino acid and one disulfide bridge. C-C chemokines are 

characterised by the fact that they have the first two cysteines adjacent, however, 

C-X-C and C-X3-C families have one or three amino acid residues between the two 

N-terminal cysteines respectively 25. The majority of the chemokines belong to the 

C-C chemokine family as it is the case of the monocyte chemoattractant protein-1 

(MCP-1/CCL-2) and the regulated upon activation, normal T cell expressed and 

secreted (RANTES/CCL-5), which are potent chemotactic factors implicated in 

leukocyte recruitment 26, 27. The chemokines growth-regulated oncogene alpha 

(GROα/CXCL-1) and fractalkine (CX3CL-1), belonging to the C-X-C and C-X3-C 
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families respectively, also regulate inflammatory cell infiltration. Unlike the rest of 

chemokines, fractalkine can exist in a membrane-bound or soluble form. Attached 

to the membrane, fractalkine promotes leukocyte adhesion whereas the soluble 

form has a potent chemoattractant activity. Due to the fact that these chemokines 

have a strong implication in vascular remodelling, several studies have shown their 

critical role in the development of cardiovascular diseases such as atherosclerosis 

and abdominal aortic aneurysm 27, 28. 

Apart from their structural classification, chemokines can also be grouped 

attending to their expression patterns and functions into inflammatory or 

homeostatic. Inflammatory chemokines are also known as inducible chemokines as 

their expression is induced by pro-inflammmatory mediators. The interaction 

between the chemokines and their receptors, expressed by activated leukocytes, 

epithelial and endothelial cells and fibroblasts under inflammatory conditions, 

promotes leukocyte recruitment and migration to the injured or infected tissue 22. By 

contrast, homeostatic chemokines and their receptors are constitutively expressed 

in certain tissues and cell types and they are involved in homeostatic functions 

including T cell development, stem cell migration and lymphoid organogenesis. It 

has also been reported that some chemokines can have both inflammatory and 

homeostatic functions 19. 

In conclusion, the extense and diverse number of chemokines together with 

their high degree of promiscuity when binding to their receptor and their tightly-

regulated transcriptional expression make chemokines a sophisticated and 

complex communication system used by different types of immune cells to regulate 

leukocyte transmigration to the inflammatory focus 19, 22. 
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Figure 3. Structure of the different chemokine families. According to the 

conserved N-terminal cysteine-containing motif, chemokines can be divided into four 

families: chemokines type C (A), chemokines type C-C (B), chemokines type C-X-C 

(C) and chemokines type C-X3-C (D). Letter C, in red, refers to a cysteine amino acid 

and letter X refers to any amino acid different from cysteine. Discontinuous lines in 

green represent disulfide bridges between cysteine amino acids. Transmembrane 

region of CX3CL-1 can be visualised going through the lipid bilayer of the plasma 

membrane. Adapted from Balakin et al. 2008 25. 

 

1.1.2.2.2 Tumor necrosis factor-α  
 

Tumor necrosis factor alpha (TNFα) is a key pro-inflammatory cytokine 

involved in endothelial and leukocyte activation. This small molecule (17 KDa) is 

mainly secreted by monocytes and activated macrophages but also endothelial 

cells, T-lymphocytes, B-lymphocytes, mast cells, glial cells, natural killer cells and 

tumor cells are additional sources of TNFα 29-31. The release of this cytokine can be 

induced by diverse stimuli such as interleukins, interferon-γ, tumor cells, viruses, 

endotoxins or antigens derived from funghi or parasites 31. In the presence of these 

stimuli, TNFα is considered a primary mediator of the inflammatory acute phase 
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response and promotes the production and secretion of secondary mediators 

including interleukins, prostaglandins, growth factors, leukotrienes, bradykinin, 

cytokines and chemokines 31. 

Increased levels of TNFα are involved in the pathogenesis of several 

metabolic and vascular diseases including atherosclerosis 32, rheumatoid arthritis 

33, heart failure 34 and myocardial infarction 35, obesity 36 and metabolic syndrome 37 

in which chronic inflammation plays a key role 38.  

TNFα acts through the activation of the transcription factor known as nuclear 

factor kappa-light-chain-enhancer of activated B-cells (NF-κB) 39 and the signalling 

pathways mediated by p38 proteins, which are a class of mitogen-activated protein 

kinases (MAPKs) 40. In the endothelium, the activation of NF-κB and p38 MAPK 

leads to a greater expression of adhesion molecules implicated in leukocyte 

recruitment and promotes the synthesis of pro-inflammatory chemokines and 

cytokines that often induce a positive feedback in these routes enhancing the 

inflammatory process 40, 41. 

1.1.2.3 Leukocyte adhesion 

Leukocyte rolling triggers multiple intracellular signalling cascades in order 

to activate leukocyte integrins, which are essential to get a firm leukocyte adhesion. 

This signalling process is controlled by several chemokines which via GPCR 

activate integrins expressed on the surface of leukocytes 42.  

Integrins are heterodimeric transmembrane receptors that consist of two 

different subunits: α (alpha) and β (beta). Both subunits are type I transmembrane 

glycoproteins and are bound by non-covalent interactions. To date, 18 α-subunits 

and 8 β-subunits have been described in mammals and different combinations 

between them allow to conform until 24 integrin αβ dimers 43. The most remarkable 

integrins involved in leukocyte adhesion are: the very late antigen-4 (VLA-4 or α4β1 

or CD49d/CD29), which is expressed on all leukocytes except neutrophils 44; the 

lymphocyte function-associated antigen-1 (LFA-1 or αLβ2 or CD11a/CD18), that is 

expressed on all effector leukocytes 45; the macrophage antigen-1 (Mac-1 or αMβ2 

or CD11b/CD18), which can be found in granulocytes and monocytes; P150/P95 

(αxβ2 or CD11c/CD18), which is expressed on granulocytes and monocytes; the 

Lymphocyte Peyer’s patch adhesion molecule-1 (LPAM-1 or α4β7 or CD49d/CD-), 

which is found in lymphocytes and the integrin αDβ2 (CD11d/CD18), which is 
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expressed on dendritic cells and macrophages 46 (Table 1). These integrins, with 

the exception of Mac-1, are not constitutively activated on leukocytes, however, 

their activation is required to ensure a firm adhesion between leukocytes and 

endothelial cells. This activation process may occur though the interaction of 

integrins with their ligands, which are CAMs from the immunoglobulin superfamily 

46.   

CAMs from the immunoglobulin superfamily (IgCAMs) are transmembrane 

proteins that have one to seven extracellular immunoglobulin domains anchored to 

the plasma membrane by a single transmembrane helix. IgCAMs include a wide 

number of adhesion proteins that bind ligands on the surfaces of other cells. These 

interactions can be classified as homophilic (identical IgCAMs expressed on 

different cells interact between them) or heterophilic (an IgCAM interacts with a 

different IgCAM or an integrin) 47. The most studied IgCAMs are: the intercellular 

adhesion molecule (ICAM)-1 and ICAM-2, the vascular cell adhesion molecule 

(VCAM)-1, the mucosal vascular addressin cell adhesion molecule-1 (MAdCAM-1), 

the platelet and endothelial cell adhesion molecule-1 (PECAM-1) and the junctional 

adhesion molecules (JAMs), which are mainly expressed on endothelial cells, 

although some can be found on leukocytes, platelets and other cells (Table 1) 48-50. 

Frequently, these IgCAMs bind to integrins expressed on the surface of leukocytes. 

For instance, the integrin VLA-4 interacts with VCAM-1 and LFA-1 and Mac-1 bind 

to ICAM-1. This attachment secures a proper leukocyte arrest as VCAM-1 and 

ICAM-1 are anchored to the cytoskeleton of endothelial cells by diverse actin 

adapter proteins 10, 51. Once leukocytes are firmly adhered to the endothelium, they 

reorganise their actin cytoskeleton and extend highly dynamic membrane 

protusions to generate a contractile uropod with the aim of starting to crawl along 

the endothelium following a chemoattractant gradient to the inflammatory focus. 

Leukocyte crawling allows these cells to explore and scan the endothelial surface in 

order to find a permissive site for transendothelial migration 52.  

1.1.2.4 Leukocyte transmigration 

 To complete the extravasation process, leukocytes must cross the 

endothelium and migrate to the inflammatory focus. This event is denominated 

transendothelial migration (TEM) or diapedesis and it is considered the last stage of 

the leukocyte infiltration cascade. Leukocyte TEM can be transcellular, if it takes 

place through the endothelial cell body, or paracellular, if it occurs through junctions 
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between adjacent endothelial cells. In any case, both types of TEM require 

molecular changes in the endothelium to enable the arrival of leukocytes to the 

inflamed tissue 53. 

 Concerning transcellular diapedesis, it occurs via a pore formation through 

the endothelial layer. This process is mediated by membrane fusion and fission 

events regulated by fusogenic proteins 54. 

 Regarding paracellular diapedesis, which is the most common type of TEM, 

a junctional remodelling and an endothelial cell surface redistribution are required. 

PECAM-1 and CD99, a highly glycosylated transmembrane protein, are involved in 

the TEM process. PECAM-1, also known as CD31, belongs to the immunoglobulins 

superfamily and it is expressed on the borders of endothelial cells and on platelets 

and leukocytes. CD99 is expressed on endothelial cells, monocytes and 

neutrophils. Homophilic interactions between leukocyte and endothelial PECAM-1 

and leukocyte and endothelial CD99 are needed for TEM 13. Diapedesis is also 

mediated by the vascular endothelial (VE)-cadherin, which is considered one the 

most important regulators of the endothelial integrity. For that reason, 

destabilisation of VE-cadherin is crucial for TEM as its loss of function contributes 

to increase junctional permeability 55. Furthermore, JAMs expressed on platelets, 

leukocytes and endothelial cells also control leukocyte migration by their 

heterophilic or homophilic interactions between JAMs or integrins expressed by the 

connected cells 56 (Table 1).  

 

1.2  Abdominal aortic aneurysm 
 

1.2.1 General points 

 

Abdominal aortic aneurysm (AAA) is a cardiovascular disease characterised 

by a permanent, irreversible and local dilatation of the aorta (Figure 4), which is the 

largest artery in the human body and the most important one supplying blood to the 

lower limbs 57. The main risk factors for AAA development are age older than 65 

years, male gender, smoking, high blood pressure, presence of cardiovascular and 

metabolic diaseases such as atherosclerosis, obesity and diabetes and a family 

history of AAA 58.  
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Currently, the prevalence of AAA is 4–7% in males over the age of 65, and 

1–2% in females 59. Chronic vascular inflammatory conditions contribute to the 

progression of AAA until occasionally rise the fatal point of its rupture, an event 

associated with a high mortality rate 60. Thus, AAA has been reported to be the 

main cause of death in approximately 1-2% of total death in developed countries 61. 

 

 

 

 

 

 

 

Figure 4. Abdominal aortic aneurysm. (A) Normal aorta under healthy 

conditions. (B) Aorta with an aneurysm located in the abdominal region. Created with 

BioRender.com 

 

AAA is diagnosed when the diameter of the abdominal aorta is at least 50% 

greater than its normal size 62. However, very often, aneurysm rupture occurs 

without a previous diagnosis as, surprisingly, most patients that develop this 

pathology are asymptomatic. For this reason, most cases of AAA are detected 

incidentally on imaging techniques such as abdominal ultrasonography or 

computed tomography when they are performed for other purposes 60. Nowadays, 

surgery is the only clinical therapy known to be effective to prevent AAA rupture but 

it is a complex procedure associated with a significant mortality. For this reason, it 

is only carried out when the risk of spontaneous rupture exceeds the risk of surgical 

repair 59. Therefore, because of the high morbidity and mortality rate associated to 

surgical interventions, new pharmacological treatments are needed to prevent AAA 

development and rupture. 

  AAA affects the three layers of the aortic wall. The main aberrant 

remodelling changes include endothelial damage in the intima, vascular smooth 
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muscle cell (VSMC) loss in the media and extracellular matrix (ECM) degradation in 

the media and adventitia 61.  

Infiltration of immune cells in the media and adventitia during chronic 

inflammation promotes oxidative stress and induces the expression of several 

inflammatory cytokines and proteases that degrade elastin and collagen fibers, the 

major components of the ECM, contributing to VSMC loss. This event is enhanced 

by the action of the TNFα secreted by activated macrophages which causes VSMC 

apoptosis 62. Apoptotic VSMCs secrete the chemokine CCL-2/MCP-1 that attracts 

monocytes and other leukocytes to the endothelium. Then, the recruited monocytes 

differentiate into M1 or M2 macrophages, with inflammatory or anti-inflammatory 

properties, respectively. This is a key process in AAA development as an 

overexpression of inflammatory macrophages in the media and adventitia can 

worsen AAA condition (Figure 5) 27, 63. 

Degradation of collagen and elastin weakens the integrity of the ECM and 

reduces its mechanical function. This process is also mediated by 

metalloproteinases (MMPs). MMPs are a family of zinc-dependent enzymes with 

proteolytic activity that are mostly secreted in an inactive form, as a zymogen, and 

their activation requires a proteolytic action 58. MMPs are responsible of ECM 

remodelling and degradation and their activity is controlled and regulated by their 

endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs) 61. 

Alterations in the ratio MMPs/TIMPs can promote AAA development. Frequently, 

imbalances on this ratio are due to an increase of MMPs expression. Under 

standard conditions, endothelial cells, VSMCs, and adventitial fibroblasts are the 

only ones that controls MMPs production, however, during AAA progression, 

inflammatory cells become additional sources of MMPs 64. 

Angiogenesis is also implicated in AAA pathogenesis 65. It is defined as the 

growth of new capillary branches from existing blood vessels. It is a highly 

regulated process that includes several events such as degradation of the ECM, 

migration, differentiation and proliferation of endothelial cells and formation of new 

capillaries 66. Under an inflammatory status, the immune cells that have been 

recruited to the inflamed tissue secrete TNFα and interleukin (IL)-1β, cytokines that 

induce the expression of the vascular endothelial growth factor (VEGF) 65, 66. VEGF 

is considered one of the most important regulators of the vascular homeostasis as 

it controls vascular permeability and angiogenesis. During angiogenesis, VEGF 
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induces proliferation and migration of endothelial cells and promotes their survival. 

Furthermore, VEGF can affect vascular endothelial integrity by altering proteins 

such as VE-cadherin in the intercellular junctions. This process is also enhanced by 

the MMP activity that facilitates ECM degradation, being MMP-2 and MMP-9 the 

most remarkable MMPs during this process. Consequently, vascular permeability is 

increased and it allows endothelial cells to proliferate and migrate and immune cells 

to extravasate to the inflamed tissue 67. Unfortunately, if the endothelium remains 

dysfunctional and the immune response is not abated, a chronic inflammatory state 

will govern the vascular system increasing the risk of developing AAA.  

For many years, AAA has been deeply studied in order to find effective 

pharmacological therapies that prevent its development and progression. Several 

strategies including the use of agents that block MMP activity or the use of 

angiotensin converting enzyme (ACE) inhibitors or angiotensin type-1 receptor 

blockers (ARBs) have been considered to minimise its risk of rupture. Furthermore, 

diverse clinical studies have been carried out to evaluate the effectiveness of these 

drugs. Nevertheless, clinical data did not reveal very successful results as all 

therapies failed to inhibit AAA growth or rupture 68. Consequently, surgical repair is 

nowadays the only effective treatment for AAA. However, surgery is associated 

with a high mortality rate. For that reason, further research is needed to discover 

new pharmacological targets involved in AAA progression with the aim of improving 

its pathological condition. 
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Figure 5. Pathophysiology of the abdominal aortic aneurysm (AAA). (A) 

Degradation of the aortic wall. AAA is characterised by a vascular remodelling that 

affects the three layers of the aortic wall. Leukocyte infiltration and M1 macropage 

differentiation, elastin degradation, VSMC loss and excessive MMP activity lead the 

aorta to a chronic inflammatory state that weakens the vascular wall (B) Tissue repair. 

The inflammatory process associated to AAA progression can be delayed through 

compensatory mechanisms that contribute to maintain the integrity of the aorta. An 

increased expression of M2 macrophages in the lesion counteracts ECM deterioration 

and promotes its stabilization. Additionally, the anti-inflammatory mediators and pro-

fibrotic factors released by M2 macrophages contribute to the resolution of 

inflammation and to the repair of the injured aortic tissue. Abbreviations: VSMC, 

vascular smooth muscle cell; MMP, extracellular matrix metalloproteinase; ECM, 

extracellular matrix. Adapted from Raffort et al. 2017 63. 
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1.2.2 The renin-angiotensin system and its implication in AAA 

 Angiotensin II (Ang II) is a peptide hormone produced by the renin-

angiotensin system that controls the blood pressure and the hydroelectrolytic 

balance 69. At the vascular level Ang II acts as a potent vasoconstrictor agent 

increasing blood pressure and, in the kidney, Ang II promotes the secretion of 

aldosterone from the adrenal glands favouring the retention of sodium and water in 

the renal tubules 70. Furthermore, Ang II has been reported to have important 

proliferative, pro-inflammatory and pro-fibrotic effects in the body playing a key role 

in autoimmune, inflammatory, metabolic and cardiovascular diseases 71-75. 

The renin-angiotensin system (RAS) comprises a number of enzymatic 

cascades involving serial proteolytic digestions mediated by different enzymes to 

produce Ang II (Figure 6) 76. 

Ang II is obtained from the circulating substrate angiotensinogen, which is 

constitutively released from the liver. This substrate is cleavaged by renin, an 

enzyme synthesised in the kidney and released into the circulation to generate Ang 

I. To date, renin is the only known enzyme capable of digesting angiotensinogen, 

that is why renin is considered a rate-limiting enzyme of the RAS as 

angiotensinogen is usually present in excess 75, 77. Just in certain circumstances 

such as low systemic blood pressure, sodium deprivation, hypovolemia or 

sympathetic stimulation, the synthesis of renin can be increased 78. 

The next step in RAS cascade (Figure 6) is the conversion of the inactive 

decapeptide Ang I into the octapeptide Ang II, the main effector product of the RAS, 

by the circulating angiotensin converting enzyme (ACE) 79. ACE is a type I integral 

membrane protein mainly expressed on the vascular endothelium but also present 

in the adventitial layer of the aorta and pulmonary artery and in different organs 

such as lung, intestine, kidney and heart 80-82. In addition, ACE can be found as a 

soluble form circulating in plasma or cerebrospinal fluids as the result of an 

enzymatic cleavage at the transmembrane domain of the membrane-attached ACE 

81. Unlike renin, ACE is not a substrate-specific enzyme as it can cleavage not only 

Ang I but also substrates such as the vasodilator bradykinin. This aspect coupled 

with the fact that ACE expression is not affected by Ang II concentration changes, 

suggests that renin is the main limiting factor in the Ang II production and its 
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vascular concentration only depends on the expression levels of the circulating 

renin 75. 

Finally, another alternative pathway to generate Ang II in cardiac, vascular 

and renal tissue is that one mediated by the enzyme chymase, a serine protease 

that generates Ang II from Ang I in an ACE-independent manner. Chymase is 

expressed in the heart by mast cells, cardiac fibroblasts, vascular endothelial cells 

and mesenchimal intersticial cells and in the kidney by SMCs during acute and 

chronic tissue injury and remodelling 70, 78.  

The biological actions of Ang II are mediated through the interaction of this 

peptide with the angiotensin receptor type 1 (AT1R) or type 2 (AT2R). These 

receptors are located on the cell surface and belong to the GPCR family 81, 83.  

The AT1R is mainly expressed on diverse cells and organs including 

VSMCs, endothelium, kidney, adrenal glands, brain and adipose tissue 84. Whereas 

human cells only express a single AT1R, rodents such as rats and mice present two 

subtypes namely AT1AR and  AT1BR, displaying the first one a major homology to 

the human AT1R and a similar expression profile 71.  
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Figure 6. The renin-angiotensin system (RAS). Renin is an enzyme 

synthesised in the kidney that cleavages the circulating angiotensinogen released from 

the liver to generate Ang I. Then, Ang I is converted into Ang II by the ACE or 

alternatively by the chymase. Ang II effects differ depending on the receptor it binds, 

AT1R or AT2R. Abbreviations: ACE, angiotensin converting enzyme; AT1R, angiotensin 

type 1 receptor; AT2R, angiotensin type 2 receptor. Adapted from Benigni et al. 2010 70. 

 

Ang II signalling via AT1R has been reported to modulate inflammatory and 

immune responses. It is known that the stimulation of AT1R promotes the synthesis 

of prostaglandins and VEGF resulting in an increase of the vascular permeability, 

which is the first event in the onset of the inflammatory process. AT1R also 

mediates the activation of p38 MAPK and NF-κB, whose signalling pathways lead 

to an increase in the secretion of pro-inflammatory mediators such as TNFα and 

CCL-2/MCP-1 by resident cells, and to a greater expression of different MACs such 

as P-selectin, ICAM-1 and VCAM-1 on vascular endothelial cells and SMCs. 

Consequently, immune cells migrate to the inflamed tissue to solve the injury or 

infection 71, 85, 86. 
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Furthermore, it is known that AT1R signalling plays a crucial role in the 

regulation of arterial blood pressure and renal function 87. In the kidney and 

VSMCs, Ang II via AT1R stimulates proximal tubular sodium reabsorption and 

promotes vasoconstriction, respectively. In adrenal glands, Ang II-AT1R interaction 

stimulates aldosterone production, which also contributes to renal sodium 

reabsorption. Consequently, a hyperactivation of RAS can provoke hypertension 88. 

Besides, an excessive AT1R stimulation may induce renal tissue injury because of 

the vasoconstrictor and inflammatory properties of the Ang II via NF-κB activation. 

The main features of renal damage are known to be a high level of glomerular 

protein filtration, ECM deposition and glomerular fibrosis and inflammation 89. 

In addition, dysregulation of the RAS not only can induce hypertension and 

inflammatory, renal and cardiovascular diseases but also it can promote metabolic 

disorders such as obesity and insulin resistance. Several studies carried out in 

mice and humans show that the overexpression of AT1R on adipocytes and the 

local increase of the Ang II production in these cells and at systemic level, induce 

adipose dysfunction and promote the development and progression of visceral 

obesity 90-92. 

In the last years, several RAS inhibitors have been used for the clinical 

treatment of these pathologies. For instance, ACE inhibitors have been reported to 

be effective for treating hypertension, heart failure, myocardial infarction and 

diabetic nephropathy as they inhibit Ang II production 93. Additionally, AT1R 

blockers have also shown beneficial effects in the treatment of these disorders 

reducing the morbidity and mortality of these patients 94. 

