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RESUMEN 

La disfunción endotelial desempeña un papel clave en el riesgo de desarrollo de 

enfermedad cardiovascular inducido por uno de los componentes esenciales del 
síndrome metabólico, la obesidad. El objetivo general de esta Tesis Doctoral es 

analizar el efecto del compuesto GW0742, agonista de receptores activados por 

proliferador de peroxisomas beta/delta (PPARβ/δ), sobre la función endotelial en un 

modelo experimental de síndrome metabólico en ratón obeso inducido por una dieta 
rica en grasa (HFD, high-fat diet). Para alcanzar este objetivo se han realizado varios 

experimentos: 

 

1. Estudiar el efecto in vivo de la administración crónica de GW0742 

 Se han utilizado ratones macho de 5 semanas de edad que fueron divididos 

aleatoriamente en los siguientes grupos: control, control tratado con GW0742 

(3 mg/kg/día, mediante sonda gastroesofágica), ratones que consumen HFD, HFD- 

GW0742, HFD más el antagonista de PPARβ/δ, GSK0660 (1 mg/kg/día, 

intraperitoneal) o HFD-GW0742-GSK0660. Los tratamientos se mantuvieron durante 

11 ó 13 semanas. Los resultados mostraron que la administración de GW0742 

previene la menor vasodilatación dependiente de endotelio y de  óxido nítrico (NO, 
nitric oxide) inducida por acetilcolina (ACh, acetylcholine) en los anillos aórticos de los 

ratones que consumen HFD. Además, el GW0742 incrementa la fosforilación de 
protein cinasa B (Akt, protein kinase B) y óxido nítrico sintasa endotelial (eNOS, 

endothelial nitric oxide synthase), e inhibe el incremento de la interacción caveolina-

1/eNOS, la fluorescencia de etidio, la expresión de NOX-1, del receptor tipo Toll 4 
(TLR4, Toll-like receptor 4), factor de necrosis tumoral-α (TNF-α, tumor necrosis factor-

α) e interleucina-6 (IL-6, interleukin-6), y la fosforilación de IκB-α en la aorta del grupo 

HFD. Estos cambios vasculares se acompañan con la prevención de la ganancia de 

peso, la hipertensión, la hipertrofia cardiaca y renal, y la acumulación de grasa 

inducida por el consumo de HFD. Este compuesto también suprime el incremento de 
los niveles plasmáticos de glucosa y triglicéridos (TG, triglycerides),  la intolerancia a la 
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glucosa y la resistencia a la insulina (determinado mediante el cálculo de HOMA-IR, 
homeostatic model assessment of insulin resistance) inducidos por la HFD. El 

GW0742 incrementa los niveles plasmáticos de lipoproteínas de alta densidad 

(colesterol HDL, high-density lipoprotein) y restaura los niveles de TNF-α y 

adiponectina en la grasa. El GSK0660 previene todos los cambios inducidos por 

GW0742. Se concluye que la activación PPARβ/δ reduce la obesidad y ejerce efectos 

protectores sobre la hipertensión y sobre manifestaciones tempranas de la 

aterosclerosis, incluyendo la disfunción endotelial y el estado pro-oxidante y pro-

inflamatorio vascular en ratones que consumen HFD. 

 

2. Estudiar los efectos del GW0742, independientes de sus efectos metabólicos 

sistémicos, sobre la disfunción endotelial inducida por lípidos 

 Un aumento de especies reactivas de oxígeno (ROS, reactive oxygen species) y 

una reducida biodisponibilidad de NO están involucrados en la disfunción endotelial 

inducida por los ácidos grasos. En esta Tesis se demuestra que en células 
endoteliales de aorta de ratón (MAEC, mouse aortic endothelial cells) el GW0742 

previene la disminución de la producción de NO estimulada por el ionóforo de calcio 

A23187 y de la fosforilación de la eNOS en la Ser1177, y el incremento de los niveles 
intracelulares de ROS causados por la exposición a palmitato in vitro. Este agonista 

PPARβ/δ también restaura la relajación dependiente de endotelio inducida por ACh en 
aorta de ratón incubada con palmitato. In vivo, el tratamiento durante 3 semanas con 

GW0742 (3 mg/kg/día) previene la reducción de la relajación de ACh y de la 

fosforilación de eNOS en la Ser1177, y el incremento de la producción de ROS y de la 
actividad del sistema nicotinamín adenín dinucleótido fosfato (NADPH, nicotinamide 

adenine dinucleotide phosphate) oxidasa en la aorta de ratones que consumen una 

HFD. El antagonista de PPARβ/δ GSK0660 suprimió todos los efectos protectores 

inducidos por el GW0742. El GW0742 aumenta la expresión vascular de carnitina 
palmitoil transferasa-1 (CPT-1, carnitine palmitoyltransferase-1). Los efectos del 

GW0742 sobre la relajación inducida por ACh en aorta y sobre la producción de NO y 

ROS en MAEC expuestas a palmitato se suprimen por el inhibidor de CPT-1 etomoxir 
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y por silenciamiento de CPT-1. El GW0742 también inhibe el aumento de diacilgicerol 
(DAG, diacylglycerol), la activación de la protein cinasa Cα/βII (PKCα/βII, protein 

kinase Cα/βII) y la fosforilación de eNOS en la Thr495 inducido por palmitato en MAEC, 

efectos que se suprimen con etomoxir. Todos estos hallazgos indican que la activación 

PPARβ/δ abole la disfunción endotelial inducida por lípidos por una sobreexpresión de 

CPT-1 en las MAEC, lo que reduce la acumulación de DAG y la subsiguiente 

producción de ROS e inhibición de la eNOS mediada por PKC. 

La resistencia a insulina  inducida por ácidos grasos en células endoteliales se 

caracteriza por un aumento de ROS y una reducida biodisponibilidad de NO. En esta 

Tesis se demuestra que, en células endoteliales de vena de cordón umbilical humano 
(HUVEC, human umbilical vein endothelial cells), el GW0742 previene la disminución 

de la producción de NO y de la fosforilación de la eNOS en la Ser1177 estimulada por 

insulina, y el incremento de los niveles intracelulares de ROS causados por la 
exposición a palmitato in vitro. Los efectos protectores del GW0742 se suprimen tanto 

por el antagonista PPARβ/δ GSK0660 como por el inhibidor de CPT-1 etomoxir. De 
todo ello se concluye que la activación PPARβ/δ in vitro previene el deterioro de la 

señalización de la insulina inducida por palmitato, lo que conduce a un aumento de la 

producción de NO estimulada por insulina en HUVEC. Este efecto protector podría ser 

debido al aumento de la expresión de CPT-1, que normaliza la producción de ROS y 
restaura la vía de señalización de la insulina IRS (insulin receptor substrate)-Akt-

eNOS. 

 

3. Estudiar los efectos del GW0742 sobre la disfunción endotelial inducida por 

lipopolisacarido (LPS, lipopolysaccharides) 

La endotoxina bacteriana LPS activa vías inflamatorias, induce la expresión de 

citocinas en el endotelio, aumenta la producción de ROS en la pared vascular e induce 

disfunción endotelial. Los niveles plasmáticos de LPS están aumentados en individuos 

obesos y en ratones con obesidad inducida por HFD (endotoxemia metabólica). El 

tratamiento crónico con GW0742 no modifica los niveles plasmáticos de LPS. En esta 

Tesis también hemos analizado si la activación PPARβ/δ modifica la inflamación, el 
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estrés oxidativo y la disfunción endotelial inducidos por LPS en ratón. Se ha 
encontrado que el tratamiento in vivo con GW0742 previene la reducción de la 

relajación dependiente de endotelio, el incremento de la producción vascular de ROS, 

la regulación al alza de los niveles vasculares de mRNA de NOX-1, NOX-2, p47phox y 
p22phox, y de los marcadores de estrés de retículo endoplasmático (ER, endoplasmic 

reticulum) inducidos por LPS en ratón. En MAEC, el GW0742 previene la disminución 

de la producción de NO estimulada por A23187 y el incremento de los niveles 
intracelulares de ROS causados por la exposición a LPS in vitro. El antagonista de 

PPARβ/δ GSK0660 suprime todos los efectos protectores in vivo e in vitro provocados 

por el GW0742. Este agonista también normalizó la reducida expresión de la proteína 
desacoplante-2 (UCP2, uncoupling protein-2) y de la proteína de fusión mitocondrial, 

mitofusin-2, inducida por LPS. Los efectos del GW0742 sobre la producción de NO y 

de ROS en MAEC expuestas a LPS se suprimen por el inhibidor de UCP2 genipín y 

por el silenciamiento de UCP2. El genipín también suprime los cambios en la 

expresión de las subunidades de la NADPH oxidasa y de los marcadores de estrés del 

ER inducidos por GW0742. En conjunto se observa que la activación PPARβ/δ reduce 

la disfunción endotelial inducida por LPS mediante la regulación al alza de UCP2 

endotelial, con la subsiguiente inhibición del estrés del ER y de la actividad NADPH 

oxidasa, lo que conduce a la reducción de la producción de ROS y al aumento de la 

biodisponibilidad de NO. 

 

Todos estos experimentos indican que la activación de PPARβ/δ previene la 

aparición de uno de los acontecimientos iniciales en el desarrollo de la placa de 

ateroma, la disfunción endotelial. La aterogénesis es la base patológica sobre la que 

se sustenta la enfermedad cardiovascular (angina, infarto), que es primera causa de 

muerte de los pacientes con síndrome metabólico. La mejora de factores que 

deterioran la función endotelial, tales como parámetros metabólicos sistémicos 

(hiperglucemia, intolerancia a la glucosa, HOMA-IR, trigliceridemia, niveles de HDL), 

citocinas pro-inflamatorias y presión arterial elevada contribuye a este efecto protector 

en situación de obesidad. Además, la activación PPARβ/δ en el lecho vascular 
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(acciones vasculares directas) también está involucrada en la mejora de la disfunción 

endotelial asociada al síndrome metabólico. Así, el incremento de la oxidación de 

ácidos grasos en el endotelio, mediada por el gen diana de PPARβ/δ, CPT-1, mejora 

no solo la respuesta relajante inducida por activación calcio-dependiente de eNOS, 

sino también la producción de NO provocada por fosforilación de la eNOS mediante 

insulina. La activación de otro gen PPARβ/δ como el UCP2 protege al endotelio del 

efecto deletéreo de la endotoxemia metabólica.  

Estos hallazgos sugieren que los agonistas PPARβ/δ, como el GW0742, poseen 

un potencial terapéutico en la prevención de la disfunción endotelial, y en 

consecuencia de la enfermedad cardiovascular, en situaciones de obesidad.                        
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INTRODUCTION 

1. Metabolic syndrome 

1.1. Definition 

Hypertension, diabetes and obesity are common cardiovascular risk factors, but 

not independent in humans and their combination is referred to as metabolic syndrome 

(MS) (Panchal and Brown, 2011).  

The term MS was originally coined in 1970s (Jay and Ren, 2007) and also is 

recognized by other names such as MS X, cardio-MS, syndrome X, insulin resistance 
(IR) syndrome (Grewal et al., 2016). 

Since it was first described in the 1920s, the MS has appeared to be one of the 

most important problems of worldwide public health in the 21st century, taking into 
account its growing prevalence in developed and developing countries (Eckel et al., 
2010). The MS, which clusters as the main metabolic abnormalities central obesity, 

low concentrations of plasma high-density lipoprotein (HDL)-cholesterol, high levels of 
triglycerides (TG), hypertension and hyperglycemia, together with IR (Grundy et al., 

2005; Grundy, 2008; Bruce and Byrne, 2009), is associated with an increased risk of 

both cardiovascular diseases (CVD) (Kaur, 2014) and type 2 diabetes mellitus (T2DM) 
(Grundy et al., 2004).  

 Many definitions of this syndrome have been proposed by different health 

organizations (Table 1) during all these years, and although they provide different 

clinical and epidemiological criteria to identify the components of the metabolic 

disturbances that are clustered in this syndrome, they agree on its core components 

(Azhar, 2010).  
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Table 1. Historical definitions of the metabolic syndrome.   
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Currently, prevalence of this syndrome is increasing dramatically, not only in adult 
or older populations (Meigs et al., 2003; Ford et al., 2004), but also in children and 

young people (Cook et al., 2003; Weiss et al., 2004), running in parallel with the 

worldwide epidemic of obesity and diabetes (Zimmet et al., 2001). Because of the 

elevated risk it presents of developing CVD and T2DM, the MS has become an 

important public health problem that demands urgent therapeutic attention and 
interventional approaches (Alberti et al., 2009). 

The MS occurs commonly throughout the world, ranging in prevalence from 10% 

to 40% (Grundy, 2008). This syndrome is present most often in populations 
characterized by excessive nutrient intake and physical inactivity (Alberti et al., 2009), 

but underlying metabolic and genetic susceptibilities are critical factors as well.  

 Nowadays, several attempts have been made to develop a clinical definition of the 

MS, the most commonly accepted is a recent consensus definition, which includes 

abdominal obesity as a key (but not necessary) component, elevations in serum TG 

and glucose, increased BP, and reduced levels of HDL-cholesterol. The presence of 

three or more of these constitutes a clinical diagnosis of MS (Grundy, 2016) (Table 2). 
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Table 2. Criteria for clinical diagnosis of metabolic syndrome.  
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1.2. Pathogenesis 

 The pathogenesis of the MS is complex and not fully elucidated. Central obesity 

and adipose tissue disorders together with IR appear to stand out as the main potential 
etiologic factors (Grundy et al., 2004; Licata et al., 2006; Meshkani and Adeli, 2009), 

although other causes that play a main role in the development of MS include genetic 

profile and other acquired factors such as physical inactivity, ageing, pro-inflammatory 

and pro-thrombotic states and hormonal dysregulation (Kaur, 2014). 

 The MS consists of five factors: atherogenic dyslipidemia, elevated BP, IR 

resulting in hyperglycemia, a pro-thrombotic state, and a pro-inflammatory state. All 

often are commonly present in in obese subjects (Grundy, 2016) (Figure 1). 

 

 
Figure 1. Relation between energy excess/obesity and risk factors of the metabolic 

syndrome (modified from Grundy, 2016). 
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 The contribution of each of these components to cardiovascular risk indubitably 

varies among individuals but, in combination, they double the risk for atherosclerotic 

CVD (Grundy, 2016). 

 In addition, it has been reported that this pathology is often associated to non-
alcoholic fatty liver disease (Khashab et al., 2008), polycystic ovary syndrome 

(Apridonidze et al., 2005), cholesterol gallstone (Grundy, 2008), protease inhibitor 

therapy for HIV (Jerico et al., 2005) and cancer (Pothiwala et al., 2009).  

 

1.2.1. Features of the metabolic syndrome 

 

a) Atherogenic dyslipidemia  

 Most individuals with MS show atherogenic dyslipidemia, characterized by low 

levels of HDL-cholesterol and high concentration of TG in plasma, a profile that 

constitutes an important risk factor for CVD. The major component of atherogenic 

dyslipidemia is elevation of apolipoprotein (Apo)-B containing lipoproteins. These 

include elevated levels of low-density lipoprotein (LDL), and very low density lipoprotein 

(VLDL) (Kaur, 2014; Grundy, 2016). 

  

b) Elevated blood pressure 

 Hypertension is another core component of the MS and an important risk factor for 
coronary heart disease, stroke, and renal disease (Chobanian et al., 2003). Essential 

hypertension is frequently associated with the several metabolic abnormalities, of 

which obesity, glucose intolerance, and dyslipidemia are the most common (Bruce and 

Byrne, 2009). Different studies suggest that both hyperglycemia and hyperinsulinemia 

activate the renin-angiotensin system (RAS) by increasing the expression of 
angiotensinogen and angiotensin II (AngII) (Malhotra et al., 2001). There is also 

evidence that IR and hyperinsulinemia lead to sympathetic nervous system (SNS) 

activation, and, as a result, the kidneys increase sodium reabsorption, the heart 



                                                                                                                          Introduction                               
   

- 9 - 

 

increases cardiac output, and arteries respond with vasoconstriction resulting in 
hypertension (Morse et al., 2005). It has been recently discovered that adipocytes also 

produce aldosterone in response to AngII (Briones et al., 2012). In this regard, the 

adipocyte may be considered a miniature renin-angiotensin aldosterone system. 

 

c) Pro-inflammatory state 

 Elevated levels of inflammatory markers, including pro-inflammatory cytokines, 

support the implication of an inflammatory state in the MS. Among acute phase 

response markers and inflammatory cytokines, interleukin (IL)-6, C-reactive protein and 

tumor necrosis factor-α (TNF-α) have been directly related to the MS and most of its 
features, i.e., obesity and IR (Matsuzawa et al., 2004; Dandona et al., 2005; Khera et 

al., 2009). A link between inflammation and metabolic diseases has been increasingly 

recognized. In fact, obesity may underlie a low-grade systemic inflammation where 

macrophages invade excess adipose tissue, resulting in the release of cytokines and 
promoting systemic inflammation (Weisberg et al., 2006; Lumeng and Saltiel, 2011; 

Johnson et al., 2012). Although an excess of adipose tissue per se may be responsible 

for low-grade inflammation, overnutrition independent of obesity may also engender 
inflammatory responses (Tam et al., 2010; Laugerette et al., 2014). Cytokines released 

from adipose tissue may induce IR in skeletal muscle (Wieser et al., 2013), alter the 

pituitary-adrenal axis, and may accelerate loss of pancreatic β-cells (Oh et al., 2011). 