 As previously mentioned, RAS is implicated in several inflammatory 

diseases whose most important pathological features are mediated by the 

stimulation and activation of the Ang II/AT1R axis. Ang II, the main effector of RAS, 

through AT1R, regulates several processes such as endothelial dysfunction, 

vascular remodelling and inflammation and plays a critical role in the development 

of AAA 95-97. 

Previous studies have showed that Ang II/AT1R interaction induces the 

release of IL-6 and IL-4 and markedly increases TNFα expression, whose 

signalling through p38 MAPK phosphorylation and NFκB activation further 

enhances the expression of CAMs including P-selectin, E-selectin, ICAM-1 and 
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VCAM-1 and the production of pro-inflammatory cytokines and chemokines such as 

CXCL-8/IL-8, CCL-2/MCP-1, CCL-5/RANTES and CX3CL-1/fractalkine. The 

expression of these pro-inflammatory mediators promotes monocyte infiltration and 

macrophage accumulation in the vascular wall.  Furthermore, oxidative stress 

caused by an increase of reactive oxygen species (ROS) in vascular cells activates 

MMPs like MMP-2 and MMP-9. This process is induced by Ang II via AT1R and 

provokes ECM degradation, which is one of the main mechanisms involved in AAA 

initiation and progression. Ang II-induced ROS production also promotes VSMCs 

apoptosis. The loss of VSMCs together with elastin disruption seriously affects the 

integrity of the arterial wall contributing to AAA growth (Figure 7) 86, 98. 

During the last years, several animal models have been used with the aim of 

finding new therapeutic strategies to treat AAA. In 2000, an experimental model 

was established by Daugherty et al. 99 to assess the development and treatment of 

AAA. In this preclinical model, AAA is induced by a continuous subcutaneous Ang II 

infusion in apolipoprotein E deficient (apoE-/-) mice. As a result, the aortic wall of 

Ang II-infused mice undergoes a vascular remodelling that is characterised by 

macrophage infiltration, MMPs release and ECM degradation, angiogenesis, loss of 

VSMCs and deterioration of the elastic layer; pathological features that promote 

AAA development and progression or even its rupture. Simultaneously, it was 

demonstrated that Ang II can be also infused in low density lipoprotein (LDL) 

receptor knockout mice fed with a fat diet, obtaining a similar pattern of AAA 

development 100, 101.  
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Figure 7. Effect of AT1R activation on leukocyte infiltration and vascular 
remodelling. The interaction Ang II/AT1R triggers an inflammatory response that 

promotes AAA development. Ang II-induced TNFα, IL-4 and IL-6 release leads to 

endothelial activation and leukocyte recruitment, which are processes mediated by E-

Selectin and P-Selectin increased expression. Then, a chemotactic gradient 

established along the endothelium regulates leukocyte adhesion and ICAM-1 and 

VCAM-1 expression allows immune cells extravasation. Ang II signalling also increases 

ROS production in the vascular endothelium. ROS production increase MMP activity, 

which promotes ECM remodellig and VSMCs apoptosis. The loss of VSMCs and 

elastin degradation associated with macrophage accumulation in the media contributes 

to the weakening of the vessel wall and AAA growth. Abbreviations: Ang II, angiotensin 

II; AT1R, angiotensin receptor type 1; TNFα, Tumor Necrosis Factor alpha; IL, 

interleukin; VSMCs, vascular smooth muscle cells; ROS, reactive oxygen species; 

ECM, extracellular matrix; MMP, metalloproteinase; RANTES, regulated upon 

activation normal T cell expressed and presumably secreted; MCP-1, monocyte 

chemoattactrant protein-1, AAA, abdominal aortic aneurysm. Adapted from Zhao et al. 
2021 98 with BioRender.com. 
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1.2.3 Sodium glucose cotransporter type 2 inhibitors 

 In the last years, numerous studies have reported the beneficial effects of 

gliflozins (canagliflozin, dapagliflozin, empagliflozin and ipragliflozin) on body 

weight, lipid profile, blood pressure, endothelial function and, interestingly, most of 

them are known to exert cardioprotective 102-104 and renoprotective 105 effects as 

well. Recently, preclinical and clinical studies have demonstrated the effectiveness 

of these antihyperglycaemic agents on the treatment of cardiovascular and 

metabolic diseases such as atherosclerosis 106, heart failure 107, non-alcoholic 

steatohepatitis 108, 109 and obesity 110-112.  

 The sodium-glucose cotransporter type 2 (SGLT-2) is codified by the 

SLC5A2 gene 113 and it is expressed on the luminal surface of the epithelial cells 

located along the S1 and S2 segments of the proximal tubule of the nephron, 

where the majority of the glucose reabsorption takes place (Figure 8). SGLT-2 

allows the transport of the glucose from the apical to the basolateral membrane of 

the renal proximal tubular cells. This action is mediated by the sodium-potassium 

pump, which generates a sodium gradient that allows SGLT-2 to introduce a 

molecule of glucose and a sodium ion into the epithelial cell (Figure 9) 114. Thus, 

this cotransporter is involved in the regulation of blood pressure 115 and glucose 

metabolism 113. 
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 Figure 8. Nephron structure and SGLT-2 localization. The majority of the 

filtered glucose in the glomerulus is then reabsorbed in the proximal convoluted tubule 

of the nephron, where SGLT-2 is mainly expressed. Adapted from Kalra et al. 2016 116. 

 

Figure 9. Glucose reabsorption from the apical to the basolateral 
membrane of the renal proximal tubular cells. The Na+/K+ pump releases three 

sodium ions (Na+) for every two potassium ions (K+) entering into the epithelial cell, 

creating inside a negative electrical potential, which is used by the SGLT-2 to introduce 

a molecule of glucose together with a Na+ ion in the epithelium. Finally, the 

accumulated glucose is released through the basolateral membrane by the glucose 

transporter-2 (GLUT-2). Adapted from Ghezzi et al. 2018 114. 



 Introduction 

 

59 
 

 Empagliflozin is a potent selective SGLT-2 inhibitor whose molecular 

formula is C23H27ClO7 and its IUPAC name is (2S,3R,4R,5S,6R)-2-[4-chloro-3- [[4-

[(3S)-oxolan-3-yl]oxyphenyl]methyl]phenyl]-6-(hydroxymethyl)oxane-3,4,5-triol 117. 

The chemical structure of empagliflozin is shown in Figure 10.  

  

 

 

 

 

  

Figure 10. Chemical structure of empagliflozin. Adapted from Chawla et al. 
2019 117. 

 

 The clinical use of empagliflozin was approved by the Food and Drug 

Adminstration (FDA) in 2014, since then, empagliflozin treatment has been 

demonstrated to reduce renal reabsorption of glucose from the glomerular filtrate 

and increase its urinary excretion. This event can cause natriuresis and glycosuria 

and it may rise the risk of urinary tracts infections 118. For that reason, a correct 

gene regulation of the SGLT-2 expression is primordial to maintain appropiate 

plasma glucose levels. In type 2 diabetes mellitus (T2DM), SGLT-2 is 

overexpressed and renal glucose reabsorption threshold is increased, exceeding 

the normal rate of 180 g/day of glucose uptake. This fact may exacerbate the 

hyperglycemic condition that affects most of the diabetic patients 116. Although 

further studies are needed to better understand the pathogenesis of diabetic 

nephropathy, there is evidence that hyperglycemia, albumin and Ang II upregulate 

the expression of SGLT-2 in T2DM 119. 

 In the last years, empagliflozin has been shown to inhibit SGLT-2 exerting 

beneficial effects on the treatment of T2DM. However, the most remarkable fact is 

that this inhibitor seems to also improve cardiovascular condition in diabetic 

profiles.  
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 The EMPA-REG OUTCOME trial (BI 10773 [Empagliflozin] Cardiovascular 

Outcome Event Trial in Type 2 Diabetes Mellitus Patients) designed to determine 

the long-term safety of the SGLT-2 inhibitor empagliflozin in a cohort of patients 

with T2DM and high cardiovascular risk, reported a markedly decreased body 

weight, blood pressure and plasma glucose levels compared with placebo and also 

a reduced risk of heart failure, myocardial infarction and mortality rate for 

cardiovascular causes 120, 121. 

 Additionally, previous studies carried out in animal models of atherosclerosis 

demonstrated that empagliflozin significantly reduced the atherosclerotic lesion and 

this effect was accompanied by mitigation of the inflammatory response and 

improvement of insulin reisistance condition 122-124. Similar results were obtained in 

other studies carried out in streptozotocin-diabetic mice. Regression of the 

atherosclerotic plaque was greater in mice treated with empagliflozin than in 

vehicle-treated mice and this effect was associated with an attenuation of the 

endothelial dysfunction and a lower content of infiltrated immune cells in the lesion 

125, 126. In agreement with these findings, a recent study in an experimental model of 

metabolic syndrome has also reported the efficacy of empagliflozin in reducing 

systolic blood pressure and improving endothelial dysfunction and cardiac 

remodelling in obese ZSF1 rat 127. 

However, in spite of the cardioprotective function of empagliflozin previously 

described, the impact of this SGLT-2 inhibitor in the development of AAA has not 

been explored. In line with these promising cardiovascular benefits obtained under 

empagliflozin treatment, the present Thesis is focused on studying the effect of the 

SGLT-2 inhibitor empagliflozin on the progression of AAA in Ang II-infused apoE-/- 

mice. 

1.3  Obesity and adipose tissue dysfunction 

 Obesity is defined as an excess of body weight due to fat accumulation 128. 

In the clinical practice, a gradual scale has been established to classify each 

individual in a body weight status according to the body mass index (BMI). BMI is 

calculated as the body weight expressed in kilograms divided by height in squared 

meters 129. Depending on the value of the BMI, subjects can be considered to be 

underweight, normal, overweight or obese. The ranking of BMI and the body weight 

status associated to it are shown in Table 2 130. 
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 Obesity is a chronic multifactorial metabolic disease whose prevalence is 

reaching pandemic proportions and nowadays is a major and worldwide health 

problem 131, 132. Some of the main concerns are linked to the wide spectrum of 

comorbidities related to this disorder. These include T2DM, hypercholesterolemia, 

hypertension, metabolic syndrome, fatty liver disease, adipose tissue fibrosis, 

obstructive sleep apnoea and cardiovascular diseases 128, 133.   

In most cases, the onset of obesity lies in an imbalance between food intake 

and energy expenditure. A high caloric consumption and poor physical activity can 

contribute to the development of this metabolic disease. However, diet is not the 

only one factor implicated in the etiology of obesity. Genetic, psychological, 

physiologic, social, environmental, economic, and even political factors can also 

influence the progression of this pathology 134.  

Although a healthy lifestyle based on a balanced diet and daily exercise is 

beneficial to fight obesity 135, 136, frequently, its effect on the body weight is not high 

enough to allow individuals to achieve normal values of BMI. For that reason, most 

of the obese patients require pharmacological treatments that help them to 

decrease their corporal weight 137, 138. 

 Table 2. Weight status classification according to Body Mass Index 
(BMI). Adapted from Abdelaal et al. 2017 130. 

 

 

 

 

 

                        Abbreviations: BMI, Body Mass Index 

 

Adipose tissue (AT) is considered an immune and endocrine organ which is 

implicated in energy storage and also responsible for keeping metabolic 

homeostasis 139. Several roles have been attributed to this active tissue including 

synthesis and production of diverse cytokines, extracellular matrix compounds, 

BMI (Kg/m2) Classification Obesity 
Class 

< 18.5 Underweight  

18.5 – 24.9 Normal  

25 – 29.9 Overweight  

30 – 34.9 Obesity I 

35 – 39.9 Severe obesity II 

40 – 49.9 Morbid obesity III 

≥ 50 Severe morbid obesity IV 
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hormones and different vasoactive and growth factors whose release to the 

systemic circulation exerts pleiotropic effects in the organism 140. It is known that a 

dysregulation or dysfunction of the AT can impair the correct function of the energy 

metabolism. A dysfunctional AT is characterised by a chronic inflammatory state 

which is accompanied by ECM remodelling and angiogenic events. These 

processes can lead to a situation of metabolic stress, fat accumulation and 

alterations in the energy consumption resulting in the development of metabolic 

disorders such as obesity, which may appear associated to other comorbidities 

including insulin resistance and T2DM 141.  

 AT is composed by adipocytes and adipocyte progenitors but also contains 

other types of cells such as fibroblasts, immune cells and endothelial cells 142. AT 

can be differentiated into white AT (WAT) or brown AT (BAT) depending on its 

metabolic function. The first one is implicated in fat storage and the second one is 

involved in thermogenesis 143. In turn, WAT can be divided in subcutaneous AT 

(SAT) and visceral AT (VAT). These two types of WAT differ in their corporal 

localization and in their immunological and metabolic properties and actions. SAT 

can be found under the skin whereas VAT is present in the internal organs of the 

abdominal cavity 144 and it shows a higher metabolic activity. Under healthy and 

pathological conditions, VAT is more vascularised and owns widespread blood 

irrigations, it contains more immune and inflammatory cells and harbours a bigger 

number of large adipocytes in comparation with SAT. VAT plays a key role in free 

fatty acids synthesis and glucose uptake, by contrast, SAT tends to absorb 

circulating free fatty acids and triglycerides. All these features make VAT more 

sensitive to lipolysis and more insulin-resistance than SAT 143, 145. Attending to 

these features and regarding previous studies, there is a wide evidence that 

supports the fact that VAT is a more pathogenic depot than SAT and its dysfunction 

or metabolic alteration increases the risk to develop AT-associated inflammation 

and insulin resistance 129. 

1.3.1 Unresolved inflammation in adipose tissue 

 Excessive caloric intake can trigger morphological modifications in WAT, 

specially in visceral depots. Some alterations include adipocyte hypertrophy (cell 

size increase) and hyperplasia (cell number increase) 140. In hypertrophic 

adipocytes, the metabolic and inflammatory profile changes leading to a 
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dysfunctional VAT. Basal lipolysis and free fatty acid degradation rate increase 

substantially and pro-inflammatory cytokines and chemokines such as TNFα, IL-6, 

IL-1β, IL-8, M-CSF-1, CCL-5/RANTES and CCL-2/MCP-1 are thoroughly secreted 

by AT-resident macrophages, generating an inflammatory environment that 

promotes leukocyte recruitment and infiltration 143, 144, 146. Macrophages are known 

to be the main immune cells found in VAT. There, they control ECM remodelling, 

angiogenesis, adipocyte differentiation and they remove the dead cells present in 

the tissue 141. Under an inflammatory stimulus, innate and adaptive immune 

systems are activated and T helper 1 (Th1) cells accumulate in AT inducing a new 

wave of monocyte recruitment promoting a phenotypic change of resident 

macrophages from an anti-inflammatory to a pro-inflammatory state 139, 140 

increasing, thus, adipokine secretion (Figure 11). Under these pathological 

conditions, some serine kinases including the inhibitor of nuclear factor-κB (IκB) 

kinase (IKK) are activated 147. In particular, the isoform IKKβ has been reported to 

activate NF-κB, a nuclear transcription factor that plays a pivotal role in the 

inflammatory response. In a healthy environment, NF-κB remains in the cytoplasm 

of the cells bound to IκB proteins. In the presence of an inflammatory stimulus, 

IKKβ phosphorilates IκB proteins which are subsequently degraded in the 

proteasome. Once NF-κB is released from these proteins, it starts its traslocation to 

the nucleus to activate pro-inflammatory genes that promote the expression of 

adhesion molecules and pro-inflammatory cytokines and chemokines 148, 149. In 

addition, IKKβ in adipocytes and hepatic cells inhibits the phosphorylation of insulin 

receptor substrate (IRS)-1 and IRS-2 resulting in the blockage of insulin signalling. 

This effect together with AT dysfunction and inflammation impairs glucose and lipid 

metabolism contributing to the development of T2DM 147, 150. Fortunately, exercise 

has been proven to ameliorate the inflammatory condition underlying in most of the 

obese patients as it increases fat burning. In vascular cells, adipocytes and 

macrophages, the saturated free fatty acids (FFA) activate the IKK/NF-κB pathway. 

However, when physical activity is performed, plasma FFA concentration is 

lessened, resulting in a lower activation of NF-κB target genes 151. 

1.3.2 Type 2 diabetes mellitus development in obesity  

Under healthy conditions, insulin binds to its receptor, the insulin receptor 

(IR), located in the plasma membrane of cells from different tissues and organs 

including adipose tissue, liver, skeletal muscle and heart 152. Insulin signalling starts 
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when this hormone binds to the IR. This interaction induces a phosphorylation 

cascade that leads to the activation of the serine/threonine protein Kinase B (PKB), 

also known as AKT 153. This signalling pathway is involved in different metabolic 

processes including glucose uptake. Activated AKT promotes the translocation of 

the glucose transporter type 4 (GLUT4) to the plasma membrane of adipocytes and 

skeletal muscle cells favouring glucose entrance. Furthermore, once AKT is 

activated, the glycogen synthase activity is promoted favouring glycogen synthesis 

and storage in hepatocytes and muscle cells (Figure 12) 154, 155. However, low 

insulin response results in poor AKT signalling that impairs glucose and lipid 

metabolism, causing dyslipidemia and hyperglycemia, two metabolic features 

frequently detected in T2DM patients that present insuline resistance 
156

.   

 

Figure 11. Differences between healthy and unhealthy WAT expansion in 
obesity. In response to an excess of fat storage, WAT tends to expand. A healthy 

WAT expansion is characterised by a low-grade inflammation and wide blood irrigation. 

By contrast, unhealthy WAT expansion presents a high amount of inflammatory 

immune cells, low blood irrigation and increased extracellular matrix deposition. All 

these factors promote the development of metabolic and cardiovascular diseases. 

Abbreviations: WAT, white adipose tissue; TNFα (Tumor Necrosis Factor α); IL, 

(interleukin); RANTES, (Regulated upon Activation, Normal T Cell Expressed and 

Presumably Secreted); MCP-1 (monocyte chemoattactant protein-1); NAFLD (non-
 

alcoholic fatty liver disease); T2DM (type 2 Diabetes Mellitus); CVD (cardiovascular 

disease). Adapted from Longo et al. 2019 144 with BioRender.com. 
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Insuline resistance is defined as the loss of the capacity of this hormone to 

exert its biological functions due to a poor signalling on its target organs and 

tissues 157. The lack of insulin sensitivity in the liver impairs glucose metabolism 

increasing endogenous glucose production and promoting gluconeogenesis. In AT, 

insulin resistance promotes triglyceride lipolysis that leads to increased 

concentration of plasma FFA 158. The high levels of plasma FFA exert lipotoxicity in 

hepatic and muscle cells and prevent the glucose transport and its subsequent 

uptake, increasing markedly the plasma concentrations 159, 160. All of this 

contributes to the development of T2DM, a pathological condition that leads to the 

development of hyperglycemia and other comorbidities such as nephropathy, 

retinopathy, neuropathy, adipose tissue dysfunction, hypertension and 

cardiovascular diseases 153, 161.  

             

 

 

 

 

 

 
 

 

 

 

 

Figure 12. Insulin signalling pathway. The interaction between insulin and its 

receptor triggers a signalling cascade that leads to the phosphorylation and activation 

of PKB. This kinase promotes the translocation of GLUT-4 to the plasma membrane. 

This mechanism allows the entrance of glucose into the cell. Simultaneously, the 

phosphorylated form of the PKB activates glycogen synthase and glycogen synthesis is 

promoted. Abbreviations. IRS, insulin receptor substrate; PKB, protein kinase B; GSK3, 

glycogen synthase Kinase 3; GLUT-4, glucose transporter type 4. Adapted from Arneth 

et al. 2019 154 with BioRender.com. 
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1.3.3 Retinoic acid receptor-related orphan receptors (RORs) 

Nuclear receptors (NRs) belong to a family of ligand-regulated 

transcriptional factors which are crucial in the regulation of the gen expression 162. 

NRs control diverse biological processes including cell proliferation and 

differentiation, development, metabolism and homeostasis 163. To date, 48 

members of NRs have been identified in humans 164. All of them share a similar 

structure which allows the interaction with their respective ligands to subsequently 

bind to specific regions of the genome and modulate the transcription of their target 

genes. 

Retinoic acid receptor-related orphan receptors (RORs) belong to the 

superfamily of NRs. Their denomination is due to their similarity with the sequence 

of the retinoic acid receptor (RAR) and they are considered orphan receptors as 

their natural ligands do not exist or have not been discovered yet 165. RORs act as 

ligand-dependent transcriptional factors that are involved in diverse physiological, 

metabolic, immunological and inflammatory processes 166. Three different isoforms 

of RORs have been described: RORα, RORβ and RORγ; and all of them have four 

common regions 167. These regions include an N-terminal domain, a highly 

conserved DNA-binding domain (DBD) that contains two zinc fingers, a ligand-

binding domain (LBD) and a hinge domain located between the DBD and the LBD 

167, 168. RORs regulate the transcription of their target genes by binding to their 

ROR-response elements (ROREs) (Figure 13). The assembly of the ligand to the 

LBD can activate or inhibit the transcriptional activity of these NRs. Thus, ROR 

agonists induce conformational changes in the LBD resulting in the release of a co-

repressor complex, a key process that allows the binding of a co-activator complex 

and the subsequent activation of ROR 166. 
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Figure 13. Modulation of the transcriptional activity of RORα. (A) 

Transcriptional activation of RORα target genes. The interaction between an agonist 

and the LDB of the transcription factor RORα promotes the recruitment of a coactivator. 

The complex formed binds to the DNA and activates gene transcription. (B) 

Transcriptional repression of RORα target genes. In the presence of an inverse 

agonist, RORα interacts with a corepressor which inhibits the transcriptional activity of 

RORα. Abbreviations: LBD, ligand binding domain; DBD, DNA binding domain; RORE, 

ROR-response element. Adapted from Zhang et al. 2015 163. 

 

In the early 1990s, RORα was identified and it was the first ROR isoform in 

being characterised 167. RORα was found to be expressed in several tissues with 

high metabolic activity such as adipose tissue, liver, skeletal muscle 163, 168, 169 and 

vascular endothelial cells 170. Although RORs are orphan receptors, melatonin, 

cholesterol and cholesterol sulfate have been identified by crystallographic 

techniques as RORα natural ligands and they act as agonists after their assembly 

to the ligand binding pocket of the receptor 171. Accumulating evidence supports 

that RORα is involved in the development of obesity-related insulin resistance and 

inflammation associated to atherosclerosis 172-174. In fact, several preclinical studies 

have demonstrated the implication of RORα in these metabolic and cardiovascular 

diseases. For instance, RORα-deficient staggerer mice fed with a high fat diet 

ameliorated their metabolic profile in terms of adiposity, insulin resistance and AT 

dysfunction compared with the wild-type peers 175, 176. Another study revealed that 

pharmacological inhibition of RORα in a mouse model of atherosclerosis exerted 

benefficial effects in the treatment of this patology 177. According to these 

observations RORα seems to be critical in the development of specific alterations 

of the metabolic syndrome. However, although RORα has been explored in the 

area of metabolism and vascular biology, most of the studies have been carried out 
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in murine models whereas the implication of this receptor in human obesity has not 

been elucidated. 
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1. Abdominal aortic aneurysm (AAA) is a pathological condition of permanent 

vessel dilatation that predisposes to the potentially fatal consequence of 

aortic rupture 57. Sodium-glucose cotransporter type 2 (SGLT-2) inhibitors 

have emerged as powerful pharmacological tools for type 2 diabetes 

mellitus treatment. Beyond their glucose-lowering effects, recent studies 

have shown that SGLT-2 inhibitors reduce cardiovascular events and have 

beneficial effects in several vascular diseases such as atherosclerosis 120, 

121; however, the potential effects of SGLT-2 inhibition on AAA remain 

unknown. Therefore, the first objective of this Thesis was to evaluate the 

effect of oral chronic treatment with empagliflozin, an SGLT-2 inhibitor, on 

dissecting AAA induced by angiotensin II (Ang II) infusion in apolipoprotein 

E knockout (apoE-/-) mice. 

2. Given that endothelial dysfunction is one of the early steps in AAA 

development, the second objective of this Thesis was to evaluate the 

possible consequences of SGLT-2 inhibition in the dysfunctional 

endothelium induced by Ang-II. More precisely, we have studied in human 

aortic endothelial cells the impact of SGLT-2 inhibition with empagliflozin on 

mononuclear cell adhesion, chemokine release and the underlying 

mechanism involved in this response.  

3. Obesity is a metabolic disease characterised by a chronic low-grade 

inflammation associated to adipose tissue (AT) dysfunction 178. Retinoic 

acid-receptor-related orphan receptor alpha (RORα) is a transcriptional 

factor belonging to the superfamily of nuclear receptors, which have been 

demonstrated to regulate the expression of genes implicated in diverse 

metabolic, immunologic and inflammatory processes 171. However, less is 

known about the role of RORα in human obesity. Thus, the third objective 

of this Thesis was to evaluate the expression and function of RORα in the 

AT of patients with morbid obesity and its association with metabolic 

parameters linked to AT dysfunction and insulin resistance. Furthermore, 

the ex vivo effects of functional RORα blockade on AT were also 

investigated. 

4. Endothelial dysfunction is a pathogenic feature of obesity, which might 

explain the high incidence of cardiovascular disease in these patients 178, 179.  

TNFα is a key adipokine in the endothelial dysfunction associated with obesity 
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and is a potential risk factor in the early progression of atherosclerotic lesion by 

the stimulation of different leukocyte-recruiting chemokines and cellular 

adhesion molecule expression in the endothelium180-183. Because RORα 

activity has been reported to be involved in atherosclerosis  development in 

animal models177, the fourth objective of this Thesis was to evaluate the 

consequences of pharmacological RORα blockade in human endothelial 

cells stimulated with  TNFα and the underlying mechanisms. 
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3.1 Study of the effects of SGLT-2 inhibition in abdominal 
aortic aneurysm development and endothelial dysfunction 

 

3.1.1 Animal studies 

Protocols followed the European Union guidelines for animal care and 

protection were approved by the Ethics Review Board of the Faculty of Medicine, 

University of Valencia (Spain). All efforts were made to minimize the number of 

animals used and their suffering.  

Homozygous apoE-/- C57BL/6 male mice were provided by Charles River 

Laboratories (Chatillon-sur-Chalaronne, France) and they were housed in a specific 

pathogen-free environment under constant conditions (22±2°C temperature, 60-

65% humidity and 12 h dark/light cycles) with ad libitum access to a normal chow 

diet and water. 

3.1.1.1 Experimental protocol 

Twelve-week-old male apoE-/- C57BL/6 mice were used. Only male mice 

were studied because female mice have a low incidence of Ang II-induced AAA 184. 

Osmotic minipumps (Alzet, Model 2004; Charles River Laboratories, Inc, 

Wilmington, MA) were subcutaneously implanted in the dorsum of the neck of the 

mice under isoflurane anaesthesia to infuse saline (n=10), or Ang II (CAS 4474-91-

3; Calbiochem, San Diego, CA) at a rate of 1000 ng/kg per minute (n=48) for 28 

days. During this period of time some of the Ang II infused mice were orally 

cotreated with vehicle (carboxymethyl cellulose; n=16) or empagliflozin (BV-2877-

10; Tocris Bioscience, Bristol, UK) at a dose of 1 mg/kg per day (n=16) or 3 mg/kg 

per day (n=16). 

To study the acute phase of dissecting AAA formation apoE-/- mice were 

infused with Ang II (1000 ng/kg per minute) and treated with empagliflozin (3 mg/kg 

per day) or vehicle for 5 days (n=5 per group). The doses of empagliflozin used in 

the present study were based on the published efficacy and pharmacokinetic data 

from murine models 185-187. 
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3.1.1.1.1 Measurement of blood pressure  

Systolic blood pressure (SBP) was measured in conscious mice using a 

noninvasive tail-cuff system (CODA-6; Kent Scientific, Torrington, CT) and following 

the indications previously described 188, 189. During blood pressure data 

acquisitions, conscious mice were placed in a retainer tube on a warming platform 

maintained at 37°C (model LE5510; PANLAB, Barcelona, Spain). Mice were 

acclimatised to the instrument for at least seven consecutive days before baseline 

measurements and the implantation of the osmotic minipumps. Data acquisitions 

were taken every day at the same time, between 8 and 10 a.m, to avoid variations 

in blood pressure due to the circadian cycle. Animals were subjected to 10 initial 

pressure readings to acclimatise them to the procedure and then 10 additional 

cycles were measured to obtain the mean systolic pressure. The criteria for data 

acceptance were the acquisition of at least 10 of 20 measurements and a standar 

deviation of <30 mm Hg for each session. 

3.1.1.1.2 Determination of biochemical parameters. Quantification of glucose

                 levels and lipid profile 

To analyse circulating glucose levels and lipid profile, mice were fasted 

overnight. Glucose measurements were obtained from blood samples using a 

Contour Next USB blood glucose meter (Bayer HealthCare, Basel, Switzerland). 

Lipid profile was determined from plasma samples. To obtain the plasma, blood 

were collected in a tube containing EDTA (ethylenediaminetetraacetic acid, SIGMA, 

St. Louis, EEUU) as anticoagulant. To determine triglyceride (TG) and total 

cholesterol (TC) concentrations, two commercial kits were used, “LabAssay 

Triglyceride” and “LabAssay Cholesterol” (WAKO Chemicals, Neuss, Germany) 

respectively, based both on enzymatic procedures which lead to a blue product that 

can be determined with a spectrophotometric microplate reader (Infinite 200, 

#30016056, TECAN, Austria) by measuring the absorbance of the blue color at 

600nm wavelength. Lipid concentrations were calculated using a standard curve 

generated from serial dilutions of the appropiate internal standard and following the 

manufacturer’s instructions. Using the same method previously described for TC 

measurement, High Density Lipoprotein-Cholesterol (HDL-C) was quantified after 

having precipitated apolipoprotein B (apo B) with dextran sulfate/MgCl2 (SIGMA, St. 

Louis, MI, EEUU) 190. 
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3.1.1.2 Aorta isolation and aneurysm quantification 

At the end of the experimental protocols mice were sacrificed by anaesthetic 

overdose consisting of a mixture of medetomidine hydrochloride (1 mg/mL; Orion 

Corporation, Espoo, Finland) and ketamine (50 mg/mL, Orion Corporation) that was 

intraperitoneal injected to the animals before dissection. Then, each mouse was cut 

and opened ventrally to access to the left cardiac ventricle which was perfused with 

10 mL of phosphate-buffered saline (PBS) with an exit through the severed right 

atrium to prevent blood clots in the vessels. Once the aorta was isolated it was 

exposed under a dissecting microscope to remove the periadventitial tissue and to 

be photographed (Leica DMD108 Digital; Leica Microsystems, Wetzlar, Germany). 

Suprarenal regions of the abdominal aorta were identified between the last pair of 

intercostal arteries and the right renal branch. Maximal external diameter of the 

suprarenal aorta was measured ex vivo using ImageJ (National Institutes of 

Health). To evaluate aneurysm severity, four different stages were established 

according to previous studies 191. The most remarkable features of each stage are 

the following ones: stage I, dilated lumen in the suprarenal region of the aorta 

without thrombus or with a small thrombus; stage II, dilated lumen and remodeled 

tissue in the suprarenal region of the aorta with a pronounced bulbous form that 

contains thrombus; stage III, dilated lumen in the suprarenal region of the aorta with 

the presence of multiple aneurysms; stage IV, corresponding to the rupture of the 

aneurysm. Necropsies were performed in all mice that died during the experimental 

treatment. Aortic rupture was defined as the observation of blood clots in the 

retroperitoneal cavity (abdominal aortic rupture) or in the thoracic cavity (thoracic 

aortic rupture). Animals presenting tissue degradation were excluded from the 

analysis but they were used for mortality and rupture-rate data. The ex vivo 

diameters of the ascending, thoracic and suprarenal regions of the aorta were 

measured as described 192. The studied regions of the aorta are shown in Figure 
14. After diameter quantification and aneurysm classification, a second researcher 

matched the scored aneurysms to the different treatments of the mice. 
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Figure 14. Anatomy and regions of the aorta. The aorta originates from the left 

ventricle of the heart and descends until the abdomen, where it bifurcates into two 

smaller arteries called iliac arteries. Aorta is divided in three different regions: 

ascending aorta which arises from the aortic oriffice from the left ventricle and ascends 

to become the aortic arch; thoracic aorta, which extends along the thorax and 

suprarenal aorta, which is located between the last pair of intercostal arteries and the 

right renal branch. Created with BioRender.com 

 

3.1.1.3 Histological analysis 

Once the aortas were removed from mice and cleaned from the remaining 

tissues, the suprarenal region of the aorta was divided into two sequential regions 

(A and B) cutting at the level of maximal dilatation and using a Leica DMD108 

Digital Microscope (Leica Microsystems). Region A was kept at -80°C for molecular 

analysis. Region B was fixed in 4% paraformaldehyde (PFA; PanReac AppliChem) 

for 6 h and then it was manteined in phosphate buffer saline (PBS) overnight. As 

paraffin is hydrophobic, a dehydration process of the aortas is needed. To 

dehydrate the aortas, they were immersed in serial ethanol solutions of increasing 

concentrations until pure for 15 min in each ethanol solution. Then, the aortas were 

submerged twice in a mixture of pure ethanol/xylene (1:1) for 7 min each time and 

finally they were twice immersed in pure xylene for 7 min each time. The next step 

was to embed the aortas in paraffin to proceed to cut them into histological sections 

(5 μm thick) making use of a microtome (Leica RM2245; Leica Biosystems, 

Wetzlar, Germany). At least 10 slides containing 4 tissue cross sections from the 

aorta of each animal were taken on microscope slides Superfrost® plus (Thermo 

Fisher Scientific) to carry out the subsequent histological analyses. 
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3.1.1.3.1 Hematoxylin and eosin staining 

Histological cross sections were hydrated immersing them in xylene (3 x 5 

min) and then in serial ethanol solutions of decreasing concentration from pure to 

milli-Q water as following indicated: 100% ethanol (2 x 5 min), 95% ethanol (2 x 5 

min), 70% ethanol (2 x 2 min), 50% ethanol (2 x 2 min) and Milli-Q water (1 x 2 

min). Next, aortic cross sections were washed with PBS 1X for 5 min. To stain the 

nucleus, they were immersed for 5 min in filtered Harris hematoxylin (Sigma-

Aldrich, St. Louis, MO) and then washed in running water for 10 min. Then, 

samples were twice quickly immersed in differentiation solution (0,25 mL 

concentrated hydrochloric acid in 100 mL 70% ethanol), washed again in running 

water for 10 min and immersed in 95% ethanol for 30 seconds. To stain the 

cytoplasm, aortas were plunged in eosin (Sigma-Aldrich, St. Louis, MO) diluted in 

95% ethanol (1:1) for 90 seconds and washed in water to remove the excess of 

staining. To finish the process, they were dehydrated immersing them in serial 

ethanol solutions of increasing concentrations (70%, 95% and 100% ethanol) for 2 

min in each solution followed by a final 2 minute xylene bath. Finally, slides were 

mounted with Bio-Mount synthetic mounting medium for histology and cytology 

(Bio-Optica, Milan, Italy) and aortas were photographed (Axio Observer A1; Carl 

Zeiss, NY) under x10 and x40 magnification. 

3.1.1.3.2 Verhoeff-Van Gieson staining and evaluation of elastin 
                 degradation 

Verhoeff-Van Gieson staining (HT25A-1KT, Sigma-Aldrich, St. Louis, MO) 

was used to stain elastic fibers in the aortas with the aim of determining the level of 

elastin degradation. 

First, histological cross sections were hydrated as described in Section 
3.1.1.3.1 and immersed in Working Elastic Stain Solution (Table 3, Sigma-Aldrich) 

for 10 min. Then, samples were washed in running water for 10 min, immersed in 

Working Ferric Chloride Solution (Table 3, Sigma-Aldrich) for 3 min, washed again 

in running water and cleared in 95% ethanol for 2 min. A third wash in water was 

done before immersing the aortas in Van Gieson Solution (Sigma-Aldrich) for 2 min 

and then in 95% ethanol for 2 min. Finally, samples were dehydrated as detailed in 

Section 3.1.1.3.1 and slides were mounted with Bio-Mount (Bio-Optica, Milan, 

Italy). 
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Table 3. Reagents used to prepare the Working Elastic Stain Solution and the 
Working Ferric Chloride Solution for Verhoeff-Van Gieson staining. 

 

Solutions Reagents Volume (mL) 
 

Working Elastic Stain Solution 

Hematoxylin 120 

Ferric Chloride 18 

Weigert’s Iodine Solution 48 

Distilled water 30 

 

Working Ferric Chloride Solution 

Ferric Chloride 18 

Distilled water 222 

 

To evaluate the level of elastin degradation four different grades were 

established according to previous studies 193. The main features of each grade are: 

grade 1, absence of elastin degradation, well organised elastic fibers; grade 2, 

elastic laminae with some interruptions and breaks; grade 3, elastic laminae with 

multiple interruptions and breaks; grade 4, severe elastin fragmentation or loss. To 

carry out the qualitative analysis of elastin degradation, 5 fields of each suprarenal 

aorta stained with Verhoeff-van Gieson staining were captured and digitized (Axio 

Observer A1; Carl Zeiss, NY) under x10 and x40 magnification. Then, the 

qualitative evaluation of elastin degradation was performed by a blinded observer. 

3.1.1.4 Immunohistological analysis 

 Macrophage infiltration, microvessel formation, extracellular matrix 

degradation and expression of inflammatory mediators were studied by 

immunohistochemical techniques. 

 After having hydrated the aorta samples as mentioned in Section 3.1.1.3.1, 

the antigen of interest was unmasked and exposed to the surface using proteinase 

K (#55020, Dako, Glostrup, Denmark). Next, endogenous peroxidase was 

inactivated with the reagent Peroxidase-Blocking Solution (#S2023, Dako, 

Glostrup, Denmark). Then, samples were blocked for 1 h with goat serum (5% in 

PBS; Abcam, Cambridge, UK) to avoid non-specific interactions and incubated 

overnight at 4°C with different primary antibodies (Table 4) diluted in antibody 

diluent (#S2022, Dako, Glostrup, Denmark). For quantification of inflammatory 

cells, a rat monoclonal anti-mouse Mac3 antibody (1:100, catalog No. SC19991; 

Santa Cruz Biotechnology, CA) was used. CD31 staining was performed with a 
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rabbit polyclonal anti-mouse CD31 antibody (1:50, catalog No. ab28364; Abcam, 

Cambridge, United Kingdom) to detect microvessel formation. A rabbit polyclonal 

anti-mouse MMP-2 (1:1000, catalog No. ab37150; Abcam) or a rabbit polyclonal 

anti-mouse MMP-9 (1:200, catalog No. ab38898; Abcam) antibody was used to 

analyse extracellular matrix degradation, and a rabbit polyclonal anti-mouse TIMP 

(tissue inhibitor of metalloproteinase)-1 antibody (1:1000, catalog No. ab38978; 

Abcam) was used for TIMP-1 detection. Inflammatory mediators such as MCP-1 

and RANTES were detected with a polyclonal goat anti–mouse MCP-1 antibody 

(1:100, catalog No. AF479; R&D) and a polyclonal goat anti-mouse RANTES 

antibody (1:50, catalog No. AF478; R&D). SGLT-2 expression was analysed using 

a rabbit polyclonal antibody against mouse SGLT-2 (1:50, catalog No. ab37296; 

Abcam). Specific labelling was detected with biotin-conjugated secondary 

antibodies (Dako, Glostrup, Denmark). To detect the brown coloured product, a 

solution containing 3,3’-diaminobenzidine (DAB; Dako, Agilent Technologies) was 

used as substrate of the enzymatic reaction. Then, aortas were counterstained with 

Harris hematoxylin and dehydrated  and mounted as described in Section 
3.1.1.3.1. 

Table 4. Antibodies for immunohistochemistry. 

Name Vendor or Source Catalog # Working 
concentration 

Anti-MMP-2 Abcam ab37150 1 μg/mL 

Anti-MMP-9 Abcam ab38898 10 μg/mL 

Anti-TIMP-1 Abcam ab38978 1 μg/mL 

Anti-SGLT-2 Abcam ab37296 10 μg/mL 

Anti-RANTES R&D Systems AF478 4,8 μg/mL 

Anti-MCP-1 R&D Systems AF479 1 μg/mL 

Anti-CD31 Abcam ab28364 18 μg/mL 

Anti-Mac-3 Santa Cruz Biotechnology SC19991 1 μg/mL 

 

 To visualise vascular smooth muscle cells in the media of the aorta, an 

immunofluorescence assay was performed using a specific rabbit monoclonal anti-

α smooth muscle actin antibody conjugated to Cy3 (1:100, catalog No. C6198; 

Sigma-Aldrich) (Table 5). 

 Additionally, double immunofluorescence was carried out to determine 

SGLT-2 expression in macrophages (Mac3+ cells) and endothelial cells (CD31+ 

cells) in the suprarenal aortic aneurysm. The assay was performed with a rat 
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monoclonal anti-mouse Mac3 antibody (1:100, catalog No. SC19991; Santa Cruz 

Biotechnology, CA); a rat polyclonal anti-mouse CD31 antibody (1:50, catalog No. 

ab56299; Abcam) and a rabbit polyclonal antibody against mouse SGLT-2 (1:50, 

ab37296; Abcam). The cellular localization of MMPs and TIMP-1 in the suprarenal 

aortas was investigated by double immunofluorescences for MMPs/Mac3; TIMP-

1/Mac3 and MMPs/CD31; TIMP-1/CD31. A rat polyclonal anti-mouse CD31 

antibody (1:50, catalog No. ab56299; Abcam) was used to detect CD31+ cells. The 

antibodies used for MMPs, TIMP-1 and Mac3 detection are the same described in 

this section and detailed in Table 5. Specific labeling was detected with an Alexa 

Fluor 633 goat anti-rat secondary antibody (1:500 dilution, catalog No. A21094; 

Molecular Probes/ Invitrogen, Carlsbad, CA) or an Alexa Fluor 488 goat anti-rabbit 

secondary antibody (1:500 dilution, catalog No. A11034; Molecular Probes) (Table 
5). Secondary antibodies were incubated at room temperature in the dark for 2 h. 

Then, cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, 

blue) and samples were mounted with Slow Fade® Gold antifade Reagent 

(Molecular Probes, Thermo Fisher Scientific). 

To confirm specificity of antibodies, a rabbit IgG polyclonal isotype control 

(Abcam) and a rat IgG isotype control (Invitrogen antibodies) were used as 

negative controls. Fields from each suprarenal aortic section were photographed 

under x10 and x40 magnification (Axio Observer A1; Carl Zeiss, NY) and then 

analysed. Scoring was performed blinded on coded slides. 
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 Table 5. Antibodies for immunofluorescence 

 

3.1.1.5 Reverse transcription polymerase chain reaction (RT-PCR) 

3.1.1.5.1 RNA extraction and quantification  

Total RNA was extracted from aortas by homogenization using TRIzol® 

Reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA). Then, RNA 

concentration was determined with a NanoDrop spectrophotometer (ND-100 

v3.7.1; Thermo Fisher Scientific) measuring the absorbance at a wavelength of 260 

nm. The purity of DNA was estimated by the ratio absorbance at 260/280 nm 

wavelengths (A260/280). This ratio must be higher than 1.8 in the analysed RNA 

extracts. 

3.1.1.5.2 Reverse transcription (RT) 

Reverse transcription was performed to obtain complementary DNA (cDNA). 

High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Thermo Fisher 

Scientific) was used.  1 μg of RNA was retrotranscribed using the MultiScribe™ 

Reverse Transcriptase (50 U/μL; Applied Biosystems, Thermo Fisher Scientific) 

and the Master Mix for the RT. All the reagents for the mix are compiled in Table 6. 

After RNA quantification,  each sample was diluted in nuclease-free water to 

get RNA in a concentration of 100 μg/mL. Then, 10 μL of diluted RNA were added 

in a new nuclease-free microtube containing 10 μL of the mix for RT (Table 6). 

Then, samples were placed in a SimpliAmp™ Thermal Cycler (Applied Biosystems, 

Thermo Fisher Scientific) under the specific conditions detailed in Table 7.  