Finally, low-grade inflammation within atherosclerotic lesions may increase the 

probability of plaque rupture, causing acute CVD (Libby et al., 2002). 

 Recent studies have established a hypothesis to explain MS pathogenesis from a 

pro-inflammatory state that induces IR and leads to clinical and biochemical 

manifestations of the MS. This resistance to insulin action promotes inflammation 

further through an increase in free fatty acids (FFA) concentration and interference with 
the anti-inflammatory effect of insulin (Dandona et al., 2005, Galisteo et al., 2008). 
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d) Hyperglycemia/ Insulin resistance 

 As another main component and causative factor of the MS, IR, accompanied or 

not by hyperglycemia, is an essential target in the therapeutic approach of this 

syndrome (Grundy, 2012). The primary cause of hyperglycemia in patients with MS is 

IR which is defined as the failure of cells to respond normally to insulin’s glucose-

lowering effects, resulting in hyperglycemia (Rieusset, 2015). 

 

e) Pro-thrombotic state 

 Individuals with obesity and MS appear to have multiple abnormalities in the 

hemostatic system that may well predispose to atherosclerotic CVD. Among these are 

endothelial dysfunction, enhanced coagulation, impaired fibrinolysis, and platelet 
dysfunction (Alessi and Juhan-Vague, 2006; Kostapanos et al., 2013). Specific 

abnormalities include elevated levels of inhibitor of plasminogen activator type 1 (Kraja 
et al., 2007), tissue factor (Samad and Ruf, 2013; Rao et al., 2014), fibrinogen (Kraja et 

al., 2007) and factor VII and VIII activity (Ay et al., 2007). Finally, it seems likely that 

patients with this syndrome are higher risk for venous thrombosis (Ay et al., 2007). 

 

1.3. Cardiovascular and metabolic alterations in metabolic syndrome 

 During the past two decades, considerable attention has been given to the 

clustering of cardiovascular risk factors and metabolic abnormalities that markedly 

increase the risk for development of T2DM and CVD (Azhar, 2010). 

 

1.3.1. Metabolic endotoxemia  

Recent evidences have shown that obesity is associated with metabolic disorders 

in multiple tissues, which contribute to the progression of IR and the MS.  

It has been demonstrated that an excess of dietary lipid intake not only increases 

systemic exposure to potential pro-inflammatory FFA and their derivatives, but, more 
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specifically, facilitates the absorption of endotoxins, leading to higher 
lipopolysaccharides (LPS) plasma levels, defined as ‘metabolic endotoxemia’ (Cani et 

al., 2007). In this way, the gut microbiota appears to be involved in the development of 

obesity and related metabolic disorders (Turnbaugh et al., 2006; Turnbaugh et al., 

2009). Particularly, specific compounds derived from the gut microbiota, such as LPS 

from Gram-negative bacteria, could act as triggers in the development of IR, T2DM and 
inflammation (Cani et al., 2007; Cani et al., 2008; Cani et al., 2009).  

A moderate increase in the plasma concentration of the inflammatory mediator 
LPS occurs during a fat-enriched diet (Cani et al., 2007). In turn, this low-grade chronic 

systemic inflammation initiates IR (Cani et al., 2007). In fact, it has been shown that the 

strategies that reduce endotoxemia or impair LPS/ toll-like receptor 4 (TLR4) signaling 
are able to improve glucose homoeostasis (Cani et al., 2007; Cani et al., 2008). 

In addition, an increase in intestinal permeability has been proposed as a crucial 
mechanism in the development of metabolic endotoxemia (Brun et al., 2007; Cani et 

al., 2007; Cani et al., 2008). Thus, obese mice exhibit an altered gut barrier, 

characterized by the disruption of tight-junction proteins between epithelial cells. 

Among the mechanisms involved in this phenomenon, excessive TNF-α production 

was proposed to help to propagate the extension of local inflammation, which would 

trigger the alteration of tight-junction proteins (Mazzon and Cuzzocrea, 2008).  

 Besides, increased expression of pro-inflammatory markers has been observed in 

visceral and subcutaneous adipose tissue of lean mice after chronic low dose LPS 

injection, with concomitant increases in weight gain, visceral and subcutaneous 
adipose tissue size, and increased liver weight (Cani et al., 2007). Furthermore, LPS 

can initiate systemic and local inflammation and also result in reactive oxygen species 

(ROS) production upon binding with TLR4 and subsequent activation of nuclear factor-

B (NF-B) (Asehnoune et al., 2004; Lu et al., 2008). TLR4 is abundant on immune 

cells, liver (Gustot et al., 2006), adipose tissue (Song et al., 2006) and skeletal muscle 

(Frost et al., 2002). Collectively, these tissues play an important role in the regulation of 

glucose and lipid homeostasis, and it has been demonstrated that pro-inflammatory 
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cytokines and ROS production interfere with normal metabolism in these 
tissues (Boutagy et al., 2016). 

 Finally, in a series of studies, such as Toral et al. (2014) showed that the changes 

induced in the gut microbiota by the chronic consumption of a probiotic, Lactobacillus 

coryniformis, in high-fat diet (HFD)-fed mice in favor of Lactobacillus spp. are 

associated with a significant improvement in gut inflammation and gut barrier 

disruption, as shown by the increase in the intestinal mucus glycoprotein mucin-3 and 

tight-junction protein expression, thus, promoting a healthier microvilli environment, 

which is correlated with lower plasma LPS levels (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Scheme representing the mechanisms involved in bacteria-induced metabolic 

disease. Excessive high-fat feeding changes intestinal microflora. This is associated with an 

increased intestinal permeability. Consequently, endotoxemia increases and triggers 

inflammation and metabolic disorders. Abbreviations: HFD: high-fat diet; LPS: 

lipopolysaccharides. 
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1.3.2. Endoplasmic reticulum stress  

 The link among metabolism, inflammation, and endoplasmic reticulum (ER) stress 

is not surprising when one considers how the function of each intersects with the 

others. All three processes are tightly regulated adaptive responses that are 

fundamental to survival and dependent on the availability of sufficient energy for 

appropriate function (Hummasti and Hotamisligi, 2010).  

 It is now evident that the ER is an organelle impaired in MS. This organelle plays a 

major role in calcium (Ca2+) homeostasis, and the synthesis, maturation and folding of 

both secretory and membrane proteins. However, when the folding capacity of the ER 

cannot cope with the high load of unfolded and misfolded proteins, ER homeostasis is 

disturbed and the ER sets up a physiological process termed ER stress, which leads to 

activation of the unfolded protein response (UPR) pathway, which aims to reduce 

protein synthesis, synthesize new chaperone proteins to degrade misfolded proteins 

and, ultimately, trigger apoptosis (Rieusset, 2015). When these unfolded or misfolded 

protein load increases, these proteins are directed to the cytoplasm and degraded by 
the ER-associated degradation (ERAD) process (Salvadó et al., 2015).  

 UPR pathway is mediated by three transmembrane ER proteins: inositol-requiring 

transmembrane kinase/endonuclease-1α (IRE-1α), eukaryotic translation initiation 

factor-2α kinase 3 (PERK) and activating transcription factor (ATF)-6 (Rieusset, 2015). 

Under non-stress conditions, the N-terminal of these trans-membrane proteins are 
bound to the intra-luminal binding immunoglobulin protein (BiP) (Palomer et al., 2014), 

the master regulator of the UPR (Rieusset, 2015). After stress exposure, the large 

excess of unfolded proteins sequesters BiP from trans-membrane ER proteins, thereby 
inducing the UPR (Palomer et al., 2014). In particular, ATF-6 is transported from the 

ER to the Golgi complex, where proteolytic cleavage releases a soluble fragment that it 

translocates to the nucleus, in which it acts as a transcription factor for ER 
chaperones (Xu et al., 2012). In addition, the endoribonuclease activity of IRE-1α 

cleaves a 26-base-pair segment from the messenger RNA (mRNA) of X-box binding 

protein 1 (XBP1), creating the active or spliced (XBP1s) form of the transcription factor 
XBP1 (Salvadó et al., 2014). XBP1s up-regulates ER chaperones and components of 



Introduction 

- 14 - 

 

ERAD mechanism (Rieusset, 2015). Finally, PERK phosphorylates and inhibits the 

eukaryotic initiation factor 2α (eIF2α), and by this means inhibits the translation of most 
mRNA (Hetz et al., 2011). However, some mRNA escape this translational control, for 

example transcription factor ATF-4, a master regulator of the ER stress response that 

is capable of inducing the expression of ATF-3, BiP, CCAAT/enhancer binding protein 

homologous protein (CHOP) and genes involved in autophagy, antioxidant responses 
and apoptosis (Ma et al., 2002) (Figure 3). 
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Figure 3. Schematic presentation of unfolded protein response signal transduction 

machinery. Illustration showing the factors and pathways that function in the unfolded protein 

response induced by non-esterified fatty acid and hyperglycemia that drives the induction of 

genes involved in apoptosis. Abbreviations: ATF, activating transcription factor; BiP: binding 

immunoglobulin protein; CHOP:CCAAT/enhancer binding protein homologous protein; eIF2α: 

eukaryotic initiation factor 2α; ER: endoplasmic reticulum; ERAD: ER-associated degradation; 

IRE-1α: inositol-requiring transmembrane kinase/endonuclease-1α; JNK: c-Jun N-terminal 

kinase; PERK: eukaryotic translation initiation factor-2α kinase 3; SERCA: Sarco/endoplasmic 

reticulum Ca
2+

 ATPase; XBP: X-box binding protein (Cnop et al., 2008). 
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misfolded proteins by retro-translocating these proteins from the ER into the cytosol via 

the ubiquitin-proteasome system (Kadowaki and Nishitoh, 2013). 

 Together, these pathways work to decrease translation and increase protein 

folding (Eizirik et al., 2008). The three branches of the canonical UPR intersect with a 

variety of inflammatory and stress signaling systems, including the NF-κB pathway 

(Hotamisligil, 2010). 

 A large number of groups have described the relation between ER stress response 

and a variety of human diseases, including neurodegenerative disease, metabolic 

disease, inflammatory disease, diabetes mellitus, cancer, and CVD (Kadowaki and 

Nishitoh, 2013). Recent evidences suggest that dysfunction of the UPR, or prolonged 

ER stress has emerged as a key player in the progression of IR and intersects with 

many different inflammatory and stress signaling pathways that disrupt insulin signaling 

(Hotamisligil, 2010) (Figure 4). 
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Figure 4. ER stress and metabolic dysfunction. Induction of ER stress under conditions of 

obesity has the potential to impact metabolic regulation at multiple levels. This includes direct 

effects of UPR signaling on insulin action, glucose and lipid metabolism, and inflammatory 

signaling but also possibly other aspects of metabolic dysfunction.  
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 Specifically, obesity results in chronic ER stress in adipose tissue (Salvadó et al., 

2015) and liver of mice (Hotamisligil, 2010). Indeed, in vivo experiments have 

demonstrated an important role for ER stress in HFD-induced inflammation (Kawasaki 

et al., 2012), increasing the expression of cytokines such as IL-6 and TNF-α through a 

PERK-dependent mechanism, perpetuating the process and the development of IR 
(Jiao et al., 2011). 

 These perturbations in ER homeostasis can result in the dysregulation of lipid and 
glucose metabolism in the liver and adipose tissue, leading to a number of metabolic 

diseases such as hepatic steatosis and dyslipidemia. ER stress is also known to 

contribute to lipogenesis and inactivate lipoprotein secretion (Hotamisligil, 2010). Mice 

with XBP1 haploinsufficiency develop IR when placed on a HFD, despite being on a 

genetic background normally resistant to diet-induced obesity and diabetes. This was 

attributable, at least in part, to ER stress-mediated induction of c-Jun N-terminal kinase 
(JNK) activity and inhibition of insulin action (Ozcan et al., 2004). Mice heterozygous 

for a non-phosphorylable eIF2α allele develop normally, but become obese and IR in 
response to HFD. These mice also exhibit defects in insulin secretion (Scheuner et al., 

2001). 

  Increased expression of UPR mediators and ER chaperones was significantly 

correlated with patient body mass index and modestly correlated with insulin sensitivity 
in adipose tissue of lean rats compared to their obese littermates (Sharma et al., 2008), 

while in atherosclerosis, chronic ER stress activates inflammatory signaling in 

macrophages. Deletion of CHOP reduces apoptosis in macrophages and plaque 

necrosis, leading to suppression of atherosclerotic progression in both apolipoprotein E 

deficient (Apo E-/-) and low-density lipoprotein receptor knockout (LDLR)-/- mice, which 
are two common animal models of atherosclerosis (Thorp et al., 2009). 

 Recent evidences suggest that treatment with chemical ER chaperones reduces 

both obesity/IR and atherosclerosis in mice that could protect in the context of 
metabolic disease (Ozcan et al., 2006). In fact, treatment of IR humans with 

tauroursodeoxycholic acid (TUDCA), a conjugated bile acid derivative that inhibits ER 
stress-induced apoptosis, results in increased insulin sensitivity (Kars et al., 2010). 
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 Under pathological conditions such as hypertension, ER stress was reported to be 
involved in endothelial dysfunction induced by AngII infusion (Kassan et al., 2012). 

More recently, Galán et al. (2014) have demonstrated that chemical induction of ER 

stress with tunicamycin is associated with endothelial dysfunction and increased 

oxidative stress in arterial wall.  

 In addition, some studies support that alterations of ER homoeostasis are able to 

promote mitochondrial dysfunction, thus establishing the link between mitochondrial 

dysfunction and cardiovascular complications associated with MS (Rieusset, 2015). 

Additional data have suggested that the PERK signaling pathway of the UPR regulates 
mitochondrial function during ER stress (Rainbolt et al., 2014), and mitochondrial 

dysfunction was associated with increased ROS production, suggesting a potential role 

of oxidative stress in the ER stress response. 

 Finally, the mitochondria-associated ER membranes (MAM), which are considered 

the contact points between the ER and mitochondria, might be participating in altered 

insulin action in peripheral tissue. Several lines of evidence demonstrated that the 

ablation in the liver of regulator of mitochondrial fusion, mitofusin-2 (Mfn2), which has 

been identified at the MAM interface (de Brioto and Scorrano, 2008), induces 
mitochondrial dysfunction, ER stress, IR and impaired glucose tolerance (Sebastian et 

al., 2012). Moreover, an important increase in ER-mitochondria contact sites via MAM 

has been described during HFD-induced obesity leading to a significant increased 
mitochondrial oxidative function (Arruda et al., 2014). 

 

1.3.3. Endothelial dysfunction  

 Endothelial dysfunction participates actively in the development of CVD associated 

with MS (Liao, 2013). 

 Endothelium is the biological active inner layer of the blood vessels, which controls 

vascular functions. The arterial vessel is outlined by three distinct layers; tunica intima, 

a single layer of endothelial cells (EC); tunica media, which comprises the vascular 
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smooth muscle cells (VSMC) and tunica adventitia, an elastic lamina with terminal 
nerve fibers and surrounding connective tissue (Dhananjayan et al., 2016).  

 The endothelium plays an important role in vascular homeostasis by modulating 

blood flow, delivery of nutrients, VSMC proliferation and migration, fibrinolysis and 
coagulation, inflammation, platelet and leukocyte adherence (Szmitko et al., 2003). 

 Vascular EC not only provide a physical barrier between the vessel wall and 

lumen, but also maintain vascular homeostasis and facilitate the passage of 
substances such as nutrients and leukocytes across the vessel wall (Lenna et al., 

2014). To carry out the above functions, the endothelium secretes numerous 

mediators, including nitric oxide (NO), prostanoids, endothelin-1 (ET-1), AngII, tissue-

type plasminogen activator, plasminogen activator inhibitor-1, von Willebrand factor, 

adhesion molecules and cytokines. The production of these moieties in response to 

various stimuli (Quyyumi, 1998) are necessary for normal vascular function including 

the regulation of vascular tone and coagulation, immune responses, and vascular cell 

growth. Under physiological conditions, the endothelium maintains a fine balance 
between vasodilation and vasoconstriction (Lenna et al., 2014). 

 EC constitutively express endothelial nitric oxide synthase (eNOS) that after 

Ca2+/calmodulin binding generates NO using L-arginine as a substrate together with 

cofactors as tetrahydrobiopterin (BH4). NO then rapidly diffuses into VSMC, resulting in 

the formation of cyclic guanosine monophosphate (cGMP) (Li and Forstermann, 2014), 

and activating a cGMP dependent protein kinase, which leads to an increased 

extrusion of Ca2+ from cytosol in VSMC, thus inhibiting the contractile machinery and 

initiating vasodilation (Mombouli and Vanhoutte, 1999). 

 The term endothelial dysfunction is most often used to denote impairment of 

endothelium-dependent vasodilatation in favor of vasoconstriction, including pro-

inflammatory and pro-thrombotic effects. Part of the dysfunction is related to decreased 

eNOS activity, reduced anticoagulant properties, increased adhesion molecule 

expression, chemokine and cytokine release, as well as ROS production by the 

endothelium. A key mechanism of endothelial dysfunction involves the vascular 



Introduction 

- 20 - 

 

production of ROS, particularly superoxide (O2
−), which reacts rapidly with NO and 

inactivates it (Tschudi et al., 1996).  