Name Vendor or Source Catalog # Working 
concentration 

Anti-CD31 Abcam ab56299 10 μg/mL 

Anti-MMP-2 Abcam ab37150 1 μg/mL 

Anti-MMP-9 Abcam ab38898 10 μg/mL 

Anti-TIMP-1 Abcam ab38978 1 μg/mL 

Anti-SGLT-2 Abcam ab37296 10 μg/mL 

Anti-Mac3 Santa Cruz Biotechnology SC19991 2 μg/mL 

Anti-SM-α actin Sigma-Aldrich C6198 2 μg/mL 

Alexa Fluor 488 goat anti-rabbit Invitrogen A11034 4 μg/mL 

Alexa Fluor 633 goat anti-rat Invitrogen A21094 4 μg/mL 
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At the end of the process the obtained cDNA was stored at -20°C until 

further use. 

Table 6. RT Master Mix reagents. 

Reagent Volume (μL) per sample 
10x RT Buffer 2 

25x dNTPs Mix (100 mM) 0,8 

10x RT Random Primers 2 

MultiScribe™ Reverse Transcriptase 1 

Applied Biosystems™ RNase Inhibitor (20 U/μL) 1 

Nuclease-free water 4,2 

RNA sample 1 μg 

 

Table 7. RT Thermal cycling profile. 

Step Temperature (°C) Time (min) 
1 25 10 

2 37 120 

3 85 5 

4 4 ∞ 

 

3.1.1.5.3 Quantitative polymerase chain reaction (qPCR) 

 The ABI Cycler 7900 Fast System thermal cycler (Applied Biosystems) was 

used to carry out the qPCR assay. To determine gene expression, cDNA was 

amplified with the TaqMan™ Universal PCR Master Mix (Applied Biosystems; 

Thermo Fisher Scientific, Waltham, MA) and specific murine TaqMan probes 

(Applied Biosystems) were used (Table 8). Different reagents were added as 

detailed in Table 9. 

Table 8. Probes used for qPCR assay. 

Gene TaqMan™ Gene Expression 
Probe 

Mouse Mcp-1/Ccl-2 Mm00441242_m1 

Mouse Rantes/Ccl-5 Mm01302427_m1 

Mouse Vegf Mm00437306_m1 

Mouse Mmp-2 Mm00439498_m1 

Mouse Mmp-9 Mm00442991_m1 

Mouse Timp-1 Mm00441818_m1 

Mouse Gapdh Mm99999915_g1 
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Table 9. Reagents used for TaqMan qPCR. 

Reagent Volume(μL) per sample 
TaqMan™ Universal PCR Master Mix 6,25 

Probe 0,625 

Nuclease-free water 4,3 

cDNA 2,5 

 

After having mixed all the reagents, qPCR was performed following the 

cycling protocol shown in Table 10.  

 

Table 10. TaqMan qPCR cycling protocol. 

Step Temperature (°C) Time Number of cycles 
UDG-pretreatment 50 2 min 1 

Initial denaturation 95 10 min 1 

Denaturation 95 15 s 
40 Annealing/Extension 60 60 s 

 

 Sglt-2 expression was determined using primers sequences (Table 11) 

designed in previous studies 194. qPCR was performed with the Luminaris Color 

HiGreen HigRox qPCR Master Mix (Thermo Fisher Scientific, Waltham, MA) mixing 

all the reagents as indicated in Table 12. Then, to determine gene expression, the 

ABI Cycler 7900 Fast System thermal cycler (Applied Biosystems) was used 

following the protocol specified in Table 13.  

 

Table 11. Primers used in the qPCR assay for the analysis of Sglt-2 
expression. 

Gene Primer Sequence 5’→3’ 
Mouse Sglt-2 Forward AACAGCAGTAGCACGCTCTT 

Mouse Sglt-2 Reverse AAAGACCGCAGACACTGGAG 

Mouse Gapdh Forward TGACCACAGTCCATGCCATC 

Mouse Gapdh Reverse GACGGACACATTGGGGGTAG 
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Table 12. Reagents used for qPCR with Luminaris Color HiGreen. 

Reagent Volume(μL) per sample 
Luminaris Color HiGreen  5 

Forward primer 0,6 

Reverse primer 0,6 

Nuclease-free water 4 

cDNA 2,5 

 

Table 13. Luminaris Color High Green qPCR Cycling protocol. 

Step Temperature (°C) Time Number of cycles 
UDG-pretreatment 50 2 min 1 

Initial denaturation 95 10 min 1 

Denaturation 95 15 s 
40 Annealing/Extension 60 60 s 

 

 Quantification of the different transcripts was determined with the 2−ΔΔCt 

method and mRNA levels were normalised to the levels of glyceraldehyde 3-

phosphate dehydrogenase (Gapdh) used as endogenous control. Results were 

analysed using the software provided by the manufacturer (QuantStudio™ Design 

& Analyses; Applied Biosystems; Thermo Fisher Scientific). 

3.1.1.6 Protein expression determination by western blotting (WB) 

 Aorta segments were homogenized in lysis buffer (PierceTM Lysis Buffer 

#87787, ThermoFisher) containing proteases and phosphatases inhibitors (HaltTM 

Protease & Phosphatase inhibitor Cocktail, #1861281, Thermo Fisher). Then, 

protein concentrations in samples were determined using the Bradford method 195. 

Next, samples diluted in Laemmli buffer 4X (Table 14) were denatured and 

subjected to sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) electrophoresis 

using a 10% running gel (Table 15). Electrophoresis was carried out employing a 

running buffer 1X (Table 16) and applying 50V/gel for 90 min. Then, samples were 

transferred to nitrocellulose membranes (Catalogue No. 10600021, GE Healthcare 

Life Sciences, Germany). Transference was performed at 60V for 120 min and 4°C 

in transfer buffer 1X (Table 16). Non-specific binding sites were blocked with 5% 

Bovine Serum Albumin (BSA, #BP9703-100, Fisher Scientific) diluted in Tris Buffer 

Saline (TBS) 1X (Table 16) for 1 h and membranes were incubated overnight at 

4°C with the primary antibodies showed in Table 17. After the incubation period, 

Material and Methods



  

 

87 
 

membranes were washed 3 times with washing buffer (Table 16) and incubated at 

room temperature for 1h with the secondary enzyme horseradish peroxidase–

linked anti-rabbit antibody (1:2000 dilution, catalog No. P0448; Dako) or anti-mouse 

antibody (1:2000 dilution, catalog No. P0447; Dako). Signals were detected using a 

chemiluminescence procedure (ECL SelectTM Western Blotting Detection Reagent, 

Amersham, UK) and recorded using a luminescent analyzer (ImageQuant LAS 500, 

GE Healthcare, Sweden). Protein quantification was determined using the ImageJ 

program. 

 

Table 14. Laemmli Buffer composition 4X 

Name Vendor or source Catalog # Final  Concentration 
Tris-HCl pH 6.8 AppliChem 

Panreac 

77-86-1 0.25 M 

Glycerol Sigma-Aldrich G8773 40 % 

Sodium Dodecyl Sulfate 

(SDS) 

Sigma-Aldrich 151-21-3 0.28 M 

2-Mercaptoethanol Sigma-Aldrich M7154 20 % 

Bromophenol Blue BioRad 115-39-9 0.005 % 

 

 

Table 15. SDS-PAGE Electrophoresis 

10% Separating gel 6% Stacking gel 
Reagent Volume Reagent Volume 

H2O 4.1 mL H2O 2.7 mL 

Acrylamide (30%) 3,3 mL Acrylamide (30%) 0.8 mL 

Tris 1.5M (pH 8.8) 2,5 mL Tris 1M (pH 6.8) 0.5 mL 

SDS (20%) 50 μL SDS (20%) 20 μL 

APS (10%) 100 μL APS (10%) 40 μL 

TEMED 10 μL TEMED 4 μL 

Abbreviations. SDS, sodium Dodecyl Sulfate; APS, ammonium persulfate; 

TEMED, N,N,N′,N′-Tetramethylethylenediamine. 

 

 

 

 

Material and Methods



 
 

88 
 

Table 16. Western blotting buffers composition 

Buffer Components Final  Concentration 

Running Buffer 10X 

(pH 8.3) 

Tris Base 25 mM 

Glycine 192 mM 

SDS 0.1 % 

Transfer Buffer 10X 

(pH 8.3) 

Tris Base 25 mM 

Glycine 192 mM 

Methanol 20% 

Tris Buffer Saline 

10X (TBS, pH 7.6) 

Tris Base 0.2 M 

NaCl 1.5 M 

Washing buffer 
TBS  1X 

Tween-20 0,05% 

Abbreviations. SDS, sodium Dodecyl Sulfate 

 

Table 17. Primary antibodies 

Name Vendor or source Catalog # 
Working 

concentration 
Anti-phospho-p38 

MAPK 

Cell Signaling Technology, Inc. 9211 0,1 μg/mL 

Anti-p38 MAPK Cell Signaling Technology, Inc. 9212 0,1 μg/mL 

Anti-phospho-p65 Cell Signaling Technology, Inc. 3031 0,2 μg/mL 

Anti-p65 Cell Signaling Technology, Inc. 8242 0,4 μg/mL 

Anti-SGLT-2 Abcam ab37296 1,7 μg/mL 

Anti-β-actin Cell Signaling Technology, Inc. 3700 0,3 μg/mL 

 

3.1.1.7 MMP activity detection 

 Total MMP activity was determined in protein extracts from suprarenal 

aortas using a MMP Assay Kit (catalog No. 112146; Abcam) following 

manufacturer’s instructions. This assay was performed in order to evaluate the 

MMP proteolytic activity on the basis of substrate degradation. The MMP enzymatic 

action deteriorates the substrate. As a result, a quantificable color reaction is 

obtained, which is directly proportional to the MMP activity. First, protein extracts 

from aorta samples were obtained as described in Section 3.1.1.6. Samples were 

incubated with 4-aminophenylmercuric acetate for 3 h at 37°C to activate MMPs. 

Next, the MMP Green substrate was added  for 1 h. Fluorescence signal was 

measured in a fluorescent microplate reader (Gemini XPS Spectrofluorometer; 
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Molecular Devices, Sunnyvale, CA) at Excitation/Emission=490/525 nm. MMP 

activity was expressed as fluorescence units. 

3.1.2 Human Aortic Endothelial Cell (HAEC) studies 

3.1.2.1 Cell culture 

 Human aortic endothelial cells (HAEC) were used in the third passage 

(Lonza, Verviers, Belgium) and maintained in human endothelial cell–specific 

medium (EBM-2) supplemented with endothelial growth media (EGM-2) (both from 

Lonza) and 10% fetal bovine serum (FBS; Biowest, Nuaillé, France). Cells were 

kept growing at constant conditions of temperature (37°C) and CO2 concentration 

(5%). 

3.1.2.2 Leukocyte-HAEC interactions under flow conditions 

3.1.2.2.1 Treatments  

HAEC were grown to confluence on 35 mm diameter plates and they were 

pre-treated with empagliflozin (0.1–3 µM) for 24 h before stimulation with Ang II. 

The following day, cells were stimulated with 1 µM Ang II for 24 h. The control 

group was incubated for 24 h with vehicle (0.1% dimethyl sulfoxide, DMSO). All 

treatments were added to the medium culture containing 1% FBS.  

3.1.2.2.2 Human mononuclear cell isolation 

All research with human samples was performed following the principles 

outlined in the Declaration of Helsinki and all protocols were approved by the 

Institutional Ethics Committee of the University Clinic Hospital of Valencia (Spain). 

Written, informed consent was obtained from all volunteers. Human mononuclear 

cells were obtained from buffy coats of healthy donors using the reagent 

Lymphoprep™ (#AXS-1114544, Axis-Shield, Norway). First, blood collected in 

tubes containing heparin as anticoagulant and diluted in 0,9% sodium chloride 

(NaCl) in equal volumes was carefully added to 50 mL tubes containing 

Lymphoprep™ reagent. Tubes were then centrifuged at 800 g at room temperature 

for 30 min. After centrifugation, the mononuclear cells (lymphocytes and 

monocytes) were localised in the medium interface as shown in Figure 15. The 

mononuclear cells were collected, washed in Hank’s Balanced Salt Solution 

(HBSS; Lonza) and centrifuged at 1300 rpm at room temperature for 10 min. 
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Supernatants were discarded and the pellet resuspended in 1 mL of HBSS. Cell 

counting was performed in a Neubauer chamber (Marienfeld, Germany). Finally, 

mononuclear cells were again resuspended in HBSS to obtain a final concentration 

of 1×106 cells/mL.  

 

Figure 15. Mononuclear cell isolation using the Lymphoprep™ reagent. 
Diluted whole blood was layered over Lymphoprep™ reagent. After centrifugation, a 

density gradient was observed. Erythrocytes and granulocytes sedimented while 

mononuclear cells were retained at the medium interface. 

 

3.1.2.2.3 Study of leukocyte-HAEC interactions under flow conditions 

Parallel-plate flow chamber procedure allows the visualization of cell adhesion 

under dynamic flow conditions, mimicking the physiological milieu. As shown in 

Figure 16, the parallel flow chamber system consists in a base plate with an 

entrance and exit port through which cells and media are perfused. Coupled to this 

base plate are a vacuum pump and a gasket that controls the chamber diameter. 

Under the base plate there is a 35 mm diameter culture plate, on which the 

endothelial cell monolayer is grown. As a result, a flow channel is created over the 

endothelial monolayer, with the infusion rate being regulated by the suction pump, 

thus emulating the blood flow over the human endothelium. 

To measure leukocyte adhesion, HAEC were seeded on 35 mm diameter 

culture plates pre-coated with 5.5 μg/mL fibronectin. Once confluence was reached 

and after having treated the cells as described in Section 3.1.2.2.1, the plates were 

placed in a dynamic flow assay using a parallel flow chamber (GlycoTech flow, 

Gaithersburg, MD).  
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The GlycoTech flow chamber was assembled and placed onto an inverted 

microscope stage, and human mononuclear cells were then perfused through the 

HAEC monolayers. Leukocyte adhesion was determined after 5 min at 0.5 dyn/cm2. 

Cells  interacting  on the surface of the endothelium were visualised and recorded 

(x20 objective, x10 eyepiece) using a phase-contrast microscope (Axio Observer 

A1, Carl Zeiss microscope, Oberkochen, Germany) connected to a video camera 

(SSC-DC80P, Sony, Tokio, Japan). At least 5 fields were recorded for 10 s each. 

Those leukocytes that established a stable contact with the endothelial monolayer 

for at least 10 s were considered adherent. Adherent cells were counted while the 

perfusion medium remained in continuous infusion.  

Finally, images were recorded and saved on a computer for further analysis. 

 

 

Figure 16. Parallel-plate flow chamber system. The system has a vacuum 

pump, a syringe pump, the flow chamber and a phase-contrast inverted microscope 

connected to a computer where cellular adhesion can be visualised and recorded. 

Created with BioRender.com 
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3.1.2.3 Immunofluorescence studies 

Confluent HAEC were grown on glass coverslips and stimulated with Ang II 

(1 µM) for 24 h. Some of the stimulated cells were also pre-treated 24 h before the 

stimulus with empagliflozin (3 µM). After treatments, HAEC were washed twice with 

PBS 1X and fixed with 4% PFA for 10 min at 4°C. Then, cells were washed with 

0,1% BSA diluted in TBS 1X solution (Table 16) and non-specific binding sites 

were blocked with 1% BSA/TBS 1X for 1 h. HAEC were incubated at 4°C overnight 

with primary rabbit polyclonal antibodies against human VCAM-1 (1:100, catalog 

No. ab106777; Abcam) and ICAM-1 (1:100, catalog No. ab53013; Abcam) in a 

0.1% BSA/PBS 1X solution. Immunofluorescence signals were detected using an 

Alexa Fluor 488–conjugated goat anti-rabbit secondary antibody (1:1000 dilution, 

catalog No. 11034; Molecular Probes). Nuclei were counterstained with DAPI. 

Finally, glass coverslips were mounted on microscope slides using SlowFade® 

Gold antifade Reagent and images were captured with a fluorescence microscope 

(Axio Observer A1). 

3.1.2.4 Determination of SGLT-2 expression and signalling studies 

Western blotting was performed in order to determinate SGLT-2 expression 

and p38 MAPK and NFκB activation.  

HAEC were grown in 6-well plates to confluence and stimulated with Ang II 

(1 µM) for 24 h. Some cells were pretreated with empagliflozin (3 µM) or vehicle for  

24 h before stimulation with Ang II. Next, HAEC were washed with cold PBS (1X) 

twice, detached from the plate using a scraper and resuspended in 500 μL of PBS 

1X to be then centrifuged. After 5 min of centrifugation at 6000 rpm at 4ºC, 

supernatant was discarded and the pellet was resuspended in 50 μL of RIPA lysis 

buffer mixed with a cocktail of protease and phosphatase inhibitors (dilution 1:100). 

Then, samples were centrifuged at 12000 rpm, at 4ºC for 15 min to remove cell 

debris. The total protein extract was quantified using the Bradford method 195. 

Western Blot was performed following the instructions detailed in Section 
3.1.1.6. A 10% running gel (Table 15) and the primary antibodies described in 

Table 17 were used. Membranes were subsequently washed, incubated for 1h with 

the secondary enzyme horseradish peroxidase–linked anti-rabbit antibody (1:2000 

dilution, catalog No. P0448; Dako) or anti mouse antibody (1:2000 dilution, catalog 

No. P0447), and detection was carried out using a chemiluminescence procedure 
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(ECL SelectTM Western Blotting Detection Reagent, Amersham, UK). Signals were 

recorded using a luminescent analyzer (ImageQuant LAS 500, GE Healthcare, 

Sweden) and protein was quantified using ImageJ software.  

3.1.2.5 Determination of pro-inflammatory chemokines 

 HAEC were grown in 6-well plates to confluence and stimulated with Ang II 

(1 µM) for 24 h. Some cells were pretreated with empagliflozin (3 µM) or vehicle 24 

h before the stimulus. After treatments, supernatants were collected. CCL-2/MCP-1 

and CCL-5/RANTES were determined by enzyme-linked immunosorbent assay 

(ELISA) using commercial ELISA kits (Human Duoset® kits, R&D Systems, 

Abingdon, United Kingdom) and following manufacturer´s instructions (Table 18). 

Chemokine values were expressed as pg/ml.    

3.1.3 Human macrophage studies 

The THP-1 human monocytic cell line (ATCC, Manassas, VA) was grown in 

RPMI 1640 (Lonza) medium supplemented with 10% fetal bovine serum at 37°C in 

a humidified atmosphere with 5% CO2. THP-1 monocytes were differentiated into 

macrophages using phorbol 12-myristate 13-acetate (PMA; 10 nmol/L) for 72 h and 

then rested in medium free of the diester for additional 24 h before the treatments. 

Then, some cells were incubated with empagliflozin (3 µM) 24 h before stimulation 

with tumor necrosis factor-α (TNFα; 20 ng/mL, 24 h). Human chemokines MCP-

1/CCL-2 and RANTES/CCL-5, metalloproteinases MMP-2 and MMP-9 and VEGF 

were measured in THP-1 supernatants using commercial ELISA kits (Table 18) 

and following manufacturer’s instructions. 

Table 18. Commercial ELISA kits 

Duoset® kit Vendor or source Catalog No 
Human CCL2/MCP-1 R&D Systems, UK DY279 

Human CCL5/RANTES R&D Systems, UK DY278 

Human MMP-2 R&D Systems, UK DY902 

Human MMP-9 R&D Systems, UK DY911 

Human VEGF R&D Systems, UK DY293B 
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3.2  Study of the role of RORα in adipose tissue from morbid 
obese patients with or without diabetes 

 

3.2.1 Subjects and sample collection 

The local Ethics Committee of the University Clinic Hospital of Valencia 

approved the present study and all subjects gave written informed consent. The 

research was carried out in accordance with the tenets of the Declaration of 

Helsinki. The study cohort consisted in forty-one patients with morbid obesity 

selected for Roux-en-Y gastric bypass who were referred to our Endocrinology and 

Nutrition Unit. The group was composed by 30 women and 11 men, aged 43 ± 2 

years, with a mean body mass index (BMI) of 43.3 ± 0.8 kg/m2. All patients 

underwent an extensive preoperative evaluation, including a medical history 

(complete dietetic history, demographics, smoking habits, dietary habits, physical 

activity, vascular risk factors, personal or family history of diseases) and physical 

examination. Individuals aged < 18 or > 60 years, pregnancy, and with current 

history of autoimmune diseases, cancer or thrombotic diseases were excluded. 

Patients were diagnosed with diabetes if they had fasting plasma 

glucose ≥126 mg/dl and/or HbA1c ≥6.5%, were taking glucose lowering drugs or 

had history of diabetes. Paired omental and subcutaneous fat depots were 

intraoperatively obtained from the greater omentum and the lower abdominal wall, 

respectively, during the bariatric surgery. Immediately after their removal, AT 

samples were placed in a sterile tube with cold PBS.  

 

3.2.2 Clinical and biochemical determinations 

One month before the scheduled surgery, blood samples and anthropometric 

determinations from the patients were obtained. Fasted venous blood samples 

were collected from each participant between 09:00 and 10:00 am. Heparinized 

whole blood was centrifuged and plasma samples were maintained at -80ºC until 

analysis. Glucose, insulin, lipid profile and high-sensitivity C-reactive protein (CRP) 

concentrations were measured according to standard procedures 196. BMI was 

determined as the weight (kg)/height (m2). Insulin resistance was estimated using 

the validated homeostasis model assessment (HOMA-IR) = insulin (mUI/l) × 

glucose (mmol/l)/22.5. Systolic and diastolic blood pressures were also measured.  
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3.2.3 Quantitative real-time RT–PCR analysis 

TRIzol® Reagent was used for RNA isolation from subcutaneous and visceral 

AT samples. RNA (1 μg) was reverse transcribed using the TaqMan Reverse 

Transcription Reagent Kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, 

MA). The procedures followed for the extraction and the subsequent reverse 

transcription were previously described in Section 3.1.1.5.1 and Section 
3.1.1.5.2. Once the cDNA was obtained, it was amplified with human-specific 

RORA probe from Applied Biosystems (Hs00536545_m1). RT–PCR was carried 

out using the Universal Master Mix (Applied Biosystems). The reagents and the 

cycling protocol are specified in Table 9 and Table 10 in Section 3.1.1.5.3. Finally, 

the expression of the transcripts was determined using the 2−∆∆Ct method. 18s 

rRNA was employed as endogenous control (Applied Biosystems). 

 

3.2.4 Adipose tissue explant cultures and chemokine measurements 

AT samples were placed in a 6-well plate with prewarmed (37ºC) Dulbecco’s 

phosphate buffered saline (DPBS). AT was dissected to remove blood vessels and 

connective tissue before cutting the tissue into small fragments. Samples were 

washed with DPBS at 37ºC by centrifugation at 400g for 1 min to eliminate blood 

cells and other debris. AT explants were cultured in DPBS containing penicillin (50 

U/ml), streptomycin (50 mg/ml), L-glutamine (2 mM), 2% BSA and 10 % FBS. To 

quantify chemokine release, some AT explants were cultured for 48 h in 12-well 

plates (100 mg/well) and treated with vehicle (0.1% DMSO) or the RORα inverse 

agonist SR3335 (10 µM) (Cayman Chemical, Ann Arbor, MI).  

CXCL-8/IL-8 and CCL-2/MCP-1 chemokine release from AT explants was 

determined by ELISA kits (R&D Systems; Abingdon, UK) (Table 19). Chemokine 

values were expressed as pg/ml/mg tissue. 

 

Table 19. Reagents used for chemokine determination. 

Duoset® kit Vendor or source Catalog No 
Human CCL-2/MCP-1 R&D Systems, UK DY279 

Human CXCL-8/IL-8 R&D Systems, UK DY208 
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3.2.5 Immunofluorescence analysis in adipose tissue 

Subcutaneous and visceral AT samples obtained from patients subjected to 

bariatric surgery were incubated in PFA 4% for 48h and then washed in PBS1X 

before starting the dehydration process as described in Section 3.1.1.3. Then, 

samples were embedded in paraffin. Five-micrometer sections of formalin-fixed, 

paraffin-embedded AT were stained for ROR, CD31 and CD3 by standard 

procedures. Slides were deparaffinized, rehydrated and incubated with peroxidase 

(0.3% H2O2) for 15 min. They were then incubated with 15% horse serum in TBS 

1X for 1 h. After washing with TBS, slides were incubated overnight at 4ºC with the 

following primary antibodies: a rabbit polyclonal anti-human RORα (dilution 1:50, 

cat#ab60134; Abcam, Cambridge, UK); a rat monoclonal anti-human CD3 (dilution 

1:50, cat#ab11089, Abcam); a mouse monoclonal anti- human CD31 (dilution 

1:50, cat#ab187377, Abcam) and a rabbit monoclonal anti-phospho AKT 

(cat#4058, Cell Signaling). Alexa-Fluor® 488 goat anti-rabbit, Alexa-Fluor 594 goat 

anti-rat or an Alexa-Fluor 594 goat anti-mouse (dilution 1:1000; both from 

Molecular Probes, Eugene, OR) were used as secondary antibodies. Images were 

obtained with a Zeiss Axio Observer A1 microscope (Carl Zeiss Micro Imaging 

GmbH, Göttingen, Germany). Quantification of intracellular RORα expression in 

lymphocytes (CD3+) or endothelial cells (CD31+) was carried out by manually 

drawing a region of interest in each cell and measuring the fluorescence intensity 

in that area, as described 197, 198. The mean pixel intensity was analysed in 6 

different fields from omental AT sections from diabetic and non-diabetic patients 

(n=6 for each group) using ImageJ software. At least 20 cells were quantified for 

each condition. All acquisitions were obtained maintaining identical fluorescence 

parameters and thresholding was employed to delete the background signal. The 

results were expressed in arbitrary units (a.u.). 

 

3.2.6 Western blot analysis 

Protein was extracted from the AT as previously described in Section 3.1.1.6. 

and Bradford method 195 was employed to measure protein content. Next, samples 

diluted in Laemmli buffer 4X (Table 14) were denatured and proteins were 

separated by 10% SDS-PAGE electrophoresis (Table 15) and blotted onto 

polyvinylidene difluoride membranes. Then, non-specific binding sites were blocked 

with 5% BSA in TBS. Thereafter, membranes were incubated at 4ºC overnight with 
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primary antibodies against human RORα (dilution 1:200, cat#ab60134, Abcam), 

human phosphorylated-AKT (Ser473) (dilution 1:500, cat4058), human AKT 

(dilution 1:500, cat4685), human phosphorylated-p65 (Ser536) (dilution 1:500, cat 

3031) and human NF-κB p65 (dilution 1:500, cat8242) (all purchased from Cell 

Signaling Technologies, Danvers, MA). Then, membranes were washed and 

incubated for 1 h with a secondary HRP-linked anti-rabbit antibody (dilution1:2000, 

cat0448, Dako). The blots were developed using a chemiluminescence detection 

system. Signals were measured with ImageQuant LAS 500 Luminiscent Image 

Analyzer (Sweden). 

 

3.2.7 Cell culture studies 

Human umbilical vein endothelial cells (HUVEC) were cultured in human 

endothelial cell medium (EBM-2) supplemented with 10% fetal bovine serum (FBS) 

(all from Lonza, Barcelona, Spain). Cells were kept growing at constant conditions 

of temperature (37°C) and CO2 concentration (5%).  

3.2.8 Cytotoxicity assays 

HUVEC were incubated in the presence of SR3335 (0.1–10 μM) or vehicle 

(0.1% DMSO) at 37 °C for 24 h in a 96-well plate. Assessment of viability was 

carried out by flow cytometry using annexin V-FITC and propidium iodide (PI) 

detection kit and analysed on a BD FACSVerse flow cytometer (both from BD 

Biosciences). 

3.2.9 Leukocyte-HUVEC interactions under flow conditions 

The flow chamber assay was run as described in Section 3.1.2.2.3. Briefly, 

confluent HUVEC were stimulated with TNFα (20 ng/ml) for 24 h. SR3335 (0.1-10 

µM) was added to some plates 24 h prior to TNFα stimulation. Human mononuclear 

cells were isolated from the blood of healthy donors by LymphoprepTM density 

gradient as detailed in Section 3.1.2.2.2. The GlycoTech flow chamber 

(Gaithersburg, MD) was assembled and placed onto an inverted microscope stage, 

and freshly isolated human mononuclear cells (1 × 106 /ml) were perfused over the 

endothelial monolayers at a constant rate of 0.5 dyn/cm2 using a syringe pump 

(Harvard Apparatus Inc., Holliston, MA). After 5 min of perfusion, adhered cells 
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were quantified by five selected fields (×20 objective, ×10 eyepiece) using a phase-

contrast microscope (Axio Observer A1; Zeiss, Jena, Germany).  

 

3.2.10  Determination of pro-inflammatory mediators in HUVEC 

HUVEC were grown in 6-well plates until confluence and stimulated with 

TNFα (20 ng/mL) for 24 h. Some cells were pretreated with SR3335 (10 µM) or 

vehicle (0.1% DMSO) for 24 h before stimulus with TNFα.  After treatments, 

supernatants were collected and CCL2/MCP-1 and CXCL8/IL-8 levels were 

determined using commercial ELISA kits (R&D Systems, Abingdon, United 

Kingdom) and following manufacturer´s instructions (Table 19). 

3.2.11 Immunofluorescence assays in endothelial cells 

Confluent HUVEC cultured on glass coverslips were treated for 24 h with 

SR3335 (10 µM) or vehicle (0.1% DMSO) and then stimulated for 24 h with TNFα 

(20 ng/ml). After washing with PBS, cells were fixed with 4% PFA and incubated 

with 1% BSA in PBS to prevent non-specific binding. Then, HUVEC were incubated 

at 4 °C overnight with the primary rabbit polyclonal antibodies: anti-human VCAM-1 

(dilution 1:100, cat#ab106777; Abcam) and anti-human ICAM-1 (dilution 1:100, 

cat#ab53013; Abcam). An Alexa Fluor 488-conjugated goat anti-rabbit was used as 

a secondary antibody (1:1000, cat#11034; Molecular Probes). To evaluate NF-κB 

translocation, coverslips containing cells were treated for 24 h with SR3335 (10 

µM) or vehicle (0.1% DMSO) and then stimulated for 30 min with TNFα (20 ng/ml). 

After washing with PBS, cells were fixed with methanol/acetone (1:1), and blocked 

with a 1% BSA/PBS. Cells were incubated at 4 °C overnight with a primary 

antibody against the NFκB p65 subunit (dilution 1:100; cat#610869, BD 

Transduction Laboratories, Lexington, KY). Immunofluorescence signals were 

detected using an Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody 

(1:1000 dilution; Molecular Probes). 

 

3.2.12 Western Blot analysis in HUVEC 
 

HUVEC were grown in 6-well plates until confluence and stimulated with 

TNFα (20 ng/mL) for 30 min. Some cells were pretreated with SR3335 (10 µM) or 

vehicle (0.1% DMSO) for 24 h before the stimulus.  After treatments, protein was 
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obtained as decribed in Section 3.1.2.4 and quantified using the Bradford method 

195. Then, Western Blot was performed as detailed in Section 3.1.1.6, using a 10% 

running gel and the following primary antibodies: phosphorylated-p65 (Ser536) 

(dilution 1:500, cat 3031) and NF-κB p65 (dilution 1:500, cat8242) (all purchased 

from Cell Signaling Technologies, Danvers, MA). Then, membranes were washed 

and incubated for 1 h with a secondary HRP-linked anti-rabbit antibody 

(dilution1:2000, cat0448, Dako). The blots were developed using a 

chemiluminescence detection system. Signals were measured with ImageQuant 

LAS 500 Luminiscent Image Analyzer (Sweden). 
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3.3 Statistical analysis 
 

Values are expressed as individual data points, percentages or means±SEM 

when appropriate. Non-parametric data are expressed as the median and the 

interquartile range. 

The normality of distribution of data was evaluated with Kolmogorov-Smirnov 

test. For comparisons between two groups, Student´s t test was used for data that 

passed both normality (Kolmogorov-Smirnov test) and equality of variance 

(Levene´s test); otherwise, the non-parametric Mann-Whitney U test was used. For 

comparisons between multiple groups, one-way analysis of variance followed by 

post hoc Bonferroni or Newman-Keuls analysis was used in data that passed both 

normality and equality of variance; otherwise, the non-parametric Kruskal-Wallis 

test followed by Dunn´s post hoc analysis was used. 

Additional statistical studies include: χ2 analysis, which was used to assess 

statistical significance between qualitative variables; the log-rank test, performed to 

analyse survival data and Spearman correlation test, used to analyse the 

correlation between experimental findings and clinical features. 

A significance level of 5% (α=0.05) and 80% power (β=0.20) was established 

and data were considered statistically significant at P<0.05. 

All graphics and statistical calculations were performed using GraphPad 

Prism 6 (GraphPad Software, La Jolla, CA). 
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4.1 Study of the effects of SGLT-2 inhibition in abdominal 
aortic aneurysm development and endothelial dysfunction 

 

4.1.1 Ang II-induced dissecting aneurysm formation was inhibited in mice 
treated with empagliflozin for 28 days 

Twelve-week-old male apoE-/- mice were infused subcutaneously with Ang II 

at a dose of 1000 ng/kg per minute (n=48) or with saline (n=10) for 28 days. Ang II–

infused mice received orally vehicle (n=16) or empagliflozin administered daily at a 

dose of 1 mg/kg (n=16) or 3 mg/kg (n=16). 

At the end of the study period, aortas were isolated and photographed. 

Images in Figure 17A show that Ang II induces AAA in apoE-/- mice but aneurysm 

formation seems to be reduced in mice treated with empagliflozin. According with 

these observations, morphometric analysis showed that the maximal external 

diameter of the ascending, thoracic and suprarenal aorta was greater in Ang II– 

infused apoE-/- than in saline-infused mice (P<0.001; Figures 17B-D). 

Empagliflozin cotreatment at the dose of 1 mg/kg did not affect any external 

diameters (P>0.05; Figures 17B-D); however, empagliflozin cotreatment at the 

dose of 3 mg/kg decreased significantly ascending aortic (P=0.047), thoracic 

(P=0.037), and suprarenal dilatations (Ang II, 2.3±0.1 mm versus Ang II + 

empagliflozin [3 mg/Kg] 1.4±0.1 mm; P=0.02) (Figures 17B-D). 

Regarding mortality, within the initial 28 days of treatment, 7 (43%) Ang II–

infused apoE−/− mice and 7 (43%) Ang II mice cotreated with the low dose of 

empagliflozin (1 mg/kg) died as a result of rupture of the aorta, whereas 4 deaths 

(25%) occurred in mice treated with empagliflozin at the higher dose (3 mg/kg; 

P=0.36; Figure 17E). 

Additionally, according to the classification system of Daugherty et al, 191 the 

aneurysms induced by sole administration of Ang II were more severe than those 

with empagliflozin cotreatment (3 mg/kg; P<0.05; Figure 17F). 
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Figure 17. Effect of oral empagliflozin (Empa) treatment on Ang II–induced 
dissecting AAA in apoE−/− mice. (A) Representative images of aortas 28 days after 

surgery. Maximal ascending (B), thoracic (C) and suprarenal (D) external diameters 

(mm) of the aortas were measured by morphometry at day 28. Data represent the 

mean±SEM from vehicle (n=10), Ang II (n=9), Ang II+Empa 1 mg/kg (n=9), and Ang 

II+Empa 3 mg/kg (n=12). Statistical analysis was performed by Kruskal-Wallis (Dunn 

post hoc) test. (E) Kaplan-Meier curves of survival free from abdominal aneurysm 

rupture. Survival curves were analysed using the log-rank test (Mantel-Cox test). (F) 

Aneurysm severity (stages I–IV) was scored using a classification scheme similar to 

the one described previously 191. Stage IV was attributed to ruptured aneurysms. n.s. 

indicates nonsignificant. 
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Furthermore, empagliflozin (3 mg/kg) significantly decreased body weight in 

apoE−/− mice infused with Ang II (vehicle, 28.6±0.2 g versus Ang II + empagliflozin 

[3 mg/Kg], 26.1±0.6 g; P=0.04; Table 20). By contrast, empagliflozin administration 

(1 or 3 mg/kg) did not affect glucose levels or the lipid profile (P>0.05; Table 20) 

and none of the treatments affected Ang II–induced elevation of blood pressure 

(P>0.05; Table 20). 

 
Table 20. Effects of empagliflozin (Empa) treatment on weight, systolic 

blood pressure (SBP), glucose, triglycerides, total cholesterol (TC) and HDL-
cholesterol (HDL-C) in apoE-/- mice infused with Ang II for 28 days. Data represent 

the mean±SEM from vehicle (n=10), Ang II (n=9), Ang II + empagliflozin 1 mg/kg (n=9) 

and Ang II + empagliflozin 3 mg/kg (n=12). Statistical analysis was performed with non-

parametric Kruskal-Wallis test followed by Dunn´s post hoc analysis. *p<0.05 vs 

vehicle. n.s. indicates nonsignificant. 

 
4.1.2  Empagliflozin treatment reduced elastic fibers degradation and 

vascular smooth muscle cell destruction in suprarenal aortas of   
apoE-/- mice infused with Ang II for 28 days  

 

Histological examination of serial sections of suprarenal aortic segments of 

Ang II-infused mice revealed a structural deformity within the adventitia of the 

abdominal aorta (Figure 18A) together with a marked degradation and 

disappearance of elastic laminae in the medial layer due to focal elastin destruction 

(P<0.001; Figures 18B and D). In addition, suprarenal aortas from Ang II-treated 

mice presented a loss of vascular smooth muscle α-actin cells (P<0.001; Figures 
18C and E). Whereas empagliflozin at the dose of 1 mg/kg did not affect the 

changes induced by Ang II (P>0.05; Figures 18A-E), all of these parameters were 
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significantly improved in empagliflozin-cotreated mice at the dose of 3 mg/kg 

(P=0.007 and P=0.006, respectively; Figures 18D and E). 

 

Figure 18. Effects of empagliflozin (Empa) on elastic fibers and medial 
vascular smooth muscle cells in the suprarenal aortas of apoE−/− mice infused 
with Ang II for 28 days. (A) Representative photomicrographs of hematoxylin and 

eosin (H&E) staining. Bars=200 μm. (B) Representative images of histological 

stainings for elastin fibers (Van Gieson); arrows show the sites of elastin destruction. 

Bars=100 μm. (C) Representative immunostaining for smooth muscle α-actin (SM-α 

actin; red). Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole; blue). Arrows 

show the sites of loss of medial smooth muscle (SM) cells. Bars=100 μm. (D) Severity 

of elastin degradation was semiquantified as following: grade 1, no degradation; grade 

2, mild degradation; grade 3, severe degradation; and grade 4, the presence of aortic 

rupture. Data represent the mean±SEM from n=5 animals for each group. (E) Medial 

vascular smooth muscle cell (VSMC) positive per mm2. Lumen (L) and adventitial (A) 

regions are indicated. Data represent the mean±SEM from vehicle (n=5), Ang II (n=5), 

Ang II+Empa 1 mg/kg (n=5) and Ang II+Empa 3 mg/kg (n=5). Statistical analysis was 

performed by 1-way ANOVA (Newman-Keuls post hoc test). n.s. indicates 

nonsignificant.  
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4.1.3  Empagliflozin reduces macrophage infiltration and 
neovascularization in dissecting AAA induced by infusion of Ang II 
for 28 days 

Inflammation and angiogenesis are two processes associated to AAA 

pathogenesis 77, 199, 200. As expected, a marked infiltration of macrophages, 

identified by positive Mac3 immunostaining, was detected in the media and 

adventitia of the suprarenal aortic aneurysms sections from Ang II–infused mice 

(P<0.001; Figures 19A and B). Empagliflozin cotreatment at the dose of 1 mg/kg 

did not affect macrophage infiltration(P>0.05; Figures 19A and B),but at the higher 

dose of 3 mg/kg, empagliflozin significantly decreased the number of infiltrated 

macrophages(P<0.001; Figures 19A and B).Additionally, a significant increase of 

CD31+ capillary microvessels was observed in the suprarenal aortas of Ang II–

infused mice (P<0.001; Figures 19A and C) accompanied by a significant elevation 

in Vegf mRNA expression (P=0.02; Figure 19D). At the lower dose of 1 mg/kg, 

empagliflozin did not affect CD31+ capillary microvessels (P>0.05; Figure 19A and 
C) neither mRNA expression of Vegf (P>0.05; Figure 19D), although mice 

cotreated simultaneously with empagliflozin at the higher dose of 3 mg/kg showed 

a marked reduction in capillary formation(P<0.001; Figures 19A and C)and in Vegf 

mRNA expression (P=0.04; Figure 19D).  
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Figure 19. Effect of empagliflozin (Empa) treatment on macrophage 
infiltration and neovascularization in the suprarenal aortic wall of apoE−/− mice 
infused with Ang II for 28 days. (A) Representative immunohistochemical staining of 

Mac3+ cells and CD31+ microvessels in aortic cross sections. Bars=100 μm. Lumen 

(L) and adventitial (A) regions are indicated. (B) Quantitative data for Mac3+ cells and 

(C) CD31+ microvessels per mm2 in suprarenal aortic sections. Data represent the 

mean±SEM from vehicle (n=5), Ang II (n=5), Ang II+Empa 1 mg/kg (n=5), and Ang 

II+Empa 3 mg/kg (n=5). (D) Gene expression of Vegf in the suprarenal aortas was 

analysed  by  real-time RT-PCR. Data represent mean±SEM of the ratio between  the
gene and Gapdh gene expression (n=5 each group). Statistical analysis was performed 

by one-way analysis of variance (ANOVA) followed by Newman-Keuls post hoc test. 

n.s. indicates nonsignificant. 

 

4.1.4  Empagliflozin reduces chemokine expression in the suprarenal 
aortas of apoE-/- mice infused with Ang II for 28 days 

Given that leukocyte infiltration is a process mediated by the generation of a 

chemoattractant gradient in which chemokines play a key role, the next step was to 

evaluate the effect of empagliflozin on the expression of CCL-2/MCP-1 and CCL-

5/RANTES in the AAA lesion of apoE-/- mice infused with Ang II. 

Immunohistochemistry assays showed that protein levels of CCL-2/MCP-1 

and CCL-5/RANTES were significantly increased in the suprarenal aortas from Ang 

II–infused mice compared with those in vehicle-treated mice (P<0.001; Figures 
20A-C) and were notably reduced by empagliflozin cotreatment (3 mg/kg; P<0.001 

and P=0.02, respectively; Figures 20A-C). Similar results were obtained by qPCR 
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analysis. Ang II–infused mice showed higher levels of Ccl-2/Mcp-1 and Ccl-

5/Rantes mRNA expression than vehicle-treated mice (P=0.003 and P<0.001 

respectively; Figures 20D and E) and this increase was significantly reduced in 

mice co-treated with empagliflozin at the dose of 3 mg/Kg (P=0.03 and P<0.001, 

respectively; Figures 20D and E) but not in mice treated with empagliflozin at the 

dose of 1 mg/Kg (P>0.05, Figures 20D and E). 

Figure 20. Effect of empagliflozin (Empa) treatment on chemokine 
expression in the suprarenal aortic wall of apoE−/− mice infused with Ang II for 28 
days. (A) Representative immunohistochemical staining of CCL-2 (chemokine [C-C 

motif] ligand 2)/MCP-1 (monocyte chemoattractant protein-1), and CCL-5 (chemokine 

[C-C motif] ligand 5)/RANTES (regulated on activation, normal T cell-expressed and 

secreted) in aortic cross sections. Bars=100 μm. Lumen (L) and adventitial (A) regions 

are indicated. (B) Quantitative data for CCL-2/MCP-1+ cells, and (C) CCL-5/RANTES+ 

cells per mm2 in suprarenal aortic sections. Data represent the mean±SEM from 

vehicle (n=5), Ang II (n=5), Ang II+Empa 1 mg/kg (n=5), and Ang II+Empa 3 mg/kg 

(n=5). Gene expression of Mcp-1/Ccl-2 (D) and Rantes/Ccl-5 (E) in the suprarenal 

aortas was analysed by real-time RT-PCR. Data represent mean±SEM of the ratio 

between each gene and Gapdh gene expression (n=5 for each group). Statistical 

analysis was performed by one-way analysis of variance (ANOVA) followed by 

Newman-Keuls post hoc test. n.s. indicates nonsignificant. 
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4.1.5  Empagliflozin treatment reduced extracellular matrix degradation in 
suprarenal aortas of apoE-/- mice infused with Ang II for 28 days 

As it is known that matrix metalloproteinases (MMPs) are involved in 

extracellular matrix (ECM) destruction and aortic wall remodelling in AAA 201, the 

effects of empagliflozin on the expression of MMP-2, MMP-9 and the tissue 

inhibitor of metalloproteinases (TIMP)-1 in the suprarenal aortas of apoE-/- mice 

were then evaluated. Immunohistochemical analyses revealed that Ang II–infused 

mice had higher expression of MMP-2 and MMP-9 protein than vehicle-treated 

mice in the suprarenal aortas (P<0.001; Figures 21A-C), and these results 

correlated with a significant increase in mRNA expression of Mmp-2 and Mmp-9 

(P<0.05; Figures 22A and B). It was also observed that emplagliflozin cotreatment 

at a dose of 1 mg/kg neither affected MMPs protein levels (P>0.05, Figures 21A-
C) nor mRNA expression of Mmp-2 or Mmp-9 (P>0.05; Figures 22A and B). By 

contrast, oral empagliflozin administration at the higher dose (3 mg/kg) significantly 

decreased MMP-2 and MMP-9 protein levels (P<0.001 and P=0.01 respectively; 

Figures 21A-C) and their mRNA expression (P=0.03 and P=0.04 respectively; 

Figures 22A and B). Conversely, TIMP-1 protein levels were higher in the 

suprarenal aortas from mice cotreated with empagliflozin at a dose of 3 mg/kg than 

in those from Ang II-infused mice (P=0.01; Figures 21A and D) and also mRNA 

expression of Timp-1 was significantly increased in the empagliflozin-treated group 

(3 mg/kg; P=0.02; Figure 22C). 