 The impairment of endothelium dependent relaxation observed in obesity involves 

inactivation of NO by O2
− (Roberts et al., 2006; Kobayasi et al., 2010) due to an 

increase of ROS generation in vascular cells. This has been attributed to an 

enhancement of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
activity (Roberts et al., 2006; Bourgoin et al., 2008), xanthine oxidase protein content 

(Erdei et al., 2006) and mitochondrial ROS production (Tian et al., 2012b), as well as to 

a decrease in antioxidant enzymes (Roberts et al., 2006;  Kobayasi et al., 2010). Also, 

various stimuli such as high glucose levels, IR and disturbed blood flow can lead to 
endothelial dysfunction in part through the activation of ER stress (Lenna et al., 2014). 

 Endothelial dysfunction is considered an early event involved in the initiation and 

progression of atherosclerosis that can be detected at early stages of development of 

the MS. The basic elements that correlate the establishment of MS and an accelerated 

phase of atherogenesis are often silent triggers that are present many years before the 

beginning of T2DM and CVD (McVeigh and Cohn, 2003). Over time, IR is associated 

with more components of the MS including, low HDL-cholesterol level, hypertension, 

increased vascular production of ROS, platelet activation, high TG and elevation of 
oxidation-prone LDL-cholesterol level, as previously described (Dhananjayan et al., 

2016) (Figure 5). 
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Figure 5. Pathophysiology of cardiovascular disease in metabolic syndrome. 

Abbreviations: ICAM-1: intercellular adhesion molecule-1; LDL: low-density lipoprotein; NF-B: 

nuclear factor-B; VCAM-1: vascular cell adhesion molecule-1 (modified from Prasad and 

Quyyumi, 2004). 

 

 In obesity, this enhancement of ROS bioavailability, in particular O2
-, affects 

endothelial function not only by reducing NO bioavailability, but also by promoting 

inflammation (Vila and Salaices, 2005). Obesity impairs endothelial function by 

inducing changes in BP, glucose levels, lipid metabolism and systemic inflammation 

(Avogaro and Kreutzenberg, 2005). 
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 In addition, during obesity induced by HFD feeding, the vasculature is more 

susceptible than other tissues to the deleterious effects of nutrient overload, 
inflammation and endothelial dysfunction, including decreased aortic NO levels (Kim et 

al., 2008). Both, LPS and FFA such as palmitate, stimulate TLR4 in the vasculature, 

which results in increased NADPH oxidase dependent O2
- production and inflammation 

(Kim et al., 2007; Maloney et al., 2009; Liang et al., 2013). Supporting this, it has been 

reported that HFD was able to increase arterial BP in mice, and the improvement in 
endothelial function by a probiotic, Lactobacillus coryniformis, as a result of reduced 

TLR4 activation and signaling, prevents obesity-induced hypertension, without showing 
any significant effect on BP in mice receiving the standard diet (Toral et al., 2014). 

 This impaired endothelium-dependent vasodilation, a characteristic hallmark of 
endothelial dysfunction, is an underlying factor in the pathogenesis of CVD (Campia et 

al., 2012). Endothelium-dependent vasodilation is markedly impaired in obese adults 

with MS compared with metabolically healthy obese adults (Schinzari et al., 2015). 

Individuals with metabolic disorders exhibit higher degree of endothelial dysfunction 
(Kwaśniewska et al., 2015) probably due to reduced plasmatic levels of NO in these 

patients (Ahirwar et al., 2015). 

 This finding underscores the role of MS in endothelial vasodilator dysfunction. 

However, the influence of MS on endothelium-dependent vasodilation is currently 
unknown (Dow et al., 2016), and its incidence continues to increase, despite enormous 

therapeutic advancements. For this reason, intensive efforts are necessary to develop 

new drugs involving new mechanisms to treat MS. 

 

1.4. Mouse models for metabolic syndrome 

 The widespread impact of MS in humans means that there is an urgent need to 

study relevant causes and progression of the signs. These studies require 

experimental models in laboratory animals that adequately mimic all the aspects of the 

human disease, thus developing all major features of MS, especially obesity, diabetes, 

dyslipidemia, hypertension and possibly fatty liver disease and kidney dysfunction 
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(Panchal and Brown, 2011). Among these, murine models have become quite useful 

tools in recent years because the entire mouse genome is now sequenced, and a large 
number of transgenic and knockout models are readily available (Cornier et al., 2008). 

 
1.4.1. Genetic models of obesity and type 2 diabetes mellitus 

 These models are useful for evaluating specific molecular mechanisms that may 

be involved in the development of obesity and T2DM in mice. Within these genetic 

models are included: 

 

a) Obese (ob/ob) mice 

 This was one of the first models for the study of diabetes (Enser, 1972). These 

mice inherited a monogenetic autosomal recessive mutation in the leptin gene on 

chromosome 6, this allows the development of different of signs MS with the age. In 

this way, at week 4 of age these mice can develop hyperinsulinemia, obesity and 

hyperglycemia. After 12 week of age, impaired glucose tolerance, hepatic steatosis and 

inflammation can be found (Dubuc, 1976). At week 24 of age, these mice developed 
left ventricular hypertrophy with decreased cardiac function (Mark et al., 1999). Unlike 

humans with MS, these mice showed reduced BP and did not develop dyslipidemia 
even after the age of 36 weeks (Mark et al., 1999; van den Bergh et al., 2008). 

 

b) Diabetic (db/db) mice 

 These mice have inherited an autosomal recessive mutation in the leptin receptor 
gene present on chromosome 4 (Chen et al., 1996), leading to higher body weights 

than their lean littermates after 6 weeks of age (Dong et al., 2010). After 8 weeks of 

age, fasting blood glucose concentrations are increased. These mice show high 

plasma concentrations of TG, total cholesterol and FFA along with reduced HDL/LDL-
cholesterol ratio after 13 weeks of age (Ae Park et al., 2006). Impaired glucose 

tolerance and hyperinsulinemia can be also observed after 12 weeks of age (Dong et 

al., 2010; Winzell et al., 2010) showing vascular endothelial dysfunction, although BP 
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was unchanged (Dong et al., 2010). They develop hepatic steatosis after 20 weeks of 

age (Ge et al., 2010). Of note, db/db mice fail to show hepatic inflammation and fibrosis 

(Sahai et al., 2004). 

 

1.4.2. Diet-induced models of metabolic syndrome 

 Diet plays an important role in growth and development as a source of nutrition, 

but the composition of the diet decides its nutritional status. The modern diet, 

especially in western countries, is rich in carbohydrates such as fructose and sucrose 

as well as in saturated fat, which results in an increased caloric intake that has been 

associated with many diet-induced complications including MS, CVD and non-alcoholic 
fatty liver disease (Lim et al., 2010; Massiera et al., 2010). Combinations of 

carbohydrate and fat-rich dietary components have been used in rodents to mimic 

these features and symptoms of human MS (Panchal and Brown, 2011).  

 

a) Fructose-induced metabolic syndrome 

 As commented, fructose has become an important ingredient in western diets 

(Tappy and Lê, 2010). The main sources of fructose in the diet are sucrose, high-

fructose corn syrup, fruits and honey. Unlike glucose, high-fructose feeding to rodents 

induces the development of MS symptoms including high BP, IR, impaired glucose 
tolerance and dyslipidemia (Lê and Tappy, 2006; Tran et al., 2009). Fructose feeding 

promotes ventricular hypertrophy, ventricular dilatation, decreased ventricular 

contractile function, infiltration of inflammatory cells in heart and hepatic steatosis 
(Chang et al., 2007; Patel et al., 2009). Fructose has been reported to induce obesity 

(Bocarsly et al., 2010) in rodents and it is accompanied by leptin resistance (Shapiro et 

al., 2008). In addition, it has been reported that fructose increases plasmatic TG 

concentrations without changes in plasma cholesterol concentrations (Miatello et al., 

2005). Unlike glucose, fructose does not elicit insulin secretion from pancreatic β-cells, 

possibly due to the absence of the fructose transporter in pancreatic β-cells, and it also 
lacks the ability to stimulate the secretion of leptin (Bray et al., 2004).  
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b) Sucrose-induced metabolic syndrome 

 Sucrose feeding has been also used to mimic human MS in laboratory animals 

(Tappy and Lê, 2010). Similar to fructose, sucrose feeding has shown variable results, 

especially with obesity (Santuré et al., 2002). It is described that sucrose induces 

lipogenesis in rodents along with increased plasma concentrations of insulin, leptin, 
TG, glucose and FFA, and impaired glucose tolerance (Coelho et al., 2010). As a 

result, sucrose promotes an IR state without change in fasting plasma insulin and 

glucose concentrations, but showing higher postprandial plasma concentrations of 
insulin and glucose (Santuré et al., 2002). Sucrose feeding increases systolic BP (SBP) 

in rodents (Sharma et al., 2008) and can develop hepatic steatosis (Huang et al., 

2010).  

 

c) High fat diet-induced metabolic syndrome 

 HFD has been commonly used as an experimental model of obesity, dyslipidemia 

and IR in rodents for many decades. The complications developed by HFD resemble 

the human MS. These complications may extend to cardiac hypertrophy, cardiac 

fibrosis, myocardial necrosis and hepatic steatosis (Panchal and Brown, 2011). HFD 
feeding to mice increases SBP and induces endothelial dysfunction (Kobayasi et al., 

2010). Besides, HFD-fed mice also shows albuminuria, increased glomerular tuft area, 

mesangial expansion, renal lipid accumulation, collagen deposition in glomeruli and 
increased infiltration of macrophages in renal medulla (Deji et al., 2009).  

 Different types of HFD have been used, ranging the fat fractions between 20% and 

60% as energy fat. Also, it has been used animal-derived fats, such as lard or beef 
tallow, or plant oils such as olive or coconut oil (Buettner et al., 2006). Long-term 

feeding with HFD increases body weight (Lei et al., 2007; Sutherland et al., 2008) 

plasma TG, FFA and insulin levels and decreases plasma adiponectin concentrations, 

leading to moderate hyperglycemia and impaired glucose tolerance in most mouse 
strains (Kim et al., 2010). Finally, long-term with HFD can also be able to develop 

hepatic steatosis (Hsu et al., 2009).  
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2. Peroxisome proliferator activated receptor beta/delta 

(PPARβ/δ) 

 Peroxisome proliferator activated receptors (PPAR) are non-steroidal receptors 

belonging to type I nuclear hormone receptors superfamily that are involved in the 

regulation of multiple processes in living systems. They play protective and 

homeostatic roles in CVD, metabolism disorders, inflammation and immune responses, 
thrombosis, angiogenesis and cancer (Duez et al., 2001; Daynes and Jones, 2002; 

Michalik et al., 2004; Hamblin et al., 2009; Azhar, 2010; Barlaka et al., 2016).  

 PPAR are composed of three member isoforms encoded by separate genes and 

with a high degree of interspecies sequence conservation, which include PPAR alpha 

(PPARα), PPAR beta/delta (PPARβ/δ), and PPAR gamma (PPARγ). Each PPAR 

subtype has different functions determined by their level of expression, ligand 

specificity and its activity, which are both tissue and metabolic pathway dependent 
(Chen et al., 2008; Oyekan, 2011) (Figure 6). 
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Figure 6. Localization and biological functions of peroxisome proliferator activate 

receptors (PPAR). Three members of the PPAR family have been identified: alpha, gamma 

and beta/delta. PPARα is activated by natural ligands such as free fatty acids (FFA) as well as 

synthetic compounds like the lipid-lowering fibrates. PPARγ is activated by natural ligands 

include FFA and prostaglandins (PGs), such as prostaglandin D2 (PGD2) derivatives and 

synthetic ligands which include the thiazolidinediones which are insulin sensitizers used for 

treatment of diabetes mellitus. The least well-known receptor in the PPAR family is PPARβ/δ. 

The development of specific and high-affinity ligands (GW0742, L-165041 or GW501516) for 

this receptor have shown that PPARβ/δ is a potential molecular target to prevent or treat several 

metabolic disorders. 

 

In the cardiovascular system, it is well established that PPAR are involved in many 

functions, especially those involved in the regulation of vascular tone, inflammation, 

and energy homeostasis. PPAR are expressed in EC, VSMC and macrophages. 

Increasing evidences suggest that activation of PPAR in the vasculature exerts 
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cardiovascular protection due to their anti-atherosclerotic, anti-inflammatory and 
vasodilatory effects (Schiffrin et al., 2003; Harrington et al., 2010), together with its 

ability to inhibit proliferation of VSMC and EC (Benkirane et al., 2006; Lee et al., 2006), 

to reduce cardiac hypertrophy (Asakawa et al., 2002; Smeets et al., 2008), to inhibit 

platelet aggregation (Moraes et al., 2007) and to lower BP (Iglarz et al., 2003; Khan et 

al., 2005; Zarzuelo et al., 2011). 

 

2.1. Structure 

PPARβ/δ was initially described as PPARβ in Xenopus laevis (Dreyer et al., 1992) 

and then it was found that this receptor shares 90% sequence homology with PPARδ 
from mice (Takada et al., 2000). Though it was not originally certain whether PPARβ 

from Xenopus was identical to murine PPARδ, now both are recognised as 

homologues for each other, hence the terminology PPARβ/δ. In contrast to PPARα and 

PPARγ, which are expressed mainly in tissues with high fatty acid catabolism, vascular 

and immune cells, PPARβ/δ is expressed ubiquitously in almost every tissues with 

particular abundance in the skeletal muscle, liver, intestine, kidney and abdominal 

adipose tissues, where it is often expressed at higher levels than PPARα and PPARγ 

(Braissant et al., 1996; Cimini et al., 2005; Feige et al., 2006; Zarzuelo et al., 2011; 

Mandard and Patsouris, 2013).  

 

2.2. Transcriptional regulation mechanisms 

PPAR can be activated by a large variety of endogenous ligands, such as long-
chain dietary fatty acids and their oxidized derivatives (Forman et al., 1997; Feige et 

al., 2006). However, each PPAR isoform exhibits high affinity for specific fatty acids 

due to the dimension of their ligand-binding domain (Xu et al., 1999). Therefore, 15-

hydroxyeicosatetraenoic acid (15-HETE), prostaglandins (PGs), such as prostaglandin 

A1 (PGA1) and prostaglandin D2 (PGD2), and carbaprostacyclin are the most potent 
endogenous agonists of PPARβ/δ (Kersten and Wahli, 2000; Naruhn et al., 2010).  

However, given the variety and anatomic distribution of endogenous PPAR ligands and 
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the grade of expression of the receptor in each tissue, and also the combinations in 

which they occur depending on physiological and pathophysiological conditions is a 

major challenge to know the role of each endogenous ligand in a given cell at a fixed 

time-point. For example, the expression of PPARβ/δ in aorta and in kidney is increased 

in spontaneously hypertensive rats (SHR), but its target genes are decreased. This 

might be related to a limited uptake of PPARβ/δ endogenous ligands (i.e. fatty acids) in 

SHR, which are genetically deficient in CD36, a membrane fatty acid transporter 
(Zarzuelo et al., 2011).  

PPAR may also be activated by synthetic ligands: fibrates and thiazolidinediones 

are well known selective synthetic agonists for PPARα and PPARγ respectively, while 

several selective PPARβ/δ agonists have been recently designed, including GW0742, 

GW501516 and L-165041 (Bishop-Bailey and Bystrom, 2009) (Figure 7). In 2003, 

GW501516 (Endurobol) and GW0742, were developed by Glaxo Smith Kline, which 

showed high affinity and more than 1000-fold selectivity for PPARβ/δ compared to the 
other PPAR subtypes (Grewal et al., 2016). The use of these agonists has contributed 

to clarify the role of PPARβ/δ activation under pathophysiological conditions, including 

MS. 
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Figure 7. Chemical structure of main PPARβ/δ synthetic agonists used in research and 

clinical trials.  

 

The PPARβ/δ activation includes at least two different molecular mechanisms: 

transcriptional transactivation and transcriptional transrepression. After ligand binding, 

PPARβ/δ undergoes conformational changes, which lead to the release of co-

repressors and recruitment of co-activators and the 9-cis-retinoic acid receptor (RXR), 

thereby forming a PPAR/RXR heterodimer. This PPAR/RXR complex then interacts 

with specific DNA sequences called peroxisome proliferator-response elements 

(PPRE) in the promoter areas of the target genes, leading to the activation of target 

gene transcription in a ligand-dependent way. Moreover, PPARβ/δ can negatively 

regulate the expression of genes by a ligand-dependent or ligand independent 

transrepression mechanism. Transrepression may occur either through directly binding 

of PPAR/RXR heterodimer to transcription factors, such as activated protein-1 (AP-1), 

NF-κB, nuclear factor of activated T cells (NFAT), and signal transducer and activator 

of transcription 3 (STAT3), or through taking co-repressors, such as nuclear receptor 

co-repressor (NCoR), in the absence of ligands and fully prevent the activation of 

GW501516 L-165041

GW0742



                                                                                                                          Introduction                               
   

- 31 - 

 

PPAR-mediated transactivation (Kota et al., 2005; Usuda and Kanda, 2014). These 

transcriptional regulation mechanisms are summarized in (Figure 8). 
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Figure 8. Molecular mechanisms of PPAR activation. In transactivation, PPAR-RXR 

heterodimers bind to DNA-specific sequences called peroxisome proliferator-response elements 

(PPRE), which are located in the promoter regions of genes involved in glucose and fatty acid 

metabolism. A second mechanism, transrepression involves interfering with other transcription-

factors such as NF-B, activator protein-1 (AP-1), signal transducer and activator of 

transcription (STAT), and nuclear factor of activated T-cells (NFAT), thereby represses 

transcription of pro-inflammatory and pro-oxidant genes. Lastly, PPAR may repress the 

transcription of direct target genes in the absence of ligand (ligand-independent 

transrepression) recruiting corepressor complexes that mediate active repression. 
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Furthermore, post-translational modifications by phosphorylation, ubiquitination, 

addition of small ubiquitin-like modifiers (SUMO)ylation are also involved in the 

regulation of PPAR activity and functions (Burns and Vanden Heuvel, 2007; Wadosky 

and Willis, 2012). Ubiquitination and SUMOylation decrease the expression of PPAR 

target genes, either by promoting PPAR degradation (via ubiquitination) or recruiting 

additional proteins to PPAR promoter sequences that increase PPAR transrepression 

function via SUMOylation or inhibit PPAR transactivation function. PPARβ/δ is 

regulated by posttranslational regulatory mechanisms that partly may serve to protect 

the cell against deregulated PPARβ/δ expression.  