Additionally, MMP enzymatic activity was also determined. As expected, 

suprarenal aortic extracts from Ang II–infused mice had higher MMP activity 

relative to vehicle-infused mice (P<0.05; Figure 22D) and this was significantly 

decreased by empagliflozin cotreatment at the dose of 3 mg/Kg (P<0.05; Figure 
22D). However, empagliflozin at the dose of 1 mg/kg did not affect MMP enzymatic 

activity (P>0.05; Figure 22D).  

Finally, a double immunofluorescence was carried out to evaluate the 

cellular localization of MMPs and TIMP-1 in the suprarenal aortic aneurysms 

(Figure 23). Both MMP-2/MMP-9 and TIMP-1 were detected mainly in 

macrophages (Mac3+) and endothelial cells (CD31+) from suprarenal aortic 

aneurysms (Figures 23A and B respectively). 
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Figure 21. Effects of empagliflozin (Empa) administration on MMP (matrix 

metalloproteinase)-2, MMP-9, and TIMP-1 (tissue inhibitor of metalloproteinase) 
protein expression in the suprarenal aortas of apoE−/− mice infused with Ang II 
for 28 days. (A) Representative immunohistochemical staining of MMPs and TIMP-1 in 

the abdominal aorta of apoE−/− mice. Bars=100 μm. Lumen (L) and adventitial (A) 

regions are indicated. Quantification of (B) MMP-2+, (C) MMP-9+, and (D) TIMP-1+ 

cells per mm2 in the suprarenal aortas. Data represent the mean±SEM from n=5 

animals per group. Data analysis was performed by one-way analysis of variance 

(ANOVA) followed by post hoc Newman-Keuls analysis.  
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Figure 22. Effects of empagliflozin (Empa) administration on Mmp (matrix 
metalloproteinase)-2, Mmp-9, and Timp-1 (tissue inhibitor of metalloproteinase) 
mRNA expression and protease activity in the suprarenal aortas of apoE−/− mice 
infused with Ang II for 28 days. Gene expression of (A) Mmp-2, (B) Mmp-9 and (C) 

Timp-1 in the suprarenal aortas was analysed by real-time RT-PCR. Data represent 

mean±SEM of the ratio between each gene and Gapdh gene expression (n=5 for each 

group). Statistics were performed by one-way ANOVA followed by post hoc Newman-

Keuls analysis. (D) MMP activity was measured in protein abdominal aorta extracts by 

fluorometry. FU indicates fluorescence units. Data represent the mean±SEM from n=5 

animals per group. Statistical analysis was performed by one-way ANOVA (Newman-

Keuls post hoc test). n.s. indicates nonsignificant. 
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Figure 23. Cellular localization of both MMP-2/MMP-9 and TIMP-1 in 
suprarenal aortic aneurysms. Representative immunofluorescence images showing 

colocalization of MMP-2, MMP-9 and TIMP-1 with (A) Mac3 (macrophages) and (B) 

CD31 (endothelial cells) in the suprarenal aorta of apoE-/- mice infused with Ang II for 

28 days. Immunofluorescence was visualised using Alexa Fluor 633 secondary 

antibody (CD31 or Mac3, red) and Alexa Fluor 488 secondary antibody (MMP-2 or 

MMP-9, TIMP-1 green). Nuclei were stained with DAPI (blue). A, adventitia and M, 

media regions are indicated. Bars, 100 µm.  

 

4.1.6  Empagliflozin inhibits the activation of p38 MAPK and NF-κB in 
AAA induced by Ang II infusion for 28 days 

Activation of p38 MAPK and NF-κB signalling is known to be associated with 

AAA pathogenesis 202, 203. For this reason, the next objective was to analyse the 

impact of empagliflozin cotreatment on these pathways in suprarenal aneurysmal 

tissue. As shown in Figure 24, suprarenal aortas from Ang II-infused mice 

presented a higher phosphorylation level of p38 MAPK (P<0.001; Figure 24A) and 

p65 (P<0.05; Figure 24B) than in the vehicle-treated mice. However, this activation 

was significantly dampened in equivalent tissue from empagliflozin-cotreated mice 

at a dose of 3 mg/kg (P<0.05; Figures 24A and B) whereas this reduction was not 

observed in mice cotreated with empagliflozin at a dose of 1 mg/kg (P>0.05; 

Figures 24A and B). 
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Figure 24. Effect of empagliflozin treatment on the activation of NF-κB and 
p38 MAPK signalling pathways in suprarenal abdominal aortic tissue. (A) 

Representative Western blot of phospho p38/total p38 and (B) phospho p65/total p65 

in the suprarenal aortas. Data represent the mean±SEM from n=5 animals per each 

group. Statistical analysis was performed by one-way ANOVA (Newman-Keuls post 

hoc test). MAPK, mitogen-activated protein kinase; and n.s. indicates nonsignificant. 

 
4.1.7  SGLT-2 is expressed in the suprarenal aorta of apoE-/- mice  

SGLT-2 has been reported to be expressed in kidney 204, adipose tissue 205, 

aorta 194 and endothelial cells 206. In order to assess SGLT-2 expression in the 

aorta of the apoE-/- mice used in the present study, Western Blot assays were 

performed. The obtained results confirmed the expression of SGLT-2 in the 

suprarenal aorta of mice infused with Ang II for 28 days. Although a modest 

increase was observed in Ang II–treated animals, none of the treatments 

significantly altered SGLT-2 expression (P>0.05; Figure 25A). In addition, 

immunohistochemical analysis showed positive SGLT-2 expression in suprarenal 

aortic cross sections (Figure 25B).  

 To detect which type of cells expressed SGLT-2 in AAA, a double 

immunofluorescence was performed. Images shown in Figure 25C revealed that 

SGLT-2 protein expression was mainly localised in endothelial cells (CD31+ cells) 

but also in macrophages (Mac3+ cells). In addition, Sglt-2 mRNA expression was 

detected in the suprarenal aortas from all treatment groups (Figure 25D). Although 

a weak increase was observed in Ang II–infused animals, none of the treatments 

significantly altered Sglt-2 mRNA expression (P>0.05; Figure 25D). Similarly, the 
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analysis of thoracic regions from the same mice showed that Sglt-2 mRNA 

expression did not differ between the investigated groups (P>0.05; Figure 25D). 

Finally, when suprarenal and thoracic aorta tissues were compared, the pattern of 

Sglt-2 mRNA expression was apparently uniform throughout the aorta. 

4.1.8  Ang II-induced dissecting aneurysm formation was undetectable in 
the acute phase of AAA 

 To study the effect of empagliflozin (3 mg/kg) in the early phase of Ang II–

induced vascular dysfunction, twelve-week-old male apoE-/- mice were infused 

subcutaneously with Ang II at a dose of 1000 ng/kg per minute (n=10) or with saline 

(n=5) for 5 days. Ang II–infused mice received orally vehicle (n=5) or empagliflozin 

administered daily at a dose of 3 mg/kg (n=5). 

At day 5, aortas were isolated and photographed. Macroscopic images 

showed that Ang II did not induce AAA in apoE-/- mice and no aneurysms were 

detected in mice treated with empagliflozin 3 mg/kg (Figure 26A). Additionally, 

morphometric analysis showed that the maximal external diameter of the 

suprarenal aortas did not significantly differ between the different groups of 

treatment (P>0.05; Figure 26B).  
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Figure 25. SGLT-2 (sodium-glucose cotransporter type 2) is expressed in 
the suprarenal aortas of apoE−/− mice. (A) SGLT-2 protein expression was evaluated 

by Western blot analysis. A representative Western blot of SGLT-2 expression is 

shown. Data represent the mean±SEM from n=4 animals per each treatment group. 

Statistical analysis was performed by one-way ANOVA (Newman-Keuls post hoc test). 

(B) Representative immunohistochemical staining of SGLT-2 in aortic cross sections. 

Bars=100 μm. Lumen (L) and adventitial (A) regions are indicated. (C) Representative 

immunofluorescence images showing colocalization of SGLT-2/Mac3 or SGLT-2/CD31 

in the aneurysmal tissue. Immunoreactivity was visualised using Alexa Fluor 633 

secondary antibody (CD31 or Mac3, red) and Alexa Fluor 488 antibody (SGLT-2, 

green). Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole; blue). (D) Gene 

expression of Sglt-2 was also analysed by real-time RT-PCR in suprarenal and thoracic 

aortas. Data represent the mean±SEM from n=4 animals per each group. Statistical 

analysis was performed by one-way ANOVA (Newman-Keuls post hoc test). Empa 

indicates empagliflozin; n.s., nonsignificant. 
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Figure 26. Effect of oral empagliflozin (Empa) treatment on Ang II–induced 
dissecting AAA in apoE−/− mice. (A) Representative images of aortas 5 days after 

surgery. (B) Maximal suprarenal external diameter (mm) of the aortas was measured 

by morphometry at day 5. Data represent the mean±SEM from n=5 animals in each 

group. Statistical analysis was performed by Kruskal-Wallis (Dunn post hoc) test. 

 

4.1.9  Effect of oral empagliflozin administration on the elastic fibers and 
vascular smooth muscle cells in the early phase of dissecting AAA 
formation   

 Elastin degradation and loss of smooth muscle (SM)-α actin cells are two 

pathological features associated with AAA pathology. In order to evaluate the effect 

of empagliflozin (3 mg/kg) on the integrity of the medial layer of the suprarenal 

aorta of apoE-/- mice infused with Ang II for 5 days, histological analysis was carried 

out. Images obtained from elastic fibers, which were visualised with Van Gieson 

staining, revealed no elastin degradation after Ang II infusion (Figure 27A). Similar 

results were obtained when immunofluorescence assays were performed to 

evaluate the effect of the empagliflozin treatment (3 mg/kg) on vascular SM α-actin 

cells. No loss of medial SM-α actin cells was detected in the suprarenal aorta of 

apoE-/- mice after Ang II infusion for 5 days (Figure 27B).  
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4.1.10  
neovascularization 
aortic wall of apoE−/− mice 

Given that 

associated with the pathogenesis 

empagliflozin (3 mg/kg) on 

apoE-/- mice during 

staining was detected in 

(Figure 28A). Similarly, 

vessel formation, which is 

expression of Vegf did not significant

after Ang II infusion for 5 days (

Ccl-5/ Rantes mRNA expression was significantly increased in the suprarenal 

aortas of Ang II–infused apoE−/− mice (P=0.01 and P=0.02, respectively; Figures 
28C and D) but not in empagliflozin-cotreated mice (P=0.02 and P=0.03, 

respectively; Figures 28C and D). 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Effects of empagliflozin (3 mg/kg) on suprarenal aortas of 

 

apoE-/- mice infused with Ang II for 5 days. (A) Histological staining of elastic fibers 

(Verhoeff–van Gieson staining) (B) Immunofluorescence staining of smooth muscle-α 

actin cells in the suprarenal aorta of apoE-/- mice.  L, lumen and A, adventitia regions 

are indicated. Bars, 200 µm. 
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4.1.10  Effect of empagliflozin treatment on macrophage infiltration, 
neovascularization and chemokine expression in the suprarenal 
aortic wall of apoE−/− mice infused with Ang II for 5 days 

Given that leukocyte recruitment and macrophage infiltration are processes 

associated with the pathogenesis of AAA, we next evaluated the effect of 

empagliflozin (3 mg/kg) on the infiltrated macrophages in the abdominal aorta of 

apoE-/- mice during the early phase of AAA formation. Immunohistochemical assays 

against the macrophage marker Mac3 were performed, however, no positive 

staining was detected in suprarenal aortas of apoE-/- mice infused with Ang II 

(Figure 28A). Similarly, empagliflozin (3 mg/kg) treatment showed no effect on new 

vessel formation, which is another pathological feature of AAA. The mRNA 

expression of Vegf did not significantly increase in suprarenal aortas of apoE-/- mice 

after Ang II infusion for 5 days (P>0.05; Figure 28B). However, Ccl-2/Mcp-1 and 

Ccl-5/ Rantes mRNA expression was significantly increased in the suprarenal 

aortas of Ang II–infused apoE−/− mice (P=0.01 and P=0.02, respectively; Figures 
28C and D) but not in empagliflozin-cotreated mice (P=0.02 and P=0.03, 

respectively; Figures 28C and D). 
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Figure 28. Effect of empagliflozin treatment on macrophage infiltration, 
neovascularization, and chemokine expression in the suprarenal aortas of 
apoE−/− mice infused with Ang II for 5 days. (A) Immunohistochemical staining of 

macrophages (Mac3) in the suprarenal aorta of apoE-/- mice.  L, lumen and A, 

adventitia regions are indicated. Bars, 200 µm. Gene expression of (B), Vegf; (C), Mcp-
1 and (D), Rantes was analysed by real-time RT-PCR. Data represent the mean±SEM 

of the ratio between each gene and Gapdh expression (n=5 animals per each group). 

Data analysis was performed by one-way analysis of variance followed by post hoc 

Newman-Keuls test.  

 

4.1.11  Effect of empagliflozin treatment on the expression of matrix 
metalloproteinases in the suprarenal aorta of apoE−/− mice infused 
with Ang II for 5 days 

 Since MMPs play an important role in ECM degradation and aortic wall 

remodelling in AAA 201, we questioned wether empagliflozin (3 mg/kg) treatment 

may affect the expression of MMP-2 and MMP-9 in the suprarenal aortic tissue of 

apoE-/- mice in the early phase of AAA formation. Immunohistochemical assays 

showed positive MMP-2 and MMP-9 staining in the aortas from Ang-II–infused mice 

(Figure 29A). Additionally, qPCR assays showed higher mRNA expression levels 
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of Mmp-9 (P=0.01; Figure 29C) but not of Mmp-2 (P>0.05; Figure 29B) in the 

suprarenal aortas of mice infused with Ang II for 5 days than those detected in the 

aortas from vehicle-treated mice. Furthermore, the increase of Mmp-9 mRNA 

expression was significantly reduced when mice were cotreated with empagliflozin 

(3 mg/kg) (P=0.02; Figure 29C) 

 

Figure 29. Effects of empagliflozin on MMPs expression in the suprarenal 
aorta of mice infused with Ang II for 5 days. (A) Immunohistochemical staining of 

MMP-2 and MMP-9 expression in the suprarenal aorta of apoE-/- mice.  L, lumen and A, 

adventitia regions are indicated. Bars, 200 µm. Gene expression of (B) Mmp-2, and (C) 

Mmp-9 was analysed by real-time RT-PCR. Data represent mean ± SEM of the ratio 

between each gene and Gapdh expression (n=5 animals per each group). Data 

analysis was performed by one-way analysis of variance followed by post hoc 

Newman-Keuls test.   
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4.1.12  Empagliflozin reduces the activation of p38 MAPK and NF-κB in the 
in the early phase of dissecting AAA formation   

 As previously mentioned, p38 MAPK and NF-κB signalling pathways are 

activated in AAA pathogenesis. According with these observations, Western Blot 

assays were carried out to study wether empagliflozin may affect the activation of 

these two pathways in suprarenal aortas of mice infused with Ang II for 5 days. 

Images and densitometric analysis showed an increase in the phosphorylation 

levels of p38 MAPK (P<0.05; Figure 30A) and p65 (P<0.05; Figure 30B) in the 

aortas of Ang II-infused mice compared with those detected in the aortas from 

vehicle mice. When mice were cotreated with empagliflozin (3 mg/kg), 

phosphorylation levels of p38 MAPK and p65 were significantly reduced (P<0.05; 

Figures 30A and B respectively). 

 

Figure 30. Effect of empagliflozin on the activation of p38 MAPK and NF-
κB in the suprarenal aorta of mice infused with Ang II for 5 days. (A) Densitometric 

analysis of phospho p38/total p38 and (B), phospho p65/total p65 in the suprarenal 

aortic tissues. Data represent mean±SEM (n=5 animals per each group) of protein 

densitometry. Data analysis was performed by one-way analysis of variance followed 

by post hoc Newman-Keuls test.  
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4.1.13  Effect of empagliflozin on Human Aortic Endothelial Cells (HAEC) 
after stimulation with Ang II 

 In an attempt to extrapolate the results obtained in mice to humans, primary 

Human Aortic Endothelial Cells (HAEC) were used as an in vitro model to study the 

impact of empagliflozin in vascular inflammation induced by Ang II. First of all, the 

expression levels of SGLT-2 in HAEC whole-cell lysates were investigated (Figure 
31A). Western blot analysis revealed that SGLT-2 is expressed in HAEC, however, 

neither Ang II (1 μΜ) nor empagliflozin (3 μΜ) cotreatment affected the expression 

of SGLT-2 in these cells (P>0.05; Figure 31A).  

 As reported in previous studies, vascular inflammation and macrophage 

infiltration are two processes that play an important role in AAA development 207, 208. 

Therefore, the effect of empagliflozin on mononuclear leukocyte-endothelial cell 

interactions was analysed under flow conditions. To perform this in vitro study, 

HAEC were pretreated with empagliflozin at different concentrations (0.1 – 3 μΜ; 

24 h) before stimulation with Ang II (1 μΜ; 24 h). Then, mononuclear cell adhesion 

was determined using a dynamic model of the flow chamber 209. Human 

mononuclear cells (106 cells/mL) were isolated from peripheral blood of healthy 

volunteers and then perfused across the pretreated HAEC monolayers for 5 min at 

0.5 dynes/cm2. Next, mononuclear cells attached to the endothelium were 

quantified. Stimulation with Ang II 1 μΜ for 24 h significantly increased 

mononuclear cell adhesion compared to vehicle treated cells (P<0.001, Figure 
31B). By contrast, empagliflozin treatment significantly reduced mononuclear 

leukocyte-endothelium interactions (P<0.05; Figure 31B).  

 Furthermore, since the interaction between Ang II and its receptor, AT1, 

promotes the production and secretion of different chemokines such as CCL-

2/MCP-1 210 and CCL-5/RANTES 211, ELISA assays were performed. CCL-2/MCP-

1 and CCL-5/RANTES levels were measured in supernatants of HAEC cultures 

subjected to the different treatments. Interestingly, CCL-2/MCP-1 and CCL-

5/RANTES levels were significantly increased in  the culture medium of HAEC 

stimulated with Ang II for 24 h (P<0.05; Figures 31C and D) and they were 

diminished by preincubation of the cells with empagliflozin (3 µM) for 24 h (P<0.05; 

Figures 31C and D). 
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Endothelial dysfunction induced by Ang II promotes the extravasation of 

leukocytes from blood vessels to the inflammatory loci. This process is mediated by 

the adhesion molecules VCAM-1 and ICAM-1 expressed by the activated 

endothelium 212. As expected, HAEC stimulated with Ang II (1 μM) for 24 h showed 

a marked increase in the expression of VCAM-1 and ICAM-1 (Figure 31E) and this 

increase was significantly diminished by empagliflozin treatment (3 μM, 24 h; 

Figure 31E). 

  Since p38 MAPK and NF-κB signalling pathways play a key role in vascular 

inflammation given that they regulate the expression of genes encoding pro-

inflammatory chemokines and CAMs, we next evaluated the effect of empagliflozin 

on the activation of p38 MAPK and NF-κB in HAEC. Western blot analysis revealed 

that Ang II (1 μM, 24 h) induced the activation of both signalling pathways by 

increasing the phosphorylation of p38 MAPK (P<0.05; Figure 32A) and NF-κB 

(P<0.05; Figure 32B). However, this effect was significantly reduced in HAEC 

pretreated with empagliflozin 3 μM for 24 h (P<0.05; Figures 32A and B). 
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Figure 31. In vitro effects of empagliflozin (Empa) in human aortic 
endothelial cells (HAEC). (A) Western blot analysis of SGLT-2 protein expression in 

HAEC treated with Empa. Data are the mean±SEM from vehicle, Ang II and Ang 

II+Empa 3 μM (n=4 for each group). A representative Western blot of SGLT-2 

expression is shown. Statistical analysis was performed by Kruskal-Wallis (Dunn post 

hoc) test. (B) Effect of Empa on leukocyte-endothelial cell interactions. Data are the 

mean±SEM (n=5 for each group). Statistical analysis was performed by one-way 

ANOVA (Newman-Keuls post hoc test). (C) CCL-2 (chemokine [C-C motif] ligand 2) 

and (D) CCL-5 (chemokine [C-C motif] ligand 5) were determined by ELISA in cell-free 

supernatants of HAEC. Results are expressed as mean±SEM (n=5 for each group). 

Statistical analysis was performed by 1-way ANOVA (Newman-Keuls post hoc test). 

(E) Effect of Empa on endothelial cell adhesion molecule expression. Cells were 

treated with Empa (3 μM) for 24 h and then stimulated with Ang II (1 μM, 24 h). VCAM-

1 (vascular cell adhesion molecule 1) and ICAM-1 (intercellular adhesion molecule 1) 

expression was determined by immunofluorescence using an Alexa Fluor 488 antibody 

(green). Nuclei were counterstained with DAPI (4′,6-diamidino-2-phenylindole; blue). 

n.s. indicates nonsignificant. 
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Figure 32. Effects of empagliflozin (Empa) on p38 MAPK and p65 NF-κB 
signalling in human aortic endothelial cells (HAEC). Representative Western blots 

of (A) phospho p38/total p38 and (B) phospho p65/total p65 in vehicle-treated, Ang II–

treated, and Ang II+Empa–treated HAEC. Data represent mean±SEM of protein 

densitometry (n=5 for each group). Statistical analysis was performed by one-way 

ANOVA (Newman-Keuls post hoc test). n.s. indicates nonsignificant. 