The effects of PPAR agonist treatment on post-translational changes of PPAR are 

complex. In fact, PPARβ/δ agonists may stimulate, inhibit or have no effect on PPAR 

activity depending on the cell type and PPAR concentration (Wadosky and Willis 2012). 

For instance, under conditions of moderate PPARβ/δ expression the ubiquitination and 

degradation of the receptor is not significantly influenced by the agonist GW501516 
(Rieck et al., 2007). However, the overexpression of PPARβ/δ severely increases its 

degradation, concomitant with its polyubiquitination and the formation of high molecular 

mass complexes containing multiple, most likely oligomerized PPARβ/δ molecules that 

lacked stoichiometrical amounts of the obligatory PPARβ/δ dimerization partner, RXR. 

However, further investigations are required to clarify these post-translational 

modifications for PPARβ/δ. 

 

2.3. Clinical implications of PPARβ/δ agonists 

Although PPAR were originally identified in the '90s, the physiological function of 

PPARβ/δ is much less studied and understood than the other two PPAR isoforms. 

However, in recent years the development of synthetic ligands with enhanced affinity, 

and also the availability of various models of PPARβ/δ knockout and transgenic mice 
have allowed a better understanding of metabolic functions of PPARβ/δ (Balakumar et 

al., 2007; Bishop-Bailey and Bystrom, 2009). The use of PPARβ/δ agonists in 

preclinical models of MS have also played a major role in advancing our understanding 
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of the mechanisms and pathway involved in PPARβ/δ activation, which in turn would 

help to identify new drugs in MS treatment.  

 

2.3.1. Metabolic functions of PPARβ/δ activation 

PPARβ/δ is critically involved in the regulation of lipid, lipoprotein and glucose 

metabolism in multiple tissues including adipose tissue, skeletal muscle and heart 

(Azhar, 2010). 

 PPARβ/δ has been identified as a key regulator of adipocyte proliferation and 

differentiation, as well as in and cholesterol homeostasis. The first biological effect 

described for a PPARβ/δ agonist was an increase in serum HDL-cholesterol in diabetic 
mice following administration of L-165041 (Leibowitz et al., 2000). The number of HDL 

particles (Apo A-I, Apo A-II and Apo A-III) are all increased with PPARβ/δ receptor 
activation (Oliver et al., 2001). The mechanism by which PPARβ/δ activation raises 

HDL-cholesterol levels remains to be elucidated, although accumulating evidence has 

defined a role of PPARβ/δ in cholesterol ATP-binding cassette transporter A1 

(ABCA1); in mice knockout for the expression of ABCA1, this increase was not 

observed, this may serve as possible explanation for PPARβ/δ mediated increase in 
HDL (Oliver et al., 2001). 

  Studies in obese mice have shown that PPARβ/δ activation increased the 

expression of enzymes catabolizing FFA in skeletal muscle and decreased serum 
glucose concentrations (Tanaka et al., 2003; Wang et al., 2003).  Also, it has been 

described that mice fed a HFD exhibited an improvement in insulin sensitivity in 

response to PPARβ/δ ligand activation, and, interestingly, this effect was not found in 
PPARβ/δ-null mice (Lee et al., 2006). Similarly, PPARβ/δ activation for three months in 

db/db mice reduces glycemia in association with improved insulin sensitivity and 

improved islet function (Winzell et al., 2010). Moreover, it is shown that PPARβ/δ 

agonist, GW501516 improves hyperglycemia by attenuating hepatic glucose 

production, promoting glucose disposal and preventing fatty acid release from adipose 

tissue deposits. 
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The role of PPARβ/δ in glucose metabolism has not been precisely delineated. It 

appears that PPARβ/δ ligands may improve insulin sensitivity by facilitating FFA 
oxidation in the adipose, skeletal and cardiac tissues (Gilde et al., 2003; Tanaka et al., 

2003). More recently, there has been reported that PPARβ/δ activates β-oxidation 

respect of its targeting on gene pyruvate dehydrogenase kinase-4 (PDK-4) that inhibits 
pyruvate dehydrogenase complex which decreases glucose oxidation (Planavila et al., 

2005). PDK-4 is a key enzyme that mediates the shift from glycolytic to fatty acid 

oxidative metabolism via pyruvate dehydrogenase phosphorylation and subsequent 

inactivation (Patel and Korotchkina, 2006). 

 

2.3.2. Effects of PPARβ/δ activation on elevated arterial blood pressure 

Accumulating evidence demonstrates that PPARβ/δ is an important modulator of 

the MS and may be a therapeutic target for treating most of its features, including 
hypertension (Benetti et al., 2011). It has become evident in recent years that 

individuals with MS have an increased burden of CVD that remains the leading cause 

of morbidity and mortality for these patients.  

 The first study to report the effects of pharmacological PPARβ/δ activation on 
elevated arterial BP was carried out in SHR (Zarzuelo et al., 2011), an established 

animal model for human hypertension. In this study, long-term administration of 

PPARβ/δ agonist GW0742 induced a progressive reduction in SBP and heart rate in 

SHR, but it had no effect in normotensive Wistar-Kyoto (WKY) rats. This latter 

observation is supported by previous reports showing that GW0742 treatment does not 
influence in SBP in normotensive rats (Harrington et al., 2010). Subsequently, other 

studies confirmed these antihypertensive effects in other experimental models, such as 
AngII-infused mice (Neels and Grimaldi, 2014; Romero et al., 2016) and ET-1-

dependent and AngII-independent hypertension induced by deoxicorticosterone 
acetate (DOCA)-salt in rats (Zarzuelo et al., 2013a). Interestingly, PPARβ/δ blockade 

with an antagonist of this receptor, GSK0660, reversed the beneficial effects induced 
by GW0742 on arterial BP and arterial reactivity in AngII-infused mice (Romero et al., 
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2016). However, in the ET-1-dependent model, the antihypertensive effect seems to be 
independent of PPARβ/δ activation (Xu et al., 2006). Thus, a direct vasodilator effect, 

which is in part independent of receptor activation, could also collaborate to reduce 

SBP. 

 
2.3.3. Effects of PPARβ/δ activation on cardiac and vascular structure 

Sustained elevated BP is associated with changes in cardiovascular structure, 

including ventricular hypertrophy and increased vascular wall thickness/lumen diameter 
ratio (Prewitt et al., 2002; Santos and Shah, 2014). The antihypertensive effects 

induced by PPARβ/δ agonists were accompanied in some experimental models by 
reduced vascular remodeling and cardiac hypertrophy (Zarzuelo et al., 2011; Zarzuelo 

et al., 2013a; Neels and Grimaldi, 2014). However, it has been shown a clear 

dissociation between the effects on BP and those in cardiac and vascular structures, 

which seem to be related with the experimental model of hypertension. Moreover, 

PPARβ/δ activation inhibits the hypertrophic effects of several stimuli (pressure, AngII, 

etc) in hypertension, but it has also direct pro-hypertrophic effects. 

Several studies based on treatment with synthetic agonists have shown that 

PPARβ/δ activation exerts beneficial effects to prevent cardiac hypertrophy and 

vascular remodeling by inhibiting cardiomyocytes and VSMC proliferation, cytokines 

and growth factors release and extracellular matrix deposition due to its anti-
inflammatory and antioxidant properties (Planavila et al., 2005; Liu et al., 2013; Galatou 

et al., 2014; Barlaka et al., 2016). Furthermore, a PPARβ/δ agonist reduced the right 

heart hypertrophy and right ventricular systolic pressure in an experimental model of 
pulmonary arterial hypertension induced by chronic hypoxia (Harrington et al., 2010). 

However, chronic GW0742 treatment has mild inhibitory effects in cardiac hypertrophy 
despite intense reduction of BP (Zhang et al., 2007; Zarzuelo et al., 2011). It is well 

known that drugs that decrease BP and/or reduce the renin-angiotensin system activity 

(i.e. angiotensin converting enzyme inhibitors, AngII receptor type 1 (AT1) antagonist 

and direct renin inhibitors) reduce cardiac hypertrophy in hypertension (including SHR).  

This lack of inhibitory effects may be explained by the induction of rapid cardiac growth, 
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mediated via calcineurin-A/NFAT, as previously described in mice with PPARβ/δ 
agonists GW0742 and GW501516 (Wagner et al., 2009), that counterbalances the 

effects of reduced BP and AngII pathway activity.  

However, in SHR, GW0742 reduced both the increased cardiomyocyte size and 

collagen accumulation indicating that it prevents the histopathological consequences of 

hypertension, which is in agreement with inhibition of AngII induced collagen synthesis 
in response to PPARβ/δ activation (Lee et al., 2003; Zhang et al., 2007). By contrast, in 

AngII-infused mice the reduction in left ventricular hypertrophy was higher than the 

reduction in BP reduction, indicating direct protective effects independent of BP 
reduction (Romero et al., 2016). 

In addition, chronic treatment with GW0742 strongly reduced vascular remodeling 
in mesenteric arteries from SHR (Zarzuelo et al., 2011), and AngII-infused mice (Neels 

and Grimaldi, 2014; Romero et al., 2016), which may contribute to reduce BP. In both 

models of hypertension the reduction of vascular remodeling was higher than the 

change in BP, indicating a protective local effect, mainly in the vasculature. The fate of 

VSMC, i.e. the maintenance of a differentiated contractile phenotype or the 

dedifferentiation into a proliferative phenotype, may be determined by the balance 

between the protein kinase B (Akt) and the extracellular-regulated kinase (ERK) 

pathways. PPARβ/δ activation by GW0742 induced a change in the balance between 
Akt/ERK pathways (Zarzuelo et al., 2011), which may participate in the regulation of 

VSMC phenotypic change in SHR, leading to reduced vascular remodeling. However, 

further studies implicating PPARβ/δ in the pathogenesis of cardiac hypertrophy and 

vascular remodeling are necessary to elucidate its role in hypertension. 

 

2.3.4. Effects of PPARβ/δ activation on endothelial dysfunction 

 Endothelial dysfunction is well thought out as the first step in the development of 

the pathogenesis of hypertension, atherosclerosis and other CVD. Therefore, 

independently of other cardiovascular risk factors, there is an inverse association 
between endothelial dysfunction and future cardiovascular outcomes (Bonetti et al., 
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2003; Endemann and Schiffrin, 2004). There is increasing evidence that endothelial 

dysfunction and hypertension are involved in a vicious cycle which culminates in 
progressive target organ injury and dysfunction (Félétou et al., 2010). It has been 

described that those antihypertensive treatments augmenting the bioavailability of NO, 

which contributes to restoring proper endothelial function, give extra beneficial effects 
in ameliorating target organ damage in hypertension (Portaluppi et al., 2004). The 

pharmacological activation of PPARβ/δ prevents the endothelial dysfunction and 

downregulates inflammatory responses. Endothelial dysfunction is characterized by 

impaired endothelium-dependent vasodilation, reduced NO bioavailability, increased 

vascular O2
- production and pro-thrombotic and pro-inflammatory state (Kodja and 

Harrison, 1999; Endemann and Schiffrin, 2004; Bauersachs and Widder, 2008). 

 Our research group has reported that PPARβ/δ activation by GW0742 improved 

endothelial dysfunction by increasing eNOS activation and lowering ROS levels in 
animal models of hypertension and diabetes (Zarzuelo et al., 2011; Quintela et al., 

2012; Zarzuelo et al., 2013a). Briefly, the chronic administration of GW0742 restored 

the impaired endothelial vasodilator function as measured by the endothelium-

dependent relaxation to acetylcholine (ACh) in SHR and DOCA-salt rats, through a 

direct PPARβ/δ activation in the vascular wall via induced phosphorylation 

phosphatidylinositide 3-kinase (PI3K)-Akt-eNOS pathway and reduced caveolin-1 
(Cav-1)/eNOS interaction (Zarzuelo et al., 2011; Zarzuelo et al., 2013a). Furthermore, 

this restoration of endothelial dysfunction by GW0742 was also attributed to a reduction 

in oxidative stress and particularly to diminished O2
− driven NO inactivation.  

 Excessive production of ROS is a hallmark of CVD, including hypertension. In fact, 

it has been suggested that increased oxidative stress is a pathogenic factor in the 
development of essential hypertension and endothelial dysfunction (Lima et al., 2009; 

Gómez-Guzmán et al., 2011). Long-term administration of PPARβ/δ agonist GW0742 

induced a significant decrease on vascular O2
- production attributed to downregulated 

p22phox and p47phox expression and it decreased both basal and AngII or ET-1-

stimulated NADPH oxidase activity, which is the main source of vascular O2
−  (Zarzuelo 
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et al., 2011; Zarzuelo et al., 2013a). Similar results were observed in experimental 

models of diabetes (Quintela et al., 2012). 

 IR is also implicated in the mechanism underlying endothelial dysfunction 

associated to metabolic-related cardiovascular disorders. Recent studies have shown 

that in human EC under high glucose conditions, PPARβ/δ activation by GW0742 and 

L-165041 prevented the impairment of insulin-stimulated NO production via PDK-4 up-

regulation, with the subsequent inhibition of both mitochondrial ROS production and 

ERK1/2 activation. These effects improved insulin signaling by reducing ERK1/2-

mediated insulin receptor substrate-1 (IRS-1) phosphorylation at Ser636 and Ser270 
(Quintela et al., 2014). Furthermore, chronic administration of GW0742 increased Akt 

and eNOS phosphorylation and improved NO-dependent insulin relaxation in aorta and 

mesenteric arteries from streptozotocin (STZ)-induced type 1 diabetic rats. These 

beneficial effects were abolished in the presence of the specific PDK-4 inhibitor 

dichloroacetate, showing the critical role of PDK-4 in the improvement of insulin 

signaling induced by PPARβ/δ activation in the endothelium under hyperglycemic 
conditions (Quintela et al., 2014). In addition, ET-1 is involved in the development of 

O2
- production and endothelial dysfunction in type 1 diabetic rats. Chronic GW0742 

administration also improves Ca2+-mediated eNOS activation and relaxation induced by 

ACh in aorta and mesenteric arteries from STZ-induced diabetic rats, by reducing 
vascular ET-1 overproduction (Quintela et al., 2012). Furthermore, in mesenteric 

arteries the endothelium-derived hyperpolarizing factor (EDHF) also participates in the 

endothelium-dependent relaxation and is essential for the physiological control of 

resistance artery tone. During diabetes an impairment of its pathway has been reported 
(Wigg et al., 2001; Leo et al., 2011). However, GW0742 chronic treatment has not 

effect on the EDHF-dependent vasodilation in mesenteric arteries from STZ-induced 
diabetic rats (Quintela et al., 2012). Similar results showing that PPARβ/δ activation by 

agonist GW1516 protects endothelial function and improves insulin-induced relaxation 
in diabetic and obese mice have also been described (Tian et al., 2012a). In addition, 

the antidiabetic drug metformin restores endothelial function through inhibiting ER 

stress and increasing NO bioavailability on activation of 5′-adenosine monophosphate-
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activated protein kinase (AMPK)/PPARβ/δ pathway in obese diabetic mice (Cheang et 

al., 2014). All these results showed that PPARβ/δ controls glucose metabolism directly 

in EC, exerting protective effects against endothelial dysfunction induced by these 

metabolic disorders.  

 

2.3.5. Effects of PPARβ/δ activation on vascular inflammation 

 Vascular inflammation contributes to vascular dysfunction in hypertension, which is 

a core component of the MS. In addition, the end-organ damage associated with 
hypertension is mediated, at least in part, by inflammation (Duan et al., 2009) 

Pharmacological PPARβ/δ activation exhibits anti-inflammatory and anti-atherogenic 

properties in vascular wall. Vascular inflammation has been considered as a main 

mechanism that participates in the progression of vascular injury associated to MS and 

has gained increasingly strong to explain the link between increased BP and 
atherosclerosis (Collins et al., 1995; Cines et al., 1998; Rival et al., 2002). The 

expression of pro-inflammatory genes, including IL-1β, IL-6, TNF-α, was reduced by 
PPARβ/δ selective agonists in aorta from hypertensive animals (Zarzuelo et al., 2011). 

The enhancement of ROS production, in particular O2
-, affects endothelial function not 

only by reducing NO bioavailability, but also by promoting inflammation (Vila and 

Salaices, 2005). In addition, cytokines are capable to act synergistically to initiate the 

inflammatory cascade, resulting in other cytokines, cytokine receptor, and genes 

involved in inflammation, all of which can damage vascular function (Vila and Salaices, 

2005). Mitogen-activated protein kinase (MAPK) signaling pathways are associated 
with the vascular inflammation that is modulated by ROS (Griendling et al., 2000). 