 

4.1.14  Empagliflozin reduced the secretion of CCL-2/MCP-1 and CCL-
5/RANTES and decreased the release of metalloproteinases from 
human macrophages 

 Macrophages play a  critical role in vascular inflammation and extracellular 

matrix degradation during AAA progression and development  63. First, the effect of 

empagliflozin on chemokine release in human THP-1 macrophages was evaluated 

by ELISA. Results revealed that supernatants from Ang II-stimulated cells (1 μM, 

24 h) had a higher concentration of CCL-2/MCP-1 and CCL-5/RANTES  than 

vehicle-treated cells (P<0.05; Figures 33A and B). This effect was counteracted 

when THP-1 cells were pretreated with empagliflozin (3 μM, 24 h) (P<0.05; Figures 
33A and B). Similar effects were observed in MMP-2, MMP-9 and VEGF release. 

As shown in Figures 33C, D and E, cells stimulated with Ang II (1 μM, 24 h) 

increased MMPs and VEGF secretion compared with vehicle-treated cells (P<0.05) 

and this increase was significantly reduced in cells pretreated with empagliflozin (3 

μM, 24 h; P<0.05; Figures 33C, D and E). As expected, no differences in 
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chemokine release, MMPs or VEGF secretion were found when cells were only 

pretreated with empagliflozin (3 μM, 24h) compared with vehicle-treated cells. 

 

 

Figure 33. In vitro effects of empagliflozin (Empa) in human THP-1 
macrophages. Cells were preincubated with empagliflozin (3 μM, 24 h) and then 

stimulated with TNFα (20 ng/mL) for 24 h. (A) CCL-2; (B) CCL-5; (C) MMP-2; (D) 

MMP-9 and (E) VEGF release was determined by ELISA in the cell-free supernatants 

of THP-1 cells. Data represent mean±SEM (n=5 each group). Statistical analysis was 

performed by one-way ANOVA (Newman-Keuls post-hoc test). *p<0.05 vs vehicle; 

+p<0.05 vs TNFα treated THP-1 cells. 
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4.2 Study of the role of RORα in adipose tissue from morbid 
obese patients with or without diabetes 

 
4.2.1 Expression of RORα is higher in omental than in subcutaneous 

adipose tissue from patients with morbid obesity 

AT from 41 morbidly obese patients subjected to Roux-en-Y bariatric 

surgery was collected to study the role of RORα in obesity. The group was 

composed by 30 women (73% of total obese patients) and 11 men (27% of total 

obese patients), aged 43 ± 2 years and with a mean body mass index (BMI) of 

43.34 ± 0.8 kg/m2 (Table 21). Among the total number of obese patients, 11 of 

them had a diagnosis of T2DM. Clinical and anthropometric determinations were 

also carried out. Data are shown in Table 21.  

 

Table 21. Clinical and biochemical characteristics of the patients included in 
the study. 

  
All obese patients 
 (n=41) 

Non-diabetics 
  (n=30) 

 Diabetics 
  (n=11) 

Age, years  43 ± 2 41.8 ± 1.9 46.8 ± 2.7 
Female sex, %  73 80 54 
BMI (kg/m

2
) 43.34 ± 0.8 44.10 ± 1 41.2 ± 1.3 

Weight (kg) 121 ± 3 123 ± 4 116.9 ± 5 
Waist circumference (cm) 128 ± 2 126.1 ± 2.8 131.1 ± 3 
Fasting glucose (mg/dL) 94.4 ± 3.7 86.1 ± 2.2 116.5 ± 10 
Plasma insulin (mIU/mL) 19.6 ± 1.6 18.8 ± 1.4 21.9 ± 4.7 
HOMA-IR index 4.7 ± 0.6 3.9 ± 0.3 6.8 ± 2.0 
Triglycerides (mg/dL) 109.2 ± 5.4 104.9± 6 120.5 ± 12 
Total cholesterol (mg/dL) 157.2 ± 5.1 164.5 ± 5 139.3± 12 
LDL cholesterol (mg/dL) 104.7 ± 5 113.3 ± 4 82.1 ± 10 
HDL cholesterol (mg/dL) 40.4 ± 1.2  38.9 ± 2 44.2 ± 2 
CRP (mg/dL) 7.1 ± 1 7.4 ± 1.3 6.2 ± 1.3 
HbA1c (%) 5.9 ± 0.2 5.5 ± 0.1 6.9 ± 0.4 
Systolic blood pressure (mmHg) 128 ± 3 126 ± 3 132 ± 4 
Diastolic blood pressure (mmHg) 79.6 ± 1.6 78.4 ± 1.9 82.6 ± 3.1 

Values are expressed as mean ± SEM. Abbreviations: BMI, Body Mass Index; 

HOMA-IR, homeostasis model assessment of insulin resistance; LDL,  Low Density 

Lipoprotein; HDL, High Density Lipoprotein; CRP, C-reactive protein; HbA1c, glycated 

haemoglobin.  
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In order to evaluate the involvement of RORα in obesity, the expression of 

RORα in paired subcutaneous and omental AT samples was determined. Results 

from qPCR and Western blot revealed that both RORA mRNA (Figure 34A) and 

RORα protein (Figure 34B) levels were significantly higher in omental AT than in 

subcutaneous AT (P = 0.031 and P = 0.034 for mRNA and protein, respectively). 

To corroborate this data, immunofluorescence assays were also performed. As 

expected, the number of RORα-positive cells was significantly higher in omental AT 

than in subcutaneous AT (Figure 34C, P = 0.009). 

 According with the previous findings, it was interesting to evaluate whether 

the changes in RORA mRNA expression were associated with metabolic 

parameters. As illustrated in Table 22, Spearman correlation analysis revealed 

that RORA mRNA expression levels correlated positively with BMI (r = 0.344, P = 

0.027) and HOMA-IR index (r = 0.319, P = 0.041). No correlations were found 

between RORA expression and other metabolic parameters (Table 22). In regards 

to patient treatments, no correlations were found between RORA expression and 

hypoglycemic drugs (r = -0.013; P = 0.93) or statins (r = 0.073; P = 0.66) (Table 
23). 

Given that type 2 diabetes mellitus is commonly linked to obesity 213, 214, 

RORα protein in omental AT samples from patients with and without diabetes was 

compared. In line with previous results, RORα protein expression in omental AT 

was significantly higher in patients with diabetes than in non-diabetics (Figure 
35A, P=0.04). Likewise, immunofluorescence analysis revealed that the number of 

RORα-positive cells was higher in omental fat from diabetic patients than in 

nondiabetic peers (Figure 35B and C, P=0.002). Double-labeling 

immunofluorescence analysis showed that RORα expression was mainly localised 

in CD3+ cells and CD31+ endothelial cells in omental fat (Figure 35D). While the 

number of RORα-CD31+ endothelial cells was similar in both groups (Figure 35E, 

P > 0.05), the number of RORα-CD3-positive cells was higher in omental fat from 

diabetic patients than in non-diabetic peers (Figure 35F, P = 0.003). Additionally, 

intracellular analysis of RORα expression revealed a significant up-regulation of 

RORα in both endothelial and CD3+ cells in omental fat from diabetic patients 

(Figure 35G and H, P = 0.02 and P = 0.031, respectively). 
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Figure 34. RORα expression in paired subcutaneous and omental adipose 
tissue from morbid obese subjects. (A) Columns show fold increase of RORA 
mRNA expression in omental adipose tissue (AT) relative to subcutaneous AT. Values 

are expressed as mean ± SEM. (n=41) Comparisons between groups were made with 

Student´s two-tailed test (B) Representative westerns blots of RORα protein 

expression from  two obese patients (OB1&2). Values are expressed as mean ± SEM. 

(n=7). Comparisons between groups were made with Student´s two-tailed test (C) 

Images showing the expression of RORα in omental and subcutaneous AT from 

morbid obese patients. Immunoreactivity was visualised using an Alexa Fluor 488 

secondary antibody (RORα, green). Columns show RORα-positive cells/mm2 in 

subcutaneous and omental AT. Scale bar: 50 µm. Values are expressed as mean ± 

SEM (n=7). Comparisons between groups were made with Student´s two-tailed test. 
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Table 22. Spearman test correlations between RORA mRNA expression and 
clinical metabolic parameters in patients with morbid obesity. 

 
Abbreviations: BMI, body mass index; SBP, Systolic blood pressure; DBP, 

Diastolic blood pressure; HbA1c, haemoglobin A1c; LDL, Low-density lipoprotein; HDL, 
High-density lipoprotein. *P < 0.05. 

 
 

  
Table 23. Treatment of morbid obese subjects. 

 

Abbreviations: ARAII: Angiotensin II receptor antagonist; ACEI: Angiotensin 
converting enzyme inhibitor. 
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Figure 35. RORα expression in morbidly obese subjects with or without 

diabetes. (A) RORα protein expression was determined by western blotting of omental 

fat from non-diabetic and diabetic patients. Representative western blots are shown 

from three different non-diabetic patients (OB1–3) and three different diabetic patients 

(OB4–6). Data represent the mean  SEM of protein densitometry (n=11 each group). 

(B) Representative images showing RORα-positive cells in omental adipose tissue 

(AT) from diabetic and non-diabetic obese subjects. Immunoreactivity was visualised 

using an Alexa Fluor 488 (RORα, green) secondary antibody. Scale bar: 50 µm. (C) 

Columns show RORα-positive cells/mm2. Values are expressed as mean ± SEM. 

Comparisons between groups were made with Student´s two-tailed test. (D) 

Representative images showing colocalization of RORα with CD3 or CD31 in omental 

AT from morbid obese patients. Immunoreactivity was visualised using an Alexa Fluor 

488 (RORα, green) and Alexa Fluor 594 (CD31 or CD3, red) secondary antibodies. 

Scale bar: 50 µm. Nuclei were counterstained with DAPI (blue). (E) Columns show 

RORα/CD31 positive cells/ mm2 in omental AT. Values are expressed as mean ± SEM. 

Comparisons between groups were made with Student´s two-tailed test. (F) Columns 

show RORα/CD3 positive cells/ mm2 in omental AT. Values are expressed as mean ± 

SEM. Comparisons between groups were made with Student´s two-tailed test. (G) 

Quantification of RORα intracellular fluorescence intensity in endothelial cells (CD31+) 

and (H) lymphocytes (CD3+) from omental AT of diabetic and non-diabetic obese 

patients (n=6 for each group). Fluorescence intensity is expressed in arbitrary units 

(a.u.). Values are expressed as mean ± SEM. Comparisons between groups were 

made with Student´s two-tailed test. 
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4.2.2  Pharmacological inhibition of RORα blocks chemokine release in 
omental adipose tissue from morbid obese patients with diabetes 

 Prompted by the previous observations, and given that visceral fat can 

produce inflammatory cytokines/chemokines 143, the role of RORα in chemokine 

production triggered by obesity- and diabetes-related factors was next 

investigated. For this purpose, functional ex vivo studies were performed. As 

shown in Figure 36, CXCL-8/IL-8 and CCL-2/MCP-1 release into conditioned 

medium after 48 h of culture was significantly higher in omental fat depots from 

diabetic patients than in equivalent samples from non-diabetic peers (Figures 36A 

and B, P = 0.003). Notably, treatment of AT explants from diabetic patients with 

the RORα inverse agonist SR3335 (10 µM) led to a significant decrease in CXCL-

8/IL-8 and CCL-2/MCP-1 secretion into the conditioned medium (Figure 36A and 
B, P = 0.02 and P = 0.01, respectively).   

 

 

Figure 36. Chemokine release in adipose tissue explants from diabetic and 
non-diabetic morbid obese subjects. Omental adipose tissue (AT) explants from 

non-diabetic and diabetic obese patients were cultured for 48 h. AT explants were 

treated either with the inverse agonist of RORα, SR3335 (10 µM) or vehicle. (A) CXCL-

8/IL-8 and (B) CCL-2/MCP-1 secretion into conditioned media was measured by 

ELISA. Chemokine secretion is expressed as a pg/ml/mg of tissue. Values are 

expressed as mean ± SEM (n=6 each group). Comparisons between groups were 

made with Student´s two-tailed test. 
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4.2.3  Pharmacological inhibition of RORα promotes AKT 
phosphorylation in visceral fat explants from morbid obese patients 
with diabetes 

Because AKT (also known as protein kinase B) is involved in cell growth, 

metabolism and survival downstream of insulin sigalling 215, AKT activation was 

examined ex vivo in omental AT depots from diabetic and non-diabetic patients. 

Furthermore, the effect of pharmacological RORα blockade in this signalling 

pathway was also explored. Western blot analysis revealed that basal 

phosphorylation levels of AKT were significantly lower in omental AT from diabetic 

than from non-diabetic patients (Figure 37A, P = 0.04). Treatment of omental AT 

with SR3335 (10 µM) resulted in a significant increase in AKT activation in 

samples from diabetic patients (Figure 37A, P = 0.03), whereas it was unchanged 

in samples from non-diabetics (Figure 37A, P > 0.05). To confirm these 

observations, immunofluorescence studies were performed. As shown in Figure 
37B, compared with vehicle-treated AT explants, SR3335 (10 µM) treatment 

markedly increased AKT phosphorylation in samples from diabetic patients. 

Double immunofluorescence analysis indicated that AKT phosphorylation was 

mainly in endothelial cell-positive microvessels (Figure 37B). 

Given that the transcription factor NF-κB is highly associated with AT 

inflammation and dysfunction, 216, 217 the phosphorylation status of the NF-κB 

subunit p65 in omental fat was then investigated. Basal p65 NF-κB phosphorylation 

was significantly higher in omental AT from diabetic patients than in non-diabetics 

(Figure 37C, P = 0.01).  Notably, treatment of omental AT with SR3335 (10 µM) 

significantly reduced p65 NF-κB activation in samples from diabetic patients 

(Figure 37C, P = 0.007), whereas it remained unchanged in samples from non-

diabetic patients (Figure 37C, P > 0.05).  
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Figure 37. Effects of RORα inhibition on AKT and p65 NF-κB signalling in 
omental fat from diabetic and non-diabetic morbid obese patients. Omental 

adipose tissue (AT) explants were incubated with vehicle or SR3335 (10 µM) for 48 h. 

(A) Western blot of phospho-AKT in samples from non-diabetic and diabetic morbid 

obese patients. Columns show the mean  SEM (n=5 independent experiments) and 

are expressed as phosphorylated relative to nonphosphorylated protein. (B) 

Representative images showing colocalization of phospho-AKT with CD3 or CD31 in 

omental AT from diabetic morbid obese patients. Immunoreactivity was visualised 

using an Alexa Fluor 488 (phospho-AKT, green) and Alexa Fluor 594 (CD31 or CD3, 
red) secondary antibodies. Scale bar: 50 µm. (C) Western blot of phospho-p65-NFκB in 

samples from non-diabetic and diabetic morbid obese patients. Columns show the 

mean  SEM (n=5 independent experiments) and are expressed phosphorylated 

relative the nonphosphorylated protein. Comparisons between groups were made with 

Student´s two-tailed test. 
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4.2.4  Effects of SR3335 on endothelial cell viability 

Since RORα staining was detected in microvessels, the effects of RORα 

blockade in human endothelial cells were evaluated. HUVEC were incubated with 

increasing concentrations of SR3335 (0.1 to 10 µM) for 24 h to assess cell viability. 

Flow cytometry analysis showed that viability of human endothelial cells was 

unaffected by SR3335 treatment (Figure 38).  

 

Figure 38. Effect of SR3335 on the viability of human endothelial cells. 

HUVEC were incubated for 24 h with vehicle (DMSO 0.1%) or SR3335 at different 

concentrations (0.1–10 μM). Data are presented as means ± SEM of n = 5 independent 

experiments. Comparisons between groups were made with one-way ANOVA.  

 

4.2.5  Pharmacological inhibition of RORα reduces TNFα-induced 

mononuclear cell-endothelial cell interactions and chemokine 

release in human endothelial cells. 

 Endothelial dysfunction is an early hallmark of atherogenesis in obesity and 

induces a prothrombotic and pro-inflammatory state of the endothelium that 

increases the adhesion and subsequent migration of mononuclear cells. The 

effects of pharmacological RORα suppression on leukocyte-endothelial cell 

interactions were determined using the dynamic model of the parallel flow 

chamber. TNFα was employed as an inflammatory stimulus to mimic endothelial 

dysfunction since it is released by AT 180, 183, and its circulating levels are notably 

increased in obese patients 180, 181. Freshly isolated human mononuclear cells 

were perfused across HUVEC monolayers stimulated or not with TNFα (20 
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ng/mL) for 24 h. Results showed that leukocyte adhesion to endothelial cells was 

significantly higher in TNFα-stimulated HUVEC than in vehicle-treated cells 

(Figure 39A, P < 0.05). Pre-treatment of endothelial cells for 24 h with SR3335 

(0.1–10 µM) significantly reduced the increase in the TNFα-induced mononuclear 

leukocyte adhesion to endothelial cells in a concentration-dependent manner 

(Figure 39A, P < 0.05).  

TNFα stimulation of endothelial cells can induce the release of several 

chemokines that collectively contribute to mononuclear leukocyte recruitment. 

Thus, we next evaluated the consequences of functional RORα blockade on 

chemokine release in human endothelial cells. As anticipated, CXCL-8/IL-8 and 

CCL-2/MCP-1 release was significantly higher in HUVEC stimulated for 24 h with 

TNFα than with vehicle (Figure 39B and C, P < 0.05). Pre-treatment of HUVEC 

for 24 h with SR3335 (0.1 – 10 µM) inhibited, in a concentration-dependent 

manner, both IL-8/CXCL8 and MCP-1/CCL2 secretion induced by TNFα (Figure 
39B and C, P < 0.05).  

 

4.2.6  The inverse agonist SR3335 diminishes TNFα-induced increased 
adhesion molecule expression and NF-kB activation in human 
endothelial cells  

To investigate whether the anti-inflammatory effects of SR3335 are 

mediated by the modulation of cellular adhesion molecule expression, 

immunofluorescence studies for VCAM-1 and ICAM-1 were performed in HUVEC. 

As shown in Figure 40A, TNFα stimulation resulted in an up-regulation of  

VCAM-1 and ICAM-1 expression in endothelial cells when compared with 

unstimulated HUVEC (Figure 40A). Pre-treatment of HUVEC with SR3335 before 

TNFα stimulation diminished VCAM-1 and ICAM-1 expression (Figure 40A).  

Finally, given that NF-κB signalling has a critical role in mediating TNFα-

induced chemokine release and cellular adhesion molecule expression, we 

evaluated the effects of RORα inhibition on NF-κB activation in HUVEC. As 

shown in Figure 40A, SR3335 decreased the nuclear translocation of NF-κB 

induced by TNFα. In support of this finding, western blot analysis showed that 

SR3335 treatment diminished the TNFα-induced p-65 phosphorylation in human 

endothelial cells (Figure 40B, P < 0.05). 
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Figure 39. Effects of RORα inhibition on mononuclear cell-endothelium 
recruitment under physiological flow conditions. HUVEC were incubated for 24 h 

with vehicle (DMSO 0.1%) or SR3335 (0.1–10 μM) prior to TNFα stimulation (20 ng/ml, 

24 h). Freshly isolated human mononuclear cells were perfused across the endothelial 

monolayers for 5 min at 0.5 dyn/cm2 and leukocyte attachment (A) was determined. 

Data show the mean  SEM of n=5 independent experiments. *p  0.05 relative to the 

vehicle group; † p  0.05 relative to TNFα-stimulated cells. Comparisons between 

groups were made by one-way ANOVA. (B) CXCL-8/IL-8 and (C) CCL-2/MCP-1 

secretion from endothelial cells stimulated with TNFα are decreased by SR3335 

treatment. Results are expressed as pM concentration and are presented as mean  

SEM (n=5 independent experiments). *p  0.05 relative to the vehicle group; † p 0.05 

relative to the TNFα-stimulated cells. Comparisons between groups were made by one-

way ANOVA. 
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Figure 40. Effects of RORα inhibition on VCAM-1 and ICAM-1 expression 
and NF-κB activation. (A) SR3335 (10 µM) inhibits VCAM-1 and ICAM-1 expression 

and NF-κB activation induced by TNFα (20 ng/mL) in HUVEC. VCAM-1 and ICAM-1 

expression and NF-B translocation (green) to the nucleus were visualised by indirect 

immunofluorescence. Representative images from n=4 independent experiments. 

Scale bar: 100 µm. (B) Western blot analysis of phospho-p65-NFκB in HUVEC.  Data 

are presented as mean ± SEM of n=5 independent experiments. *P  0.05 relative to 

the vehicle group; + P  0.05 relative to TNFα-stimulated cells. Comparisons between 

groups were made by one-way ANOVA.  
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5.1 Study of the effects of SGLT-2 inhibition in abdominal 
aortic aneurysm development and endothelial dysfunction 

SGLT-2 inhibitors are the newest class of available glucose-lowering drugs, 

and empagliflozin has recently demonstrated impressive beneficial effects in 

patients with T2DM and established atherosclerotic disease 120, 218. Empagliflozin 

has been reported to reduce cardiovascular events, especially with regard to heart 

failure 120, making it the preferred agent to treat T2DM in patients with or at high 

risk for this condition. Further, recent studies have reported positive effects of 

SGLT-2 inhibitors in several cardiovascular disorders such as obesity 110-112, 

myocardial infarct 219, 220, and atherosclerosis 106, 122. 