Thus, PPARβ/δ activation by specific agonists reduced vascular O2
- levels in 

hypertensive animals contributing to reduce vascular inflammation. This protective 

effect on vascular inflammation was also related to prevention in the progression of 

endothelial dysfunction and vascular remodeling associated to hypertension. 
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2.4. Clinical evidences  

Based on the beneficial effects shown by pharmacological PPARβ/δ activation in 

experimental animal models of metabolic-related CVD, several clinical trials have been 

conducted to evaluate the protective effects against metabolic and vascular diseases of 
selected PPARβ/δ agonists in the last years (Ooi et al., 2011; Choi et al., 2012; Olson 

et al., 2012). Some studies have analyzed a possible association of single nucleotide 

polymorphisms (SNPs) in the human PPARβ/δ gene with metabolic and CVD. 

However, a SNPs located at in the 5'- untranslated region (5'-UTR) of the human 
PPARβ/δ (+294T/C) (Skogsberg et al., 2003; Chia et al., 2015) was not associated with 

obesity, MS (Grarup et al., 2007; Lagou et al., 2008), or increased risk coronary heart 

disease (Skogsberg et al., 2003). 

Although no severe side effects have been described so far, none of the PPARβ/δ 

agonists tested has been approved for clinical use yet. Thus, Endurobol (GW501516), 

in healthy volunteers, reduced plasma TG and increased plasma HDL-cholesterol 

concentration (Sprecher, 2007). In another study with healthy overweight men with 

moderate dyslipidemia, GW501516 treatment resulted in significant reductions in 

plasma TG, LDL-cholesterol, Apo B and insulin levels, while HDL-cholesterol level was 

unchanged (Risérus et al., 2008), being proposed as a pharmacological candidate for 

the treatment of MS, diabetes mellitus, dyslipidemia and atherosclerosis (Risérus et al., 

2008; Ooi et al., 2011; Olson et al., 2012), but unfortunately its development was 

stopped when the agonist was related to induction of tumours in several organs in 
rodents (Gupta et al., 2004; Pollock et al., 2010).  

Safety issues have been raised regarding the role of PPARβ/δ ligands in 

carcinogenesis, with conflicting studies indicating that PPARβ/δ activation can both 
inhibit and promote tumorigenesis, the latter particularly in animal models (Peters et al., 

2015). This is of interest given that PPAR are known to be expressed at lower levels in 

human cells than they are in rodent cells, and gene expression is also differentially 

regulated by PPAR in human versus rodent cells (Neels and Grimaldi, 2014). For 

instance, synthetic PPARα ligands induce carcinogenesis in rodents. However, human 

subjects receiving fibrates for the treatment of dyslipidemia are resistant to the 
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carcinogenic effects of these PPARα ligands (Youssef and Badr, 2011). Similarly, the 

PPARγ ligand pioglitazone was associated with a higher incidence of bladder cancer in 

preclinical studies whereas, in humans, although conflicting results have been 

reported, the latest large-scale studies indicate that pioglitazone use was not 
associated with the incidence of bladder cancer (Levin et al., 2015; Lewis et al., 2015).  

MBX-8025, another PPARβ/δ agonist, has shown to normalize lipid profiles and C-

reactive protein levels in patients with MS and has ended a phase II clinical trial (Choi 
et al., 2012). Several mild side effects such as increased creatinine kinase levels, 

decreases in red blood cell count and haematocrit and a modest increase in platelet 
count have been described in the clinical trials with this drug (Bays et al., 2011). 

However, no clinical trials have been performed in essential hypertensive patients. 

Because most side effects of these selective PPARβ/δ agonists are related to 

ubiquitously expression of PPARβ/δ and the dosing regimen used 

(Mackenzie and Lione, 2013), further pharmacokinetic studies of PPARβ/δ agonists are 

required to adjust the concentration levels in the blood to that which is selective to 

PPARβ/δ and define a therapeutic window and a safe dose.  

Finally, a novel class of dual PPARα/β/δ (Wallace et al., 2005; Cariou et al., 2011), 

PPARγ/β/δ (Liu et al., 2001; Xu et al., 2006; Gonzalez et al., 2007) and PPARα/γ/β/δ 

pan agonists (Tenenbaum et al., 2005a; Tenenbaum et al., 2005b; Ramachandran et 

al., 2006; Shearer and Billin, 2007) are currently in various stages of development in 

clinical trials due to their promising results in preclinical studies to treat all of the clinical 

disorders of the MS including IR, hyperglycemia and dyslipidemia. In fact, in 

abdominally obese patients and IR patients, with or without diabetes, GFT505, a dual 

PPARα/β/δ agonist, improved several metabolic parameters, including hepatic and 
peripheral IR, inflammation and dyslipidemia (Cariou et al., 2011; Cariou et al., 2013). 

GFT505 was well tolerated and safe, with mild adverse reactions, such as headache, 

gastrointestinal intolerance and back pain. Furthermore, it has been assessed the 

safety and efficacy of GFT505 in patients with non-alcoholic steatohepatitis and was 

well tolerated although a few patients had an increase in creatinine, which is not 
estimated to be related with renal insufficiency (Ratziu et al., 2016).  
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It has become evident in recent years supports, the hypothesis that PPARβ/δ 

activation represents an attractive therapeutic strategy for the treatment and prevention 

of MS. Thanks to this potential interest, PPARβ/δ agonists have reached clinical trials. 

However, the number of clinical trials performed to study the efficacy and safety of 

PPARβ/δ ligands in humans remains small, and several questions need to be 

answered (Vázquez-Carrera, 2016) and further investigation into the mechanism of this 

pleiotropic effect of PPARβ/δ agonist is necessary to be considered as a novel 

therapeutic target in treating this pathology. 
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GLOSSARY 
 

Adipokine: any protein (cytokine, 
growth factor, hormone, etc.) secreted 
from adipocytes. 
 
Atherogenic dyslipidemia: the 
presence of high levels of TG, LDL-
cholesterol, and low levels of HDL-
cholesterol. It is often observed in 
patients with IR and T2DM. 
 
Cardiac hypertrophy: is a thickening 
of the heart muscle (myocardium) 
which results in a decrease in size of 
the chamber of the heart, including the 
left and right ventricles. A common 
cause of cardiac hypertrophy is high 
blood pressure (hypertension) and 
heart valve stenosis 

 
Chaperone: a molecule that prevents 
protein misfolding by stabilizing folding 
intermediates and preventing their 
aggregation in the cell. It can be an 
endogenous protein such as BiP, or 
pharmacological compounds such as 4-
PBA or TUDCA. 
 
Chemokine: secreted chemotactic 
cytokines that can induce directed 
chemotaxis in the responsive cells. 
 
Cytokine: small protein molecules 
secreted that function is predominantly 
in immunological intercellular 
communication. These include IL and 
interferons. 
 

 

 

Endothelial dysfunction: a key event 
in the development of atherosclerosis 
that compromises the normal function 
of EC, leading to the inability of arteries 
and arterioles to dilate fully in response 
to an appropriate stimulus. 
 
ER stress: a consequence of any 
perturbation that results in high load of 
unfolded and misfolded proteins in the 
ER. The ER stress activates the UPR. 
 

4-PBA: chemical chaperone that 
inhibits ER stress by improving ER 
protein folding capacity. 
 
Glucose intolerance: an umbrella term 
referring to metabolic conditions 
characterized by the presence of higher 
than normal blood glucose levels 
(hyperglycemia). Hyperglycemia 
patients usually exhibit either impaired 
fasting glucose or impaired glucose 
tolerance. 
 
Hyperinsulinemia: is a condition in 
which there are excess levels 
of insulin circulating in the blood relative 
to the level of glucose.  
 
IR: a condition in which the cells of an 
organism become resistant to the 
effects of insulin. Due to this, higher 
levels of insulin are required to have an 
effect. This resistance is manifested 
against both endogenously produced 
and exogenously injected insulin. 
 

https://en.wikipedia.org/wiki/Insulin
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Insulin signaling: insulin is a hormone 
produced by the β-cells in the 
pancreas. It regulates carbohydrate and 
fat metabolism by causing cells in the 
muscles, liver, and fat tissue to take up 
glucose from blood and store it as 
glycogen. Insulin signaling is the 
intracellular events stimulated after 
insulin receptor activation. 
 
Lipogenesis: a process by which 
acetyl-CoA, an intermediate in the 
metabolism of simple sugars such as 
glucose, is converted in fat. 
 
Lipotoxicity: a process that results 
from the accumulation of lipid 
intermediates in non-adipose tissues. 
 
Low-grade systemic inflammation: 
obesity-induced inflammation differs 
from inflammation in classical immunity 
in that it is a low-grade inflammation 
than produces much lower levels of 
circulating cytokines. It is also a chronic 
inflammation because it requires a 
relatively long HFD treatment (> 8 
weeks in animal models) before 
inflammation is observed in adipose 
tissue. Obesity- induced inflammation is 
the result of exposure to nutrient 
excess, resulting in adipocyte 
hypertrophy, macrophage infiltration 
and polarization, and activation of 
inflammatory pathways. 
 
MAM: are functional domains that 
represent close contact sites through 
which ER communicates with 
mitochondria supporting the transfer not 

only of lipids but also the exchange of 
Ca2+ ions and other molecules, and 
regulating energy metabolism. 
 
SUMOylation: is a post-translational 
modification process. It is analogous to 
ubiquitination in terms of the reaction 
scheme and enzyme classes used, but 
rather than conjugation by ubiquitin, 
involves addition of SUMO. 
SUMOylation can affect a protein’s 
structure and subcellular localization. 
 

TUDCA: bile acid derivate that acts as 
chemical chaperone to enhance protein 
folding and ameliorate ER stress. 
 

Thapsigargin: ER stressor which 
induces ER stress by inhibiting the 
SERCA and, consequently, blocking 
the Ca2+ entry into the ER lumen. 
 

Tunicamycin: ER stressor that disrupts 
glycosylation of newly synthesized 
protein resulting in ER stress.  
 
Ubiquitination: Process for a protein is 
inactivated by attaching ubiquitin to it. 
Ubiquitin is a small molecule, which 
acts as a tag that signals the protein-
transport machinery to ferry the protein 
to the proteasome for degradation. 
 

UPR: adaptive (defensive) ER stress 
response that involves the activation of 
a signaling pathway to restore the 
folding capacity. If ER homeostasis 
cannot be restored apoptosis is 
induced. 

http://www.medicinenet.com/script/main/art.asp?articlekey=32245
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JUSTIFICATION AND OBJECTIVES 

 The MS is a cluster of metabolic and cardiovascular disorders associated with IR, 

where obesity is considered a complex chronic disease whose prevalence is steadily 

increasing (Bray, 2004). Consequently, the prevalence of obesity-related disorders, 

such as T2DM and CVD, is also increasing. The mechanisms by which obesity 

increases the risk of CVD are incompletely understood, but endothelial dysfunction 

seems to play a key role, that can subsequently promote the development of 

atherosclerosis and hypertension.  

Many factors may impair endothelial function in obesity, including changes in BP, 

glucose levels, and lipid metabolism (Avogaro and Kreutzenberg, 2005). Furthermore, 

obesity is characterized by a chronic immune-mediated low-grade systemic 

inflammation (Hotamisligil, 2006). Oxidative stress has also been implicated in 

endothelial dysfunction. Obesity-induced increase in ROS in vascular cells has been 

attributed to an enhancement of ROS-generating systems, such as NADPH oxidase 
(Roberts et al., 2006), xanthine oxidase (Erdei et al., 2006) and mitochondria (Tian et 

al., 2012b), or to a decrease in antioxidant enzymes (Roberts et al., 2006; Kobayasi et 

al., 2010). In vascular cells, the redox-sensitive NF-B regulates the transcription of 

genes that encode inflammatory cytokines, which in turn, can activate NF-B, 

stimulating further ROS and cytokine production and promoting more inflammation (De 

Martin et al., 2000). Increased NF-B activation in obesity is involved in the impaired 

endothelium-dependent relaxation in human (Pierce et al., 2009) and obese mice 

(Kobayasi et al., 2010). 

As previously explained, the PPAR, PPARα, PPARβ/δ, and PPARγ are members 

of the nuclear hormone receptor superfamily. PPARβ/δ is the least studied isoform of 

PPAR, and it is ubiquitously expressed in tissues.  The role of PPARβ/δ in obesity has 

been examined by the loss-of-function approach or by using synthetic PPARβ/δ 

ligands. PPARβ/δ knockout mice are more prone to weight gain on a HFD, whereas 

the PPARβ/δ transgenic mice are protected against obesity and lipid accumulation 
(Wang et al., 2003). Moreover, PPARβ/δ agonists can improve the lipid profile by 
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increasing the levels of HDL-cholesterol and decreasing LDL-cholesterol and TG in 
obese animal models (Leibowitz et al., 2000; Oliver et al., 2001) and obese men 

(Risérus et al., 2008). In addition, PPARβ/δ regulates glucose homeostasis and insulin 

sensitivity in various tissues (Lee et al., 2006).  

The improvement of systemic lipid and glucose metabolism by PPARβ/δ activation 

is associated with vascular protection in obesity. In fact, the PPARβ/δ agonist GW0742 
reduced atherosclerosis in LDLR-/- mice (Graham et al., 2005), and substantially 

attenuated AngII-accelerated atherosclerosis and the associated arterial inflammatory 
and atherosclerotic gene expression (Takata et al., 2008).  

However, PPARβ/δ agonists may also exert protective effects independently of 

their metabolic actions. Thus, chronic GW0742 treatment reduced BP and improved 
endothelial function in aortae from SHR (Zarzuelo et al., 2011) and DOCA-salt 

hypertensive rats (Zarzuelo et al., 2013a), independently of the systemic metabolic 

state. This ligand also increased ACh-induced relaxation in aorta and small mesenteric 
arteries from STZ-induced diabetic rats (Quintela et al., 2012) without altering blood 

glucose levels. Moreover, direct effects of these agonists on vascular cells in culture 

have also been described.  

Activation of PPARβ/δ exhibits anti-inflammatory properties in EC by inhibiting the 

expression of vascular cell adhesion molecule-1 (VCAM-1) and monocyte 
chemoattractant protein-1 (MCP-1) (Rival et al., 2002).  PPARβ/δ activation restored 

the high glucose-induced impairment of insulin signaling in EC (Quintela et al., 2014) 

and the impaired endothelium-dependent relaxation induced by high glucose in mouse 
aortae (Tian et al., 2012a). In addition, activation of PPARβ/δ significantly reduced 

AngII-induced ROS generation in VSMC by inhibiting the activation of NADPH oxidase 
(Lee et al., 2012) and by up-regulation of antioxidant genes (Kim et al., 2011a; Kim et 

al., 2011b).  

While PPARβ/δ activation has been reported to improve obesity-induced 
endothelial dysfunction (Tian et al., 2012a), the role of oxidative stress and vascular 
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inflammation as well as the consequences on BP and left ventricular hypertrophy are 

unknown. 

Therefore, the first aim of this Doctoral Thesis was to analyze the effects of 

chronic treatment with the highly selective PPARβ/δ agonist GW0742 on 

metabolic and vascular function in obese mice fed a HFD. 

 

Endothelial dysfunction is an early event involved in the development of 
atherosclerosis. HFD impairs endothelial function in animals and humans (Vogel et al., 

1997; Esposito et al., 2004). One of the characteristic abnormalities of the MS is the 

elevated circulating concentrations of FFA (Creager et al., 2003) which are implicated 

in the mechanism underlying endothelial dysfunction associated to lipid metabolic 

disorders. Potential mechanisms whereby exposure to saturated FFA induces changes 

in the endothelium include impairment of eNOS activity, and increased ROS such as 

O2
− production (Bedard and Krause, 2007), that can be generated by both 

mitochondrial electron transport (Nishikawa and Araki, 2007) and by cytosolic enzymes 
such as the NOX family of NADPH oxidase (Inoguchi et al., 2000). These enzymes 

transfer electrons from NAD(P)H across cell membranes and are a major source of 

vascular ROS.  

Decreasing lipotoxicity may be a key component to prevent and treat 

cardiovascular complications of lipid metabolic disorders. Accumulation of fatty acid 

derivatives can be attenuated by their metabolism via mitochondrial β-oxidation. The 

rate-limiting step for β-oxidation of long-chain fatty acids is their transport into 

mitochondria via carnitine palmitoyl-transferase-1 (CPT-1). Activation of fatty acids 

oxidation by overexpressing CPT-1 in skeletal muscle improves lipid-induced IR 
(Sebastián et al., 2007; Bruce et al., 2009; Coll et al., 2010).  

 PPARβ/δ is expressed in multiple cell types including adipose and EC (Piqueras et 

al., 2007). PPARβ/δ activation promotes fatty acid β-oxidation in adipocytes and 

skeletal muscle, decreases lipid accumulation, and reduces obesity (Wang et al., 

2003). Lipid metabolism in EC also involves conventional pathways, with functional 
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rates much slower than in hepatocytes or in cardiomyocytes (Héliès-Toussaint  et al., 

2006), which might be regulated by PPARβ/δ activation, as in other metabolic tissues 
(Tanaka et al., 2003; Bruce et al., 2009; Coll et al., 2010; Alvarez Guardia et al., 2011).  

 In the present Doctoral Thesis we hypothesized that PPARβ/δ activation would 

protect against endothelial dysfunction and vascular inflammation induced by lipids as 

a result of increased FFA β-oxidation in blood vessel. 

This justifies that the second aim of this Doctoral Thesis was to examine 

whether PPARβ/δ activation would protect against endothelial dysfunction and 

vascular inflammation induced by palmitate both, in vitro, in isolated vessels and 

cultured EC, and in vivo, in mice fed a HFD. 

 

Insulin has multiple biological actions not only on metabolism but also on 

cardiovascular functions. Insulin exerts desirable effects on the vasculature, primarily 

by enhancing eNOS activation and expression and thus endothelial NO bioavailability, 

which in turn engenders a wide array of anti-atherogenic actions. IR is characterized by 

reduced insulin-induced NO from the endothelium, which may contribute to increased 

risk of vascular diseases (Boden, 2011). The impaired insulin signaling in EC causes 

attenuation of insulin-induced capillary recruitment and insulin delivery, which, in turn, 
leads to a further reduction in glucose uptake by skeletal muscle (Kubota et al., 2011). 

Studies in cultured cells (Xiao-Yun et al., 2009; Wang et al., 2013), isolated 

arteries (Symons et al., 2009), animal models (Du et al., 2006; Symons et al., 2009), 

and humans (Steinberg et al., 2000) demonstrate that elevated FFA cause impairing of 

the insulin signaling creating continuous and progressive damages to the vascular wall 

and resulting in endothelial dysfunction.  

Recent evidence suggests that oxidative stress may contribute to alter insulin 

sensitivity in the vascular endothelium. Studies have shown that exposure to FFA 

increases ROS such as O2
-, thus triggering molecular pathways of insulin-mediated 

production NO. Therefore, decreasing this lipotoxicity may also prevent IR at the 

endothelium. 
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PPAR play a pivotal role in regulating dietary lipid metabolism and fat storage in 
mammals (Watt et al., 2004; Arck et al., 2010). PPARβ/δ activation reduces weight 

gain and circulating TG level, while increasing HDL-cholesterol in HFD-induced obese 

mice, db/db, and ob/ob mice through stimulating fatty acid β-oxidation (Cheang et al., 

2013). An overexpression of PPARβ/δ significantly reduces the plasma level of FFA as 

well as the consequent lipotoxicity and improves insulin secretion in pancreatic β-cells 
by modulating the oxidation of FFA (Martinez et al., 2008). PPARβ/δ also regulates 

glucose homeostasis in EC, preventing glucose-induced impairment of endothelial 
insulin signaling in diabetic rodents (Tian et al., 2012a; Quintela et al., 2014). However, 

there no data showing if PPARβ/δ activation would protect insulin signaling impaired by 

FFA in EC.  

Consequently, the third aim of this Doctoral Thesis was to examine the 

possible protective effect of a PPARβ/δ agonist, GW0742, on endothelial 

dysfunction induced by palmitate in primary cultures of human umbilical vein 

endothelial cells (HUVEC) with a focus on impaired insulin signaling.  

 

Obesity and diabetes mellitus are associated with augmented circulating levels of 
FFA, low-grade chronic inflammation (Antuna-Puente et al., 2008), and endothelial 

dysfunction attributable to impaired release of endothelium-derived relaxing (mainly, 

NO) and augmented production of endothelium-derived contracting factors (EDCF) 
(Vanhoutte et al., 2009). The bioavailability of NO is reduced by obesity and diabetes 

mellitus (Gruber et al., 2008; Toral et al., 2014). Increased release of ROS also 

contributes to this endothelial dysfunction (Shi and Vanhoutte, 2008), primarily through 

reducing NO bioavailability via the direct chemical reaction of O2
- with NO, resulting in 

the formation of peroxynitrite (ONOO−). Furthermore, ONOO− formation may result in 

further impairment of NO levels and enhanced oxidative stress by inhibiting eNOS 

activity through oxidation of BH4, a cofactor of endothelial eNOS. This leads to eNOS 

uncoupling, where eNOS produces O2
- instead of NO (Li and Forstermann, 2014). 



Justification and objectives  

- 54 - 

 

Pro-inflammatory cytokines (TNF-α, IL-6, resistin, and lipocalin-2) link obesity to 
metabolic and vascular dysfunction (Antuna-Puente et al., 2008). In this way, LPS and 

saturated FFA share as pattern recognition target TLR4, which activate inflammatory 

pathways, induce cytokine expression in the endothelium (Kim  et al., 2005; Shi et al., 

2006), augment ROS production in the vascular wall (Toral et al., 2014), and induce 

endothelial dysfunction (Liang et al., 2013; Toral et al., 2014). Both NADPH oxidase 

(Somers et al., 2000; Brandes and Kreuzer, 2005), and mitochondria (Doughan et al., 

2008; Tian  et al., 2012b) are major sources of vascular ROS, which are activated by 

LPS (Emre et al., 2007; Duarte  et al., 2013; Liang  et al., 2013). Targeting ROS by 

antioxidants, such as tempol or mitochondrial targeted antioxidant, improve 

endothelium-dependent vasodilation in hypertensive and diabetic rodents (Minamiyama 
et al., 2007; Dikalova et al., 2010).  

 The uncoupling protein-2 (UCP2) is an anion transporter in the inner membrane, 

which reduces the electromechanical gradient and thus attenuates mitochondrial ROS 
production (Krauss et al., 2005). In EC, UCP2 overexpression preserves endothelial 

function through increasing NO bioavailability secondary to the inhibition of ROS 
production in the endothelium of obese diabetic mice (Tian et al., 2012b). LPS down-

regulates UCP2, which was required to increase mitochondrial ROS production and 

UCP2-/- macrophages exhibited increased inflammatory response induced by LPS 
(Emre et al., 2007), suggesting a protective role of UCP2. Moreover, UCP2 up-

regulation reduced ER stress in macrophages (Xu et al., 2015). 

PPARβ/δ modulates LPS-induced inflammation in cultured cardiomyocytes (Ding 
et al., 2006), adipocytes (Rodriguez-Calvo et al., 2008), and astrocytes (Chistyakov et 

al., 2014) and protects against multiple organ caused by endotoxin shock (Kapoor et 

al., 2010). In addition, activation of PPARβ/δ exhibits anti-inflammatory properties in 

EC (Rival et al., 2002) and protects endothelial function in diabetic mice (Tian et al., 

2012a; Cheang et al., 2014) and rats (Quintela et al., 2012; Quintela et al., 2014). 

PPARβ/δ activation restores endothelial functions through inhibiting ER stress in obese 
mice by mechanisms incompletely understood (Cheang et al., 2014).  
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Activation of PPARβ/δ increases UCP2 gene expression in cardiac fibroblast 
(Teunissen et al., 2007), soleus muscle (Oishi et al., 2008) and pancreatic β-cells (Wan 

et al., 2010), and would be involved in its protective effects on endothelial function. 

However, it remains unclear if PPARβ/δ activation modulates endothelial dysfunction 

induced by LPS, and if UCP2 play a role in this effect.  

For this reason, the last aim of this Doctoral Thesis was to investigate the 

protective effects of PPARβ/δ activation on LPS-induced oxidative stress and 

endothelial dysfunction and determined whether or not UCP2 could contribute to 

the endothelial benefit of PPARβ/δ activation. 
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MATERIALS AND METHODS 

1. Animals and experimental groups 

Male C57BL/6J mice were obtained from Janvier (St Berthevin Cedex, France). All 

mice were maintained at a constant temperature (24 ± 1ºC), with a 12-hour dark/light 

cycle, and they were provided with free access to tap water and food. Animal body 

weight, food and water intake were controlled regularly. All experiments were 

performed in accordance with the Guide for the Care and Use of Laboratory Animals 

(National Institutes of Health (NIH) publication no. 85-23, revised 1996) and approved 

by our Institutional Committee for the ethical care of animals. Four different 

experiments were performed, at the end of each one, mice were sacrificed to collect 

blood and tissue samples for further processing. 

 

1.1. Effects of chronic GW0742 treatment in hypertension, vascular 

inflammatory, oxidative status and endothelial dysfunction in diet-induced 

obesity 

To study these effects, we performed 2 experiments. 

 

1.1.1. Experiment 1: Five-week old male C57BL/6J mice were randomly 

assigned to four different groups of 9-10 animals each.  

a) Control. 

b) Control-treated.  

c) HFD.  

d) HFD-treated. 

Treated mice received GW0742 (Tocris Bioscience, Bristol, UK)  by oral gavage 3 

mg kg-1 per day (mg/kg/d), mixed in 0.1 mL of 1% methylcellulose, and non-treated 

mice only the vehicle. GW0742 treatment was followed for 13 weeks.  
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 GW0742 is a highly potent and selective PPARβ/δ agonist with a 200-fold higher 

affinity toward PPARβ/δ than other PPAR isotypes with a half maximal effective 

concentration (EC50) value of 50 nM for PPARβ/δ. The plasma concentration of 

GW0742 was not determined in the present study; however, it has been shown that 

mice treated with 1 and 10 mg/kg/d of GW0742 for 4 weeks showed plasma 
concentrations of 440.7 and 2,270 nM, respectively (Takata et al., 2008), and LDLR-/- 

mice treated with 6 mg/kg/d for 16 weeks showed concentrations in the range of 805-
1,250 nM (Graham et al., 2005). Notably, the plasma concentration of the ligand at the 

3 mg/kg/d dose would be expected to specifically activate PPARβ/δ without any cross-

reactivity with other PPAR isoforms because the expected levels (<805 nM) are below 

the reported EC50 values for murine PPARα (8,900 nM) and PPARγ (>10,000 nM) 
(Graham et al., 2005). 

Control mice received standard chow diet (13% calories from fat, 20% calories 

from protein, 67% calories from carbohydrate) (Global diet 2014, Harlan Laboratories, 

Barcelona, Spain), whereas obese mice were fed a western-type HFD in which 60% of 

its caloric content were derived from fat (60.3% calories from fat (lard), 18.4% calories 

from protein, 21.3 % calories from carbohydrate) (Purified diet 230 HF, Scientific 

Animal Food & Engineering, Augy, France) 

 

1.1.2. Experiment 2: To determine whether PPARβ/δ is involved on the effects 

induced by GW0742 in hypertension, vascular inflammatory and oxidative status, and 

endothelial dysfunction in HFD-fed mice, the PPARβ/δ antagonist GSK0660 was co-

administered along with GW0742. Briefly, five-week old male C57BL/6J mice were 

randomly assigned to five different groups of 8-9 animals each.  

a) Control. 

b) HFD. 

c) HFD-GSK0660. 

d) HFD- treated. 

e) HFD-treated- GSK0660. 
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Treated mice received GW0742 by oral gavage 3 mg/kg/d, mixed in 0.1 mL of 1% 

methylcellulose, whereas non-treated mice only the vehicle. GSK0660 (Tocris 

Bioscience, Bristol, UK) was injected intraperitoneally (ip) (0.1 mL) at 1 mg/kg/d 

(Sanchez-Siles et al., 2011). GSK0660 was diluted first in dimethylsulfoxide (DMSO) 

and later in NaCl 0.9% (DMSO less than 1%). Non-treated mice received the 

corresponding oral and intraperitoneal vehicles of the active treatments. Treatments 

were followed for 11 weeks. Control mice received standard chow diet, whereas obese 

mice were fed with a western-type HFD. 

 

1.2. Experiment 3: Effects of three weeks GW0742 treatment on lipid-

induced endothelial dysfunction 

Five-week old male C57BL/6J mice were divided into four different groups of 8-9 

animals each.  

a) Control. 

b) HFD. 

c) HFD-treated. 

d) HFD-treated-GSK0660. 

As mentioned above, treated mice received GW0742 by oral gavage 3 mg/kg/d, 

mixed in 0.1 mL of 1% methylcellulose, and GSK0660 was injected ip (0.1 mL) at 1 

mg/kg/d. Mice were treated with the corresponding oral and intraperitoneal vehicles of 

the substances given to the other groups.  

In this experiment, treatments were followed by three weeks in order to study the 

specific effects of lipid-induced endothelial dysfunction on the vessels, while avoiding 

other confounding factors such as obesity and established IR.  

Control mice received standard chow diet, whereas HFD mice were fed a western-

type diet.  
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1.3. Experiment 4: Effects of GW0742 on LPS-induced endothelial 

dysfunction 

Ten-week old male C57BL/6J mice were randomly divided into four groups (n=10): 

 1) Control.  

 2) LPS. 

 3) LPS-treated. 

 4) LPS-treated-GSK0660. 

In this experiment, treated mice received GW0742 by oral gavage 3 mg/kg/d, 

mixed in 0.1 mL of methylcellulose and GSK0660 was administrated with 0.1mL of 

NaCl 0.9% at 1 mg/kg/d. Non-treated mice received the corresponding oral and 

intraperitoneal vehicles of the substances given to the other groups. After 3 days of 

treatment, LPS (10 mg/kg) or vehicle (saline) was given ip with four hours prior to 

sacrifice.  

 

2. Blood pressure measurements 

SBP was determined once a week, in the morning, 18-20 h after administration of 

the drugs in conscious, pre-warmed, restrained mice by tail-cuff plethysmography 

(digital pressure meter, LE 5001; Letica S.A., Barcelona, Spain). At least seven 

determinations were made in every session and the mean of the lowest three values 
within 5 mmHg was taken as the SBP level (Toral et al., 2014).  

In experiment 2, at the end of the experimental period, mice were subjected to 

isofluorane anesthesia, a polyethylene catheter containing 100U heparin in isotonic, 

sterile NaCl solution was inserted in the left carotid artery to monitor intra-arterial BP in 

conscious, unrestrained conditions. Direct BP was recorded continuously (MacLab; AD 

Instruments, Hastings, UK). Twenty-four hours after implantation of the catheter, intra-

arterial BP was recorded continuously for 60 min with a sampling frequency of 400/s 

(McLab; AD Instruments, Hastings, UK). Mean arterial blood pressure (MABP) values 
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obtained during the last 30 min were averaged for intergroup comparisons (Gómez-
Guzmán et al., 2014).    

 

3. Glucose tolerance test  

A glucose tolerance test (GTT) was carried on according to the method described 
by Barroso et al. (2011). One week before the sacrifice of the mice, GTT was 

performed on mice fasted for 18 h. Animals received a 50% glucose solution in water at 

a dose of 2 g/kg body weight by intraperitoneal injection, and blood was collected from 

the tail vein after 0, 15, 30, 60 and 120 min. 

 

4. Plasma determinations 

At the end of the treatment, mice were killed under isoflurane anesthesia. Blood 

samples were chilled on ice and centrifuged for 10 min at 3,500 revolutions per minute 

(rpm) at 4 ºC, and the plasma frozen at -80 °C. Plasma glucose, TG, HDL and total 

cholesterol concentrations were measured by colorimetric methods using Spinreact kits 

(Spinreact, S.A., Spain). Plasma insulin concentration was quantified using a mice 

insulin ELISA kit (Alpco Diagnosis, Salem, USA). Homeostatic model assessment of 

insulin resistance (HOMA-IR) was calculated using the formula: fasting glucose (mM) x 

fasting insulin (μU/mL)/22.5. Plasma LPS concentration was measured using the 

Pierce LAL chromogenic endotoxin quantitation Kit (Thermo Fisher Scientific S.L.U, 

Alcobendas, Madrid, Spain). Plasma FFA concentration was determined using a Wako 

NEFA C test kit (Wako Chemicals, Richmond, VA, USA). 

 

5.  Morphological variables 

The heart, kidney, liver and epididymal and mesenteric fat were excised, cleaned 

and weighed. The heart, kidney, liver and fat weight indices were calculated by dividing 
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the heart, kidney, liver and fat weight by the tibia length. All tissue samples were frozen 

in liquid nitrogen and then stored at -80ºC.  

 

6. Vascular reactivity studies 

Descending thoracic aortic rings were dissected from animals and were 

suspended in a wire myograph (model 610M, Danish Myo Technology, Aarhus, 
Denmark) for isometric tension measurement as previously described  (Toral et al., 

2014). The organ chamber was filled with Krebs solution (composition in mM: 118 

NaCl, 4.75 KCl, 25 NaHCO3, 1.2 MgSO4, 2 CaCl 2, 1.2 KH 2PO4 and 11 glucose) at 

37ºC and gassed with 95% O2 and 5% CO2 (pH ∼7.4). Length-tension characteristics 

were obtained via the myograph software (Myodaq 2.01) and the aortae were loaded to 

a tension of 5 mN.  

In endothelium-intact aorta, cumulative concentration-response curves to 

phenylephrine (Phe) (1 nM - 1 µM) were performed in the absence or in the presence 

of NG-nitro-L-arginine methyl ester (L-NAME, 100 µM). The concentration-relaxation 

response curves to ACh (1 nM - 10 µM) were performed in intact rings pre-contracted 

by Phe or the thromboxane A2 analogous U46619 (10 nM) to obtain similar level of pre-

contraction in both control and L-NAME treated aortic rings. The relaxant responses to 

sodium nitroprusside (SNP) (1 nM - 10 µM) were studied in the dark in endothelium-

denuded vessels pre-contracted by Phe (1 µM).  

In some experiments, responses to ACh were studied after incubation with 10 µM 

of NADPH oxidase inhibitor apocynin (added 30 min before of U46619) or 10 µM of the 

UCP2 inhibitor genipin for 60 min before the addition of U46619. 

Relaxant responses to ACh and SNP were expressed as a percentage of pre-

contraction. 
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7. Ex vivo culture of mouse aortic rings  

In order to study lipid-induced endothelial dysfunction, specific, we employed 

palmitic acid, which is considered as a major component of dietary saturated fat and 20 

percent of the total serum FFA, and it is often used to induce endothelial dysfunction 
(Kim  et al., 2005; Maloney  et al., 2009; Contreras et al., 2011). 