In the present Thesis, we provide evidence that oral administration of 

empagliflozin reduces Ang II–induced AAA development. We found that suprarenal 

aortic expression of the proinflammatory chemokines CCL-2 and CCL-5 was 

increased in response to Ang II infusion in both the acute (5 days) and chronic (28 

days) phases. The attenuation of aneurysm formation by empagliflozin was 

accompanied by a reduction in macrophage infiltration within the lesions and a 

downregulation of CCL-2 and CCL-5 in the aorta, which are reported to be 

upregulated in the microenvironment of the AAA wall in humans 221, 222, and in 

animal models of AAA 200. Moreover, the CCR2 (C-C chemokine receptor type 

2)/CCL-2 axis is known to be involved in AAA development 223, and infiltration of 

macrophages is reduced by dual blockade of RANTES and CCR1/CCR5 (C-C 

chemokine receptor type 1/C-C chemokine receptor type 5) receptors within the 

experimental aortic aneurysm lesion, leading also to the inhibition of matrix-

degrading protease release and angiogenesis 221, 224. In line with our findings, a 

recent study by Han et al 122 reported that empagliflozin treatment in apoE-/- mice 

fed with a Western diet reduced atheromatous plaque formation and lowered the 

levels of inflammatory markers (Tnf-α, Il-6, and Ccl-2) and macrophage infiltration 

in the aortic arch 122. Similarly, in atherosclerosis-prone mouse models, 

administration of other SGLT-2 inhibitors such as dapagliflozin 225 or ipragliflozin 226 

reduced atheroma burden and inflammation. Our results highlight the benefits of 

empagliflozin for attenuating AAA and provide further support for the protective role 

of SGLT-2 blockade in reducing the immune/inflammatory profile in the vascular 

wall.  
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The differences among the clinical doses of empagliflozin used for humans 

(10 and 25 mg per day) and the experimental doses used for mice (1 and 3 mg/kg 

per day) in the present study reflect differences in the pharmacokinetic parameters 

between humans and rodents. A number of species-specific differences have been 

demonstrated regarding pharmacokinetics properties of SGLT-2 inhibitors, 

particularly with respect to the elimination half-life of the drug in plasma between 

humans and rodents including mice 185-187. Accordingly, mice are stronger and 

faster empagliflozin metabolizers: whereas the half-life of empagliflozin is ≈10 to 12 

hours in humans, in mice, it is ≈1 to 2 hours. We would note that the doses and 

regimen of empagliflozin used in the present study were based on 

pharmacokinetics studies of mice 185-187 and also studies that reported to be 

efficient in animal models of obesity 227, 228, diabetes mellitus 185-187, and 

atherosclerosis 122, 125.  

SGLT-2 is highly expressed in kidney 204 but is also found in other tissues 

and vascular cells, including adipose tissue 205, aorta 194, and endothelial cells 206. 

In agreement with previous studies 194, SGLT-2 was detected in the vascular aortic 

wall. Our findings also demonstrate that SGLT-2 is mainly localised in endothelial 

cells, but also in macrophages, and remained unchanged after Ang II infusion or 

empagliflozin cotreatment. In addition to the salutary effects of SGLT-2 inhibitors on 

glycemic control, several studies have demonstrated beneficial effects of SGLT-2 

inhibitors on vascular dysfunction. For example, empagliflozin 229 or dapagliflozin 

230-232 treatment was associated with a decline in arterial stiffness in patients with 

T2DM. Moreover, in preclinical models, chronic empagliflozin treatment improved 

vascular function in diabetic rats by reducing oxidative stress and inflammation in 

the aortic wall 233. The underlying mechanisms involved in beneficial actions of 

SGLT-2 inhibition are believed to be associated with glucose lowering, weight 

reduction, and antihypertensive effects but also anti-inflammatory and antioxidative 

actions 234-237.  

SGLT-2 inhibitors reduce hyperglycemia in T2DM by reducing renal glucose 

reabsorption. In the present study, we did not detect significant differences in 

glucose levels between mice treated or not with empagliflozin, suggesting that 

SGLT-2 inhibitors may have cardioprotective effects independently of glucose 

status and that empagliflozin does not increase the risk of hypoglycemia in 

nondiabetic states. In agreement with our observations, empagliflozin improved 
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diastolic function in a nondiabetic rodent model of heart failure with preserved 

ejection fraction 219. Additionally, a recent study by Lim et al 220 has shown that 

chronic SGLT-2 inhibition by canagliflozin reduces myocardial ischemia/reperfusion 

injury in both diabetic and nondiabetic rats 220 and canagliflozin did not cause 

hypoglycemia in nondiabetic animals 220.  

Regarding blood pressure effects, evidence from clinical studies on T2DM 

and hypertension demonstrates improvements in systolic blood pressure with 

empagliflozin treatment 238. By contrast, in our model, empagliflozin administration 

had no noticeable effects on the elevated blood pressure induced by Ang II 

infusion, which leads us to hazard that the protective effects of SGLT-2 inhibition on 

aneurysmal formation are blood pressure independent. Although we do not have a 

clear explanation, these results could be related to divergent species-dependent 

effects of SGLT-2 inhibitor treatment on reducing blood pressure. For instance, 

recent experimental studies by Habibi et al 239 found that empagliflozin 

administered for 5 weeks at a higher dose of 10 mg/kg per day improved glycemic 

indices along with diastolic relaxation in a db/db mice model, in the absence of any 

changes to the increased blood pressure 239. The same authors showed that 

reductions in aortic and micro vascular stiffness in db/db mice by empagliflozin 

were not associated with improvements in blood pressure 240. Finally, another study 

found that oral administration of the selective SGLT-2 inhibitor TA-1887 (10 mg/kg 

per day) for 10 weeks failed to decrease blood pressure in a nondiabetic chronic 

kidney disease model of nephrectomized rats 241. Given these findings, further 

studies are warranted to fully elucidate species-dependent different responses in 

blood pressure after SGLT-2 inhibitor treatment.  

There is growing evidence that angiogenesis within the wall of an aortic 

aneurysm might play key roles in aneurysm progression and rupture 242. 

Inflammatory cells that infiltrate the aneurysmal wall release growth factors and 

pro-angiogenic chemokines that contribute to neovascularisation 242. Of interest, 

suprarenal aortic VEGF levels and neovascularization were unchanged during the 

acute phase of dissecting AAA formation; however, during the chronic phase of 

Ang II–induced dissecting AAA, a marked increase in angiogenesis and VEGF 

levels was detected. Also, there are data showing that CCL-2, CCL-5, and VEGF 

are likely important molecules in the angiogenic activity elicited by Ang II 200. 

Against this background, a recent study reported that SGLT-2 inhibition has 
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angiostatic effects 243. Accordingly, SGLT-2 blockade by canagliflozin suppressed 

endothelial proliferation and tubule formation in human endothelial cells 243. 

Consistent with these observations, we detected a marked reduction in 

neovascularization and VEGF levels in the suprarenal aortas of chronic 

empagliflozin-cotreated mice. A possible explanation for this might be the reduction 

in the number of inflammatory cells including macrophages, which are an important 

source of VEGF during aortic aneurysm development 244. 

 MMPs are also key players in the pathogenesis of AAA 245 and are secreted 

not only by endothelial cells and smooth muscle cell but also by infiltrating immune 

cells (predominantly macrophages) and drive medial smooth muscle cell apoptosis, 

elastin degradation, and consequently, AAA progression 245. MMP activity is 

regulated by TIMPs, and the MMP/TIMP ratio is critical for the control of tissue 

damage 246. In accord with previous studies 247, we detected an increase in MMP-9 

in suprarenal aortas before dissecting AAA formation and 28 days after Ang II 

infusion; however, MMP-2 expression was prominent only at the later stages of 

dissecting AAA development. Empagliflozin-cotreated mice had less medial elastin 

destruction together with a decrease in MMP-2 and MMP-9 and an increase in 

TIMP-1 levels in suprarenal aortas. Consistent with our data, inhibition of SGLT-2 

with luseogliflozin was shown to downregulate MMP-2 and MMP-9 and reduce 

atherosclerosis 106. Overall, these findings suggest that SGLT-2 blockade may play 

an important role in the preservation of vessel wall integrity.  

Another important finding was that empagliflozin decreased chemokine 

(CCL-2 and CCL-5), MMP (MMP-2 and MMP-9), and VEGF release from TNFα-

stimulated human THP-1 macrophages. In line with our studies, other groups have 

demonstrated anti-inflammatory effects in vitro with SGLT-2 inhibitors in several 

type of cells. For instance, canagliflozin inhibited IL (interleukin)-1β–stimulated 

CCL-2 and IL-6 in human endothelial cells 206, and dapagliflozin reduced high 

glucose-induced CCL-2 and ICAM-1 in human proximal tubular epithelial cells 248. 

Additionally, we found that empagliflozin treatment diminished the adhesion of 

mononuclear leukocytes to dysfunctional endothelium and also decreased Ang II–

induced CCL-5 and CCL-2 release and VCAM-1 and ICAM-1 expression on 

HAECs. However, because of the limitation of these in vitro findings in human cells, 

further preclinical and clinical studies are needed to understand how empagliflozin 

affects AAA development in vivo.  
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Finally, we investigated the mechanistic basis for the protective role of 

SGLT-2 inhibition in AAA formation by examining NF-κB and p38 MAPK signalling. 

It is well known that p38 MAPK is associated with MMP upregulation, inflammation, 

and AAA progression 199. Additionally, NF-κB activation promotes the upregulation 

of cytokines/chemokines in the vascular wall 199, 249. In a previous study, inhibition 

of endothelial NF-κB signalling attenuated Ang II–induced AAA development, which 

was associated with the downregulation of endothelial adhesion molecules (VCAM-

1 and ICAM-1), MMPs (MMP-2 and MMP-9) and with macrophage arrest in the 

abdominal aorta wall 202. We found that the increased phosphorylation of p38 

MAPK and p65 NF-κB was weakened in the suprarenal aortas of apoE-/- mice 

cotreated with empagliflozin for 28 days. Additionally, diminished activation of p65 

NF-kB and p38 MAPK was detected after acute empagliflozin treatment. In line with 

our findings, dapagliflozin decreased NF-κB activation induced by hyperglycemia in 

cultured human proximal tubular epithelial cells 248. Overall, the beneficial vascular 

effects exhibited by empagliflozin indicate that the impaired activation of NF-κB 

pathway limits the release of inflammatory/proangiogenic molecules, resulting in 

blunted endothelial activation.  

As mentioned, in clinical studies, empagliflozin has demonstrated benefit for 

a 3-point major cardiovascular event outcome of cardiovascular death, nonfatal 

myocardial infarction, or nonfatal stroke 121. The mechanisms by which SGLT-2 

inhibition improves cardiovascular outcomes remain poorly understood. Several 

mechanisms have been postulated including effects such as decreased arterial 

stiffness and vascular resistance 250, improvements in weight and visceral adiposity 

251, decreases in uric acid and oxidative stress 252, 253, and a shift in myocardial fuel 

energetics 254. Our experimental findings should, therefore, be interpreted with 

caution due to empagliflozin off target effects. Future studies with SGLT-2 

knockout mice are warranted to clarify the anti-AAA effects of SGLT-2 inhibitors 

and might aid translation to clinical settings.  

In conclusion, the present findings provide evidence that chronic oral 

treatment with empagliflozin reduces Ang II–induced dissecting AAA formation in 

mice. The pleiotropic beneficial effects that empagliflozin exerts to reduce AAA 

pathology (vascular inflammation, neovascularization, and MMP dysregulation) 

suggest that therapeutic inhibition of SGLT-2 could be a viable strategy to limit AAA 

growth. The interplay between SGLT-2 inhibitors and abdominal aneurysm 

Discussion 



 
 

146 
 

formation in humans remains an open question and requires further clinical 

research.  
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5.2 Study of the role of RORα in adipose tissue from morbid 
obese patients with or without diabetes  

Morbid obesity is characterised by pathological remodelling of AT. 

Expansion of omental AT is associated with the development of insulin resistance, 

while subcutaneous fat has a minor contribution 255-258. Accordingly, identifying 

inflammatory factors and molecular pathways involved in AT dysfunction should be 

a promising strategy to manage and/or prevent the development of metabolic 

diseases.   

Remarkably little is known about the role of RORα in human obesity. Here, we 

show that RORα is overexpressed in omental AT in morbid obesity, suggesting that 

up-regulation of RORα might contribute to the AT dysfunction in this fat depot. 

Interestingly, the correlation between RORα expression and BMI could be 

explained by the association between adiposity and metabolic alterations in morbid 

obese patients. In this context, we found that up-regulation of RORα correlated with 

greater insulin resistance in obesity, which is in line with a preclinical report 

showing the up-regulation of RORα in epididymal AT from obese mice but not lean 

mice 259. Furthermore, Lau and colleagues 260 showed that RORα-deficient 

staggerer mice had improved insulin sensitivity and increased glucose uptake in 

skeletal muscle 260. Additionally, recent studies have shown that the RORα inverse-

agonist SR3335 up-regulates UCP1 expression in adipose tissue, and promotes fat 

loss by increasing thermogenesis in mice 261, 262. In additional studies, Kang et al. 

175 showed that compared with wild-type mice, RORα-deficient mice fed a high-fat 

diet presented lower adiposity, reduced hepatic triglyceride levels and were 

resistant to the development of hepatic steatosis and AT-associated inflammation 

175. It is well known that AT dysfunction contributes to chronic low-grade 

inflammation and insulin resistance owing to the over-production of inflammatory 

factors released by adipocytes and other cells present in fat. Interestingly, we 

observed that omental fat depots from patients with morbid obesity and type 2 

diabetes mellitus secreted higher levels of IL-8/CXCL8 and MCP-1/CCL2 

chemokines than those from non-diabetic peers, and this correlated with a higher 

expression of RORα in endothelial cells and CD3+ lymphocytes in visceral fat. IL-

8/CXCL8 and MCP-1/CCL2 have been previously associated with obesity, 
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metabolic inflammation and insulin resistance 263-265, and are known to be involved 

in the progression of atherosclerotic lesions 266. 

The data presented here on the relationship between RORα and AT 

inflammation in morbid obesity supports previous studies that have been 

performed in preclinical animal models. For instance, a study by Liu et al. 259 

demonstrated that lipopolysaccharide treatment markedly increased the 

expression of RORα in macrophages and in 3T3-L1 adipocytes. The authors 

observed RORα overexpression in AT from obese mice, and treatment with the 

RORα-specific agonist SR1078 increased the expression of inflammatory 

cytokines (Tnf-α, Il-6, Ccl-2/Mcp-1) and the numbers of infiltrated macrophages 

into AT 259. Using different approaches, the authors also showed that RORα 

induces an endoplasmic reticulum (ER) stress response that contributes to AT 

inflammation 259. Based on these previous findings and the data presented here, it 

is tempting to speculate that ROR in obesity induces ER stress and promotes the 

up-regulation of several inflammatory factors that may have additive effects in 

driving AT dysfunction.  

SR3335 has been shown to directly bind RORα, but not other RORs, and 

functions as a selective partial inverse agonist of RORα 267. Kumar et al. 267 

showed in a cell-based chimeric receptor Gal4 DNA-binding domain-nuclear 

receptor ligand-binding domain cotransfection assay that SR3335 significantly 

inhibited the constitutive transactivation activity of RORα (IC50 = 480 nM) (partial 

inverse agonist activity) but had no effect on the activity of LXRα and RORγ, even 

at 10 µM. These authors indicated that SR3335 also displays no activity on RORβ 

(radioligand binding or co-transfection assays), FXR (co-transfection assays) or 

any other receptors in a selectivity panel for human nuclear receptors 267. More 

recently, Wang et al 268 carried out a larger study that corroborates these findings. 

The authors tested the activity of SR3335 (10 µM) against 48 human nuclear 

receptors in HEK293 cells subjected to a Gal4-RORα ligand binding domain 

cotransfection. Results revealed that SR3335 poorly modulates the activity of other 

nuclear receptors 268, a fact that proves the high specificity of the inverse agonist 

SR3335 for RORα. 

In a recent study, dual inhibition of RORα/γ activity was found to diminish the 

occurrence of a leukocyte inflammatory infiltrate and also atherosclerotic plaque 

development in LDL-deficient mice 177. Furthermore, SR3335 suppressed 

gluconeogenesis in a diet-induced mouse model of obesity 267, and RORα 
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blockade was found to decrease insulitis and prevent hyperglycemia in a 

preclinical model of type 1 diabetes 269. However, little is known regarding the 

impact of RORα suppression on chemokine release in human AT. Here, we 

observed that increased CXCL-8/IL-8 and CCL-2/MCP-1 release in omental fat 

explants from diabetic patients was diminished by RORα inhibition. We 

hypothesise that the downregulation of these chemokines, and likely other pro-

inflammatory factors, may have additive beneficial effects in promoting insulin 

sensitivity. That being said, because our experimental conditions are ex vivo, our 

findings should be interpreted with some caution and the interplay in vivo between 

the RORα and AT dysfunction in humans remains an open question that requires 

further investigation.  

Insulin is known to exert critical control over anabolic responses in AT 

through activation of AKT signalling and, consequently, stimulating the uptake of 

glucose and free fatty acids 215. In line with previous findings 270, we found that 

AKT signalling in visceral AT was downregulated in morbid obese patients with 

diabetes relative to non-diabetic peers. Our finding that pharmacological blockade 

of RORα activity increases AKT activation mainly in endothelial cells from AT 

explants points to a potential treatment approach to blunt abnormal insulin 

signalling in obesity. Indeed, activation of AKT in skeletal muscle has been 

observed in RORα-deficient staggerer mice 260. Additionally, adipocytes of RORα-

deficient mice are highly sensitive to the action of insulin and can increase their 

lipid storage capacity in response to high‐fat diet 271. As mentioned earlier, RORα-

deficient staggerer mice are protected from high-fat diet‐induced obesity 176, 260 and 

related systemic insulin resistance, and are resistant to the development of 

hyperlipidemia and liver steatosis 175.  

NF-kB signalling is involved in multiple downstream pathways linked to 

cytokine/chemokine synthesis and endothelial cell dysfunction, and is a known 

mediator of obesity-induced inflammation 216, 217. Indeed, NF-kB activity has been 

proposed as a potential treatment target for obesity, insulin resistance and type 2 

diabetes 216, 270, 272. Based on our findings, it is tempting to speculate that RORα 

might be a major regulator of exacerbated NF-kB signalling and of the increased 

production of CXCL-8/IL-8 and CCL-2/MCP-1 chemokines in visceral fat. 

Additionally, given that CXCL-8/IL-8 and CCL-2/MCP-1 overexpression in inflamed 

AT is mainly mediated through activation of NF-κB 273 and these chemokines 

further could activate NF-κB in AT, it is possible that the reduced phosphorylation 
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of p65 NF-κB observed in AT explants could be due to the decreased chemokine 

levels, but also due to an indirect effect of RORα on NF-κB. Liu et al. 259 showed 

that the PERK (an endoplasmic reticulum transmembrane protein sensor) pathway 

was activated by RORα in AT from ob/ob mice. It has also been reported that 

PERK signalling activates NF-κB 274. Based on our findings, and these 

aforementioned studies, we can also contemplate that activation of PERK and its 

downstream translation initiation factor eIF2α by RORα in human AT could activate 

NF-κB and thus promote the expression of these inflammatory chemokines; 

however, further studies regarding those signalling pathways in human AT are 

necessary. 

Endothelial dysfunction is a pathogenic feature of obesity, which might 

explain the higher incidence of cardiovascular disease in these patients 178, 179. 

TNFα is a key adipokine in the endothelial dysfunction associated with obesity and 

is a known potential risk factor in the early progression of atherosclerotic lesions 

through the stimulation of different leukocyte-recruiting chemokines and cellular 

adhesion molecule expression in endothelium 180-183. We characterised the 

consequences of RORα suppression in human endothelial dysfunction ex vivo 

using dynamic flow assays. We found that the increased adhesion of mononuclear 

cells to TNFα-triggered dysfunctional endothelium was notably reduced by 

pharmacological inhibition of RORα, and was accompanied by a concomitant 

reduction of CXCL-8/IL-8 and CCL-2/MCP-1 chemokine secretion from HUVEC. 

This decrease in leukocyte-endothelial adhesive interactions promoted by RORα 

blockade might involve the modulation of different cellular adhesion molecules that 

participate in atherogenesis. Indeed, RORα inhibition diminished TNFα-induced 

VCAM-1 and ICAM-1 expression in human endothelial cells. Along this line, a 

recent animal study showed that treatment of mice with an inverse RORα agonist 

suppressed atherosclerosis development 177. 

Overall, our findings suggest that up-regulation of RORα may be important in 

human morbid obesity, leading us to propose that the activation of RORα in this 

setting might promote inflammation during AT expansion, resulting in metabolic 

dysfunction. Indeed, our ex vivo results point in this direction. However, a limitation 

of the present study is that we did not have access to AT from non-obese subjects, 

and thus we could not study RORα expression in this particular group. Accordingly, 

replication of these findings in a larger cohort of obese and lean subjects is needed 
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as a next step in evaluating the functional relevance of RORα and its potential 

relationship with metabolic complications associated with obesity.  
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1. Pharmacological blockade of SGLT-2 by empagliflozin reduced the severity 

and incidence of AAA induced by Ang II in apoE-/- mice. Empagliflozin 

treatment reduced macrophage infiltration, chemokine expression (MCP-1 

and RANTES), ECM degradation and neovascularization in the vascular 

wall. Therefore, pharmacological modulation of SGLT-2 may prevent or 

even delay the progression of this cardiovacular disorder linked to RAS 

activation. 

2. SGLT-2 was expressed in human aortic endothelial cells and its 

pharmacological inhibition with empagliflozin counteracted the pro-

inflammatory status induced by Ang II. Empagliflozin prevented 

mononuclear cell adhesion to the endothelium by inhibiting VCAM-1 and 

ICAM-1 expression and chemokine release (MCP-1 and RANTES) in Ang II-

stimulated HAEC. These studies suggest that SGLT-2 inhibition might 

represent a novel promising therapeutic strategy to prevent endothelial 

dysfunction. 

3. Compared to subcutaneous AT,  RORα was overexpressed in omental AT 

from morbidly obese patients and even more in omental AT from obese 

diabetic individuals leading to suggest that the upregulation of RORα is 

associated with insulin resistance and metabolic alterations in morbid 

obesity. Pharmacological inhibition of RORα with the inverse agonist 

SR3335 blocked cytokine/chemokine secretion in omental fat from morbid 

obese diabetic patients through the inhibition of p65 NFκB phosphorylation 

and the activation of AKT signalling pathway. These findings suggest that 

RORα could represent a new pharmacological target in morbid obesity and 

its metabolic comorbidities. 

4. Pharmacological inhibition of RORα reduced chemokine (CXCL-8/IL-8 and 

CCL-2/MCP-1) secretion, CAM expression and NFκB activation induced by 

TNFα in human endothelial cells. These effects lead to a decreased 

mononuclear leukocyte interaction, a key step in atherogenesis.  Therefore, 

RORα inhibition could represent a new potential therapeutic strategy to 

prevent cardiovacular complications in  morbid obesity.  
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