With this purpose, mouse thoracic aortic rings (2 mm in length) were dissected in 

sterile phosphate-buffered saline (PBS) and incubated in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), plus 100 U/mL 

penicillin, and 100 μg/mL streptomycin. Lipid-containing media were prepared by 

conjugation of palmitic acid with fatty acid-free bovine serum albumin (BSA), using a 

method modified from that described previously (Chavez and Summers, 2003). Briefly, 

palmitic acid was dissolved in ethanol and diluted 1:100 in DMEM containing 2% (w/v) 

fatty acid-free BSA. Aortic rings were incubated for 24 h in serum-free DMEM 

containing 2% fatty acid-free BSA (control) or palmitate (100 μM)-conjugated BSA in 

either the presence or absence of GW0742 (1 μM). In some experiments, the rings 

were co-incubated with GSK0660 (1 μM) or with CPT-1 irreversible inhibitor etomoxir 

(40 μM). After the incubation period the rings were transferred to a chamber filled with 

fresh Krebs solution and mounted in the myograph for measurement of changes in 

isometric force or used to western blot. 

Responses to ACh were studied after incubation with apocynin (10 µM), or the 

mitochondrial antioxidant mitoquinone (mitoQ, generously given by Dr. MP Murphy, 

Medical Research Council Mitochondrial Biology Unit, Cambridge, UK, 0.1 µM), 

incubated for 60 min before the addition of U46619. 

 

8. Primary culture of mouse aortic endothelial cells (MAEC) 

MAEC were isolated from mouse thoracic aortae using a previously reported 
method with several modifications (Kobayashi et al., 2005). The aortae were isolated 

from male C57BL/6J mice (8-12 weeks of age).  Fat and connecting tissues were 
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rapidly removed. A 24-gauge cannula was inserted into the proximal portion of the 

aorta. After ligation at the site with silk thread, the inside of the lumen is briefly washed 

with PBS. The other side is bound and filled with collagenase (type P) solution 

(2mg/mL, dissolved in serum-free Medium 199). After incubation for 40 min at 37ºC, 

EC are removed from the aorta by flushing with 1 mL of medium 199 containing 20% 

FBS. EC should be collected by centrifugation at 2,300 rpm for 5 minutes. Then, the 

precipitate is gently resuspended with 2 mL of 20% FBS-medium 199 and cultured in a 

35mm pretreated with 0.2% gelatin disk. To remove smooth muscle cells, after 2 hours 

incubation at 37ºC, the medium is removed, the cells were washed with warmed PBS 

and culture medium was added. 

 The cells were cultured (medium 199 (Lonza, Basel, Switzerland) + 20% FBS + 2 

mM penicillin/streptomycin + 2 mM amphotericin B + 2 mM glutamine + 10 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) + 30 μg/mL endothelial cell 

growth supplement + 100 mg/mL heparin) under 5% CO2 at 37°C. All the cells used in 

the experiments from passages 2 to 5 were starved in serum-free medium for 2 h 

before the experiments. 

 MAEC were incubated with GW0742 (1 μM), during 15 hours, and in the last 3 

hour in serum-free medium 199 containing 2% fatty acid-free BSA (control cells) or 

palmitate (100 μM)-conjugated BSA. In some experiments, cells were co-incubated 

with the PPARβ/δ antagonist GSK0660 (1 μM), 1 hour before the addition of GW0742, 

with etomoxir (40 μM), or with the non-selective protein kinase C (PKC) inhibitor 

chelerythrine (1 μM) during palmitate incubation. In other experiments, apocynin (10 

μM), or mitoQ (0.1 μM), were added during palmitate incubation.  

In another set of experiments, MAEC were incubated with GW0742 (1 μM), during 

16 hours, and in the last 4 hour in LPS-free (control cells) or LPS-containing (10 

μg/mL) serum-free medium 199. In some experiments, cells were co-incubated with the 

PPARβ/δ antagonist GSK0660 (1 μM), or with the UCP2 inhibitor genipin (10 μM)         

1 hour prior the addition of GW0742. In other experiments apocynin (10 μM), the ER 

stress inhibitor 4-phenylbutyric acid (4-PBA, 0.1 mM), the mitochondrial antioxidant 
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mitoQ (0.1 μM), or the AMPK inhibitor compound C (10 μM) were added during LPS 

incubation.  

 

9. Primary culture of human umbilical vein endothelial cells 

(HUVEC) 

EC were isolated from human umbilical cord veins using a previously reported 
method with several modifications (Jimenez et al., 2010). After ligation at the site with 

silk thread, the inside of the lumen is briefly washed with PBS solution with 2 mM 

penicillin/streptomycin and 2 mM amphotericin B. HUVEC were isolated by filling the 

lumen of fresh umbilical veins with 0.1% collagenase (type P) in PBS during incubation 

for 20 min at 37ºC, inverting the umbilical cord and washing the vein with culture 

medium. HUVEC should be collected by centrifugation at 2,300 rpm for 5 minutes. 

Then, the precipitate is gently resuspended with 1 mL of 20% FBS-medium 199 and 

the collected cells were seeded in culture flasks pre-treated with 0.2% gelatin 

containing culture medium. 

The cells were cultured in medium 199 supplemented with  20% FBS, 2 mM 

penicillin/streptomycin, 2 mM amphotericin B, 2mM glutamine, 10 mM HEPES, 30 

μg/mL endothelial cell growth supplement and 100 mg/mL heparin, in a humidified 5% 

CO2 atmosphere at 37°C. All the cells used in the experiments from passages 2 to 5 

were starved in serum-free medium for 2 h before the experiments.  

 HUVEC were incubated with GW0742 (1 μM), during 15 hours, and in the last 3 

hour in serum-free medium 199 containing 2% fatty acid-free BSA (control cells) or 

palmitate (100 μM)-conjugated BSA. In some experiments, cells were co-incubated 

with GSK0660 (1 μM), 1 hour before the addition of GW0742, or with etomoxir (40 μM) 

during palmitate incubation. In other experiments, the inhibitor of complex I rotenone (5 

μM), the inhibitor of complex II, thenoyltrifluoroacetone (TTFA, 10 μM), the uncoupler of 

oxidative  phosphorylation, carbonyl cyanide m-chlorophenylhydrazone (CCCP, 0.5 
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μM), the non-selective NADPH oxidase inhibitor diphenyliodonium chloride (DPI, 10 

μM), apocynin (10 μM) or mitoQ (0.1 μM) were added during palmitate incubation. 

 

10. Transfection of CPT-1 and UCP2 small interfering RNA 

(siRNA) 

Confluent MAEC were transfected with control, CPT-1-specific siRNA or UCP2-

specific siRNA (pooled, validated siRNA from Dharmacon, Lafayette, CO, USA) using 

lipofectamine RNAiMAX (Invitrogen Life Technologies, Carlsbad, CA, USA) for 48 h, 
essentially as described previously (Quintela et al., 2014). For that, MAEC were seed 

to a 60-80% confluent at the time of transfection in antibiotics- and serum-free medium 

199. siRNA-lipid complexes were prepared adding specific siRNA to lipofectamine, 

both previously diluted in medium 199, and incubating for 20 minutes at room 

temperature, then, these complexes were added to cells, which were incubated for 3 

hours at 37°C. Finally, MAEC were washed and incubated with complete medium 199. 

After 48 hours, cells were used to measure NO or ROS production, gene and protein 

expression.  

To check efficiency of transfection, protein and gene expression of CPT-1 and 

UCP2 were analyzed by western blot and real-time RT-PCR, respectively. 

 

11. Quantification of NO released by diaminofluorescein-2 

(DAF-2) 

Quantification of NO released by MAEC and HUVEC was performed using the NO-
sensitive fluorescent probe DAF-2 as described previously (Quintela et al., 2014). 

Briefly, cells were incubated as mentioned above. After this period, cells were washed 

with PBS and then were pre-incubated with 100 μM L-arginine in PBS for 5 min at 

37ºC. Subsequently, 0.1 μM DAF-2 was incubated for 2 min and then 1 μM calcium 

ionophore calimycin (A23187) or 100 nM insulin were added for 30 min. Then the 



                                                                                                          Materials and methods                               
  

- 69 - 

 

fluorescence intensity (arbitrary units, AU) was measured at 5, 15 and 30 min using a 

spectrofluorimeter (Fluorostart, BMG Labtechnologies, Offenburg, Germany) with 

excitation wavelength set at 490nm and emission wavelength at 510 nm. The 

autofluorescence was subtracted from each value. In some experiments, 100 µM L-

NAME was added 15 min before the addition of L-arginine. The difference between 

fluorescence signal without and with L-NAME was considered NO production. 

 

12. In situ detection of vascular ROS content 

 Unfixed thoracic aortic rings were cryopreserved (0.1 M PBS plus 30% sucrose for 

1-2h), included in optimum cutting temperature compound medium (Tissue-Tek; 

Sakura Finetechnical, Tokyo, Japan), frozen (-80ºC), and 10 μm cross-sections were 

obtained in a cryostat (Microm International Model HM500 OM). Sections were 

incubated for 30 min in HEPES buffer solution, containing dihydroethidium (DHE, 10 

µM), counterstained with the nuclear stain 4,6-diamidino-2-phenylindoledichlorohydrate 

(DAPI, 300 nM) and in the following 24 h examined on a fluorescence microscope 

(Leica DM IRB, Wetzlar, Germany). Sections were photographed and ethidium and 

DAPI fluorescence were quantified using ImageJ (version 1.32j, NIH, 

http://rsb.info.nih/ij/).  ROS production was estimated from the ratio of ethidium/DAPI 
fluorescence (Toral et al., 2014). In preliminary experiments, before incubation with 

DHE, serial sections were treated with either the O2
− scavenger tiron (10 μM), or 

pegylated superoxide dismutase (PEG-SOD, 250 U/mL) for 30 min at 37ºC, indicating 

the specificity of this reaction.  
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13. Measurement of intracellular ROS concentrations  

Endothelial ROS production was measured using two independent methods: 

 

A. The fluorescent probe 5-(and-6-)chloromethyl-2’-7’-dichlorodihydrofluorescein 

diacetate (CM-H2DCFDA) (Invitrogen Life Technologies, Carlsbad, CA, USA) was 

used  to determine the intracellular generation of ROS in EC. This reagent enters into 

cells and reacts with ROS to generate the fluorescent product 2’-7’-dichlorofluo-

rescein.  

In some experiments, cells were pre-incubated either with the mitochondrial 

antioxidant mitoQ (0.1 μM) or the membrane-permeable superoxide dismutase mimetic 

tempol (50 µM) for 60 min prior the addition of GW0742. 

From there on, confluent MAEC or HUVEC in 96-well plates, incubated as 

previously explained, were then incubated with 5 µM CM-H2DCFDA for 30 min at 

37ºC. After removal the media and washing of the cells, the fluorescent intensity 

(relative fluorescent units) was measured at an excitation and emission wavelength of 

490 nm and 545 nm, respectively, using a spectrofluorimeter (Fluorostart, BMG 

Labtechnologies, Offenburg, Germany). 

 

 B. The O2
- production in intact EC was also measured by DHE fluorescence HPLC 

assay as described previously (Fernandes et al., 2007; Laurindo et al., 2008). After 

incubations described above, MAEC were washed with PBS/diethylenetriaminepenta-

acetic acid (DTPA) two to three times. All subsequent steps were done under dim light.  

PBS/DTPA and DHE (50 µM) was added to each well and plates were kept in an 

incubator (at 37ºC under 5% CO2) for 30 min. Thereafter, cells were washed two to 

three times with PBS/DTPA. Acetonitrile (500 µL) was added to each well and the cells 

were immediately harvested and the lysate was kept over ice. The lysates were 

centrifuged at 12,000 g for 10 min at 4 ºC, and supernatants were dried under vacuum. 

For HPLC analysis, pellets were resuspended in 120 µL PBS/DTPA, and a volume of 
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50 µl was injected. Samples were analyzed by HPLC (Varian 920 LC series), using a 4 

μm C18 reverse-phase column (Synergi 150 x 4.6 mm, Phenomenex, Torrance, CA, 

USA) and a gradient of solutions A (pure acetonitrile) and B (water/10% 

acetonitrile/0.1% trifluoroacetic acid, by vol.) at a flow rate of 1 mL/min, and run as 
described by Laurindo et al. (2008). Ethidium and 2-hydroxyethidium (2-OH-E+) were 

monitored by fluorescence detection with excitation at 510 nm and emission at 595 nm. 

The 2-OH-E+ peak reflect the amount of O2
- formed in the cells during the incubation. 

Values were normalized per µg of protein and the increase of 2-OH-E+ peak was 

represented as an increase (n-fold) compared with control. To optimize the HPLC 

analysis, 50 μM DHE was incubated with xanthine/xanthine oxidase (0-50 µM and 0.1 

U/mL) in Krebs-Henseleit solution (KHS)/HEPES/DTPA at 37°C for 30 min. 2-OH-E+ 

was separated by HPLC as described above.  

 

14. Measurement of mitochondrial ROS production 

Mitochondrial O2
- production was measured using a previously reported method 

with several modifications (Wojtala et al., 2014), employing the MitoSOXTM Red 

(Invitrogen Life Technologies, Carlsbad, CA, USA), a mitochondrial O2
- indicator.   

 Confluent MAEC grown in multi-well plates were incubated as mentioned above. 

Subsequently, MitoSOXTM Red (5 µM) was added and cells were incubated in the dark, 

30 min at 37ºC (needed to allow the probe to enter the cell and start the reaction within 

the mitochondria). After removal the media and washing of the cells with PBS, the 

fluorescent intensity (relative fluorescent units) was measured at an excitation and 

emission wavelength of 490 nm and 590 nm, respectively, using a spectrofluorimeter 

(Fluorostart, BMG Labtechnologies, Offenburg, Germany). 
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15. NADPH oxidase activity  

 NADPH-enhanced O2
− release in homogenates from cultured MAEC and HUVEC 

or intact aortic rings was quantified by lucigenin-enhanced chemiluminescence, as 
previously described (Sanchez et al., 2007).  

 On the one hand, cells were incubated as mentioned in section 8 and 9. After this 

period, cells were washed with cold PBS and homogenized in lysis buffer composed of 

20 mM KH2PO4, 1 mM EGTA, 10 µg/mL aprotinin, 0.5 µg/mL leupeptin, 0.75 µg/mL 

pepstatin, 0.5 mM phenylmethysulfonyl fluoride (PMSF) (pH∼7.4). 

 Whereas, aortic rings from all experimental groups were incubated for 30 min at 

37°C in HEPES-containing physiological salt solution (pH∼7.4) of the following 

composition (in mM): 119 NaCl, 20 HEPES, 4.6 KCl, 1 MgSO4, 0.15 Na2HPO4, 0.4 

KH2PO4, 1 NaHCO3, 1.2  CaCl2 and 5.5 glucose.  

 Then NADPH (100 µM) was added to the buffer containing the MAEC or HUVEC 

homogenate suspension (30 µg of protein in 500 µL) or aortic rings, and lucigenin (5 

μM) was injected automatically. NADPH oxidase activity was determined by measuring 

luminescence over 200 s in a scintillation counter (Lumat LB 9507, Berthold, Germany) 

in 5-s intervals and was calculated by subtracting the basal values from those in the 

presence of NADPH and expressed as RLU (relative light units)/min per μg of protein 

for cells or RLU/min per mg of tissue for aortic rings. 

 The NADPH oxidase activity in intact MAEC was also measured by DHE 
fluorescence assay in the microplate reader, as described previously (Fernandes et al., 

2007). Confluent MAEC grown in 6-well dishes (well area of 9.6 cm2) incubated as 

previously described were washed with ice-cold PBS, harvested, homogenized in lysis 

buffer composed of 50 mM Tris-HCl  (pH 7.4) containing 0.1 mM EDTA, 0.1 mM EGTA, 

10 µg/mL aprotinin, 10 µg/mL leupeptin and 1 mM PMSF, sonicated (10s of 3 cycles al 

8W). Fresh homogenates (10 µg of protein) were incubated with DHE (10 µM) and 

DNA (1.25 µg/mL) in PBS (100 mM), pH 7.4, containing 100 µM DTPA with the 

addition of NADPH (50 µM), at a final volume of 120 µL. Incubations were performed 

for 30 min at 37ºC, in the absence or presence of SOD conjugated to PEG-SOD (25 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=KH2PO4&sort=mw&sort_dir=asc
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U/mL), in the dark. Total fluorescence was followed in a microplate reader using a 

rhodamine filter (excitation 490 nm and emission 590 nm) in a spectrofluorometer 

(Fluorostart, BMG Labtechnologies, Offenburg, Germany). 

 

16. Reverse transcriptase-polymerase chain reaction (RT-PCR) 

analysis 

 For RT-PCR analysis, total RNA was extracted from liver, fat, aorta or MAEC and 

HUVEC by homogenization and converted to cDNA using standard methods. PCR was 

performed with a Techne Techgene thermocycler (Techne, Cambridge, UK). A 

quantitative real-time RT-PCR technique was used to analyse mRNA expression. The 

sequences of the sense and antisense primers used for amplification are described in 

Table 3 (for mouse) and Table 4 (for human). Preliminary experiments were carried out 

with various amounts of cDNA to determine non-saturating conditions of PCR 

amplification for all the genes studied.  Therefore, under these conditions, relative 

quantification of mRNA was assessed by the SYBR Green based-RT-PCR method. 

The efficiency of the PCR reaction was determined using a dilution series of a standard 

tissue sample. Quantification was performed using the ∆∆Ct method. The 

housekeeping genes ribosomal protein L13a (RPL13a), β-actin or glyceraldehyde-3-

phosphate dehydrogenase (GADPH) were used for internal normalization.  
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Table 3. Oligonucleotides for mouse used in real-time RT-PCR. 

mRNA 
targets 

Descriptions Sense Antisense 

p47phox 
P47phox subunit of 
NADPH oxidase ATGACAGCCAGGTGAAGAAGC CGATAGGTCTGAAGGCTGATGG 

p22phox 
P22phox subunit of 
NADPH oxidase GCGGTGTGGACAGAAGTACC CTTGGGTTTAGGCTCAATGG 

Cav-1 Caveolin-1 TCTACAAGCCCAACAACAAGG AGGAAAGAGAGGATGGCAAAG 

eNOS 
Endothelial nitric 
oxide synthase ATGGATGAGCCAACTCAAGG TGTCGTGTAATCGGTCTTGC 

NOX-1 
 
NOX-1 subunit of 
NADPH oxidase 

TCTTGCTGGTTGACACTTGC TATGGGAGTGGGAATCTTGG 

NOX-2 

 
NOX-2 subunit of 
NADPH oxidase 

ATGCAGGAAAGGAACAATGC TTGCAATGGTCTTGAACTCG 

NOX-4 
 
NOX-1 subunit of 
NADPH oxidase 

ACAGTCCTGGCTTACCTTCG TTCTGGGATCCTCATTCTGG 

IL-6 Interleukin-6 GATGGATGCTTCCAAACTGG AGGAGAGCATTGGAAGTTGG 

TNF-α 
Tumor necrosis 
factor-alpha ACGATGCTCAGAAACACACG CAGTCTGGGAAGCTCTGAGG 

IL-1β Interleukin-1 beta GTCACTCATTGTGGCTGTGG GCAGTGCAGCTGTCTAATGG 

JNK-1 
c-JunN-terminal 
kinase- 1 GATTTTGGACTGGCGAGGACT TAGCCCATGCCGAGAATGA 

 
Adiponectin 
 

 
Adiponectin 
 

 
GATGGCAGAGATGGCACTCC 
 

 
CTTGCCAGTGCTGCCGTCAT 

 
TLR4 
 

 
Toll-like receptor 4 
 

 
GCCTTTCAGGGAATTAAGCTCC 
 

 
AGATCAACCGATGGACGTGTAA 

ABCG1    
 
ATP-Binding Cassette  
Transporter G1 

AAGGCCTACTACCTGGCAAAGA GCAGTAGGCCACAGGGAACA 

CPT-1 
 
Carnitine palmitoyl 
transferase-1 

GGACCGTGAAGAGATCAAGC CGAGGATTCTCTGGAACTGC 

UCP2 Uncoupling protein -2 GCCACTTCACTTCTGCCTTC GAAGGCATGAACCCCTTGTA 

PDK-4 
Pyruvate 
dehydrogenase 
kinase-4 

CACATGCTCTTCGAACTCTTCAAG TGATTGTAAGGTCTTCTTTCCCAAG 

Cu/ZnSOD 
Copper/zinc 
superoxide dismutase CAATGTGACTGCTGGAAAGG AATCCCAATCACTCCACAGG 
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mRNA 
targets 

Descriptions Sense Antisense 

MnSOD 
Manganese 
superoxide dismutase ACGTTTCTTTGGCTCATTGG GCGCCTCTCAGATAAACAGG 

GPx-1 
 

Glutathione 
peroxidase GCTGCTCATTGAGAATGTCG CAGGTCGGACGTACTTGAGG 

 
HO-1 

 
Hemo-oxigenase-1 ACAGCCCCACCAAGTTCAAA GCCAGGCAAGATTCTCCCTT 

Mfn2            Mitofusin-2 GGGGCCTACATCCAAGAGAG 
 

GCAGAACTTTGTCCCAGAGC 
 

BiP 
Binding 
immunoglobulin 
protein 

CAAAGAGCGCATTGACAC TCTTCAATGTCCGCATCC 

IRE-1α 

Inositol-requiring 1 
transmembrane 
Kinase/endonuclease-
1α 

 
AAGATGGACTGGCGGGAGAAC 
 

GGGAAGCGGGAAGTGAAGTAG 

PERK 

 

Eukaryotic translation 
initiation factor-2α 
kinase 3 

 
ATGCACAGGGACCTCAAG 
 

 
CTGCTCTGGGCTCATGTATAG 

 
 

ATF-6 

 

Activating 
transcription factor-6 TTCGAGGCTGGGTTCATAG 

 
GGGAGGCGTAATACACTT 
 

CHOP 

 

CCAAT/enhancer 
binding protein 
homologous protein 

CAGGAGAACGAGCGGAAAGTGG 
 
TGCTGGGTACACTTCCGGAGAG 
 

PPARα 

 

Peroxisome 
proliferator-activated 
receptor alpha 

 
AGGCTGTAAGGGCTTCTTTCG 
 

 
GGCATTTGTTCCGGTTCTTC 
 

PPARβ/δ 
 
 

Peroxisome 
proliferator-activated 
receptor beta 

 
TAGGACTGGTGATCTGTGAG 
 

 
TACAAGTGAGTGGGAGAGAG 
 

PPARϒ 

 

Peroxisome 
proliferator-activated 
receptor gamma 

CATGGTGCCTTCGCTGAT 
 

 
CAATGGCCATGAGGGAGTTA 
 
 

Actb 

 
Beta actin 
 

 
AATCGTGCGTGACATCAAG 
 

 
ATGCCACAGGATTCCATACC 
 

RPL13a     
Ribosomal protein 
L13a CCTGCTGCTCTCAAGGTTGTT TGGTTGTCACTGCCTGGTACTT 

GADPH 
Glyceraldehyde-3-
phosphate 
dehydrogenase 

TGCACCACCAACTGCTTAGC GGATGCAGGGATGATGTTCT 
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Table 4. Oligonucleotides for human used in real-time RT-PCR. 

mRNA 
targets 

        Descriptions              Sense            Antisense 

CPT-1 Carnitine palmitoyl transferase-1 TTCTTCTTCCGCCAAACC GAAGGCGGATACACATAGC 

HPRT-1 
Hypoxanthine 
phosphoribosyltransferase-1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGTC 

Actb 

 
Beta actin 
 CGGTGAAGGTGACAGCAG TGTGTGGACTTGGGAGAGG  

 

 

17. Western blotting analysis 

 Aortic ring were homogenized in cold lysis buffer (pH∼7,4) containing: 50 mM Tris-

HCl, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 0.1 % sodium dodecyl sulphate (SDS), 

0.5% Na-deoxycholate, 1% Triton X-100, 1 mM PMSF, 0.5 µg/mL aprotinin, 0.5 µg/mL 

leupeptin and 0.2 mM Na3VO4. Whereas, confluent MAEC or HUVEC were washed 

with cold PBS, harvested, homogenized in cold lysis buffer composed of 20 

mM HEPES (pH∼7.9), 100 mM NaCl, 1 mM Na3VO4, 4 mM Na4P2O7, 10 mM  EDTA, 1 

mM PMSF, 10 mM NaF, 0.1 mM okadaic acid and 1% Triton X-100.  

 Aortic, MAEC or HUVEC homogenates were run on a SDS-polyacrilamide gel 

electrophoresis (PAGE) (40 μg of protein per lane). Then, proteins were transferred to 

polyvinylidene difluoride membranes, incubated overnight at 4°C with primary 

antibodies (1:1000) (Table 5). Afterwards, the membranes were washed three times for 

10 min in Tris-buffered saline (containing 0.1% Tween 20) and were incubated with the 

correspondent secondary peroxidase conjugated antibodies (1:3000) (Table 5) at room 

temperature for 2 h. After washing the membranes, antibody binding was detected by 

an electrochemiluminescent (ECL) system (Amersham Pharmacia Biotech, Amersham, 

UK). Films were scanned and densitometric analysis was performed using Scion 
Image-Release Beta 4.02 software (http://www.scioncorp.com) (Quintela et al., 2014).  

http://www.scioncorp.com/
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  For phosphorylated proteins, abundance ratio was calculated and data are 

expressed as a percentage of the values in control aorta or cells from the same gel.  

Aortic, MAEC or HUVEC samples were re-probed for expression of α-actin or β-actin, 

respectively. 

 

Table 5. Antibodies used in western blot. 

Primary antibody 

     (supplier) 

Secondary antibody 

       (supplier) 
% SDS-

polyacrilamide 

gel 

electrophoresis  

kDa 

Mouse monoclonal 
anti-p-eNOS (Ser

1177
) 

(Cell Signaling Technology, MA, 
USA) 

Goat anti-mouse   
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

                       
             8% 

 
140 

Rabbit monoclonal  
anti-p-eNOS (Thr

495)   
(Merck Millipore, Darmstadt, 
Germany) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
8% 

 
140 

Mouse monoclonal 
anti-eNOS (Transduction 
Laboratories, California, USA) 

Goat anti-mouse   
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
8% 

 
140 

Rabbit monoclonal 
anti-p-Akt (Ser

473
) 

(Cell Signaling Technology, MA, 
USA) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
60 

Rabbit monoclonal 
anti-Akt 

(Cell Signaling Technology, MA, 
USA) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
60 

Rabbit monoclonal  
anti-TNF-α 

(Cell Signaling Technology, MA, 
USA) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
12% 

 
17-28 

Rabbit monoclonal  
anti-IL-6 

(Cell Signaling Technology, MA, 
USA) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
12% 

 
24 
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Primary antibody 

    (supplier) 

Secondary antibody 

      (supplier) 
% SDS-

polyacrilamide  

gel 

electrophoresis  

kDa 

Rabbit polyclonal  
anti-TLR4 

(Cell Signaling Technology, MA, 
USA) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
110 

Rabbit polyclonal anti-p-IκB-α 

(Ser
32/36

) 
(Santa Cruz Biotechnology, 
 Santa Cruz, USA) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
40 

Rabbit polyclonal anti-PPARβ/δ 

(Transduction Laboratories, 
California, USA) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
52 

Rabbit polyclonal  
anti-NOX-1 
(Novus Biological, Cambridge, UK) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
65 

Goat polyclonal anti-CPT-1  
(Santa Cruz Biotechnology,  
Santa Cruz, USA) 

Rabbit anti-goat 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
80/82 

Rabbit polyclonal   
anti-p-PKCα/βII (Thr

638/641
) 

(Cell Signaling Technology, MA, 
USA) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
86/94 

Rabbit polyclonal  
anti-PKCα 

(Cell Signaling Technology, MA, 
USA) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
80 

Rabbit polyclonal  
anti-Mfn2 

 (Sigma-Aldrich, Barcelona, Spain) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
86 

Goat polyclonal 
anti-UCP2  

(R&D Systems, Minneapolis, USA) 

Rabbit anti-goat 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
10% 

 
33 
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Primary antibody 

    (supplier) 

Secondary antibody 

      (supplier) 
% SDS-

polyacrilamide 

gel 

electrophoresis 

kDa 

Rabbit polyclonal  
anti-p-IRS-1 (Ser

307
) 

(Bioworld Technology,MN, USA ) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
8% 

 
180 

Rabbit polyclonal  
anti-IRS-1 

(Bioworld Technology,MN, USA ) 

Goat anti-rabbit 
(Santa Cruz 
Biotechnology, Santa 
Cruz, USA) 

 
8% 

 
180 

 

18. Co-immunoprecipitation 

 Aortic homogenates were immunoprecipitated, as previously described (Zarzuelo 
et al., 2013b), by using a Cav-1 antibody (Transduction Laboratories, San Diego, 

California, USA) and analyzed by western blot using antibodies against eNOS 

(Transduction Laboratories, San Diego, California, USA). Briefly, aortic homogenates 

were brought to a final volume of 0.5 mL with buffer containing 10 mM PBS, 50 mM 

KCl, 0.05 mM  EDTA, 2.5 mM MgCl2, 8.5% glycerol, 1 mM dithiothreitol, 0.1% Triton X-

100, 2% BSA and 1 mg/mL non-fat milk for 6 h at 4 °C, and incubated with 3 μg of Cav-

1. Immunocomplex was captured by incubating the samples with protein A-agarose 

suspension overnight at 4 °C on a rocking platform. Agarose beads were collected by 

centrifugation and washed three times with PBS containing protease inhibitors. After 

centrifugation, the pellet was washed with 60 μL of SDS-PAGE sample buffer and 

boiled for 5 min at 100 °C. An aliquot of the supernatant was subjected to 

electrophoresis on 10% SDS-PAGE and immunoblotted with an antibody against 

eNOS. 
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19. Measurement of diacylglycerol (DAG) 

 DAG levels in MAEC were measured by the DAG kinase assay method as 
previously described (Coll et al., 2010). Briefly, confluent MAEC incubated were 

washed with cold PBS, harvested and homogenized in PBS. Then, lipids were 

extracted from approximately 50 µg of MAEC with 600 μL of chloroform, methanol, 1 N 

HCl in a proportion of 100:100:1. After agitation and centrifugation, the lower phase 

containing the chloroform-extracted lipids was transferred to a new microfuge tube. 

Chloroform was evaporated under a N2 stream. Dried lipids were resuspended in 

300 μL of 0.1 N KOH in methanol and incubated for 1 h at 37°C to eliminate DAG. 

Then, 300 μL of PBS was added, and lipid extraction was repeated as indicated above. 

Lipids were resuspended in 100 μL of reaction buffer (150 ng/100 μL cardiolipin, 

280 μM DTPA, 51 mM octyl β-d-glucopyranoside, 50 mM NaCl , 51 mM imidazole, 

1 mM EDTA, 12.5 mM MgCl2, 2 mM dithiothreitol, 0.7% glycerol, 70 μM β-

mercaptoethanol, 500 μM ATP, 5 μCi/100 μL [γ-32P]ATP), and 35 ng of DAG kinase 

was added to each sample. Reactions were incubated at 30 °C for 30 min and stopped 

by the addition of 170 μL of stop buffer (135 mM NaCl, 1.5 mM CaCl2, 0.5 mM glucose, 

10 mM HEPES, pH 7.2) and 30 μL of 100 mM EDTA. Lipids were extracted again with 

1 mL chloroform, methanol, HCl 1 N (100:100:1), resuspended in 40 μL of chloroform, 

spotted onto silica gel TLC plates (Whatman Inc.), and resolved using chloroform: 

methanol: acetic acid (65:15:5) as a solvent. Plates were measured in a 

PhosphoImager (BioRad). Quantification of DAG mass was obtained by comparison 

with a standard curve ranging from 0 to 1000 pmoL of ceramide-1-phosphate, which 

was processed in parallel to the samples. 

 

20. Reagents 

 All chemicals were obtained from Sigma-Aldrich (Barcelona, Spain), unless 

otherwise stated. 
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21. Statistical analysis 

 Results are expressed as means ± SEM. Statistical analyses were performed 

using Graph Pad Prism 5 software. A two-factor ANOVA was used to test for drug or 

group interactions. When a significant interaction was detected, one-way ANOVA with 

a Student Newman-Keuls post hoc test was used to discern individual differences 

between groups. Significance was accepted at P<0.05. 
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RESULTS 

1. Chronic peroxisome proliferator-activated receptorβ/ 

agonist GW0742 prevents hypertension, vascular inflammatory 

and oxidative status, and endothelial dysfunction in diet-

induced obesity 

 

1.1. Effects of GW0742 treatment on morphological variables, plasma 

determinations, and blood pressure 

 As expected, body weight increased steadily over the 13-weeks study period 

among mice fed HFD compared to low-fat-fed control mice, and this effect became 

statistically significant after 1 week of HFD feeding (Figure 9A). Similarly, energy intake 

was higher in the HFD-fed group when compared with control mice (Figure 9B). 

GW0742 treatment of mice feeding control or HFD significantly reduced body weight 

gain when compared with the vehicle-treated mice. Statistical differences were 

observed as early as 4 weeks after initiation of the treatment. Importantly, daily energy 

intake of GW0742-treated mice was similar to that of vehicle-treated mice. Anatomical 

analysis (Figure 9C and D) revealed that mesenteric and epididymal adipose depots 

were also increased after HFD intake. Again, long-term administration of GW0742 

significantly reduced fat depots in mice fed control and HFD. 

 Analysis of metabolic plasma variables (Table 6) showed that fasted glycemia, the 

area under curve (AUC) 120 min after GTT, HOMA-IR, plasma TG and plasma 

cholesterol were higher in HFD-fed mice when compared with control mice. Long-term 

GW0742 treatment reduced basal glycemia, IR and plasma TG, improved glucose 

tolerance, increased HDL but it was without effect on fasting plasma insulin and 

cholesterol. LPS plasma levels were also significantly higher in HFD than in control 

mice, thus revealing the existence of endotoxemia, which was unaffected after 

GW0742 treatment (Table 6). SBP was increased in HFD fed mice as compared to 
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control group, and this change was prevented by chronic GW0742 treatment (Figure 

10A). Similarly, heart and kidney hypertrophy, which were also found in obese mice, 

was prevented by the drug (Figure 10B and C). 
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Figure 9. Effects of GW0742 (GW) administration on the morphological changes. Body 

weight evolution (A), energy intake (B), mesenteric fat (C), and epididymal fat (D) in control and 

high fat diet (HFD)-fed mice. Values are means ± SEM (n= 9-10). *P<0.05 and **P<0.01 vs 

control; 
#
P<0.05 and 

##
P<0.01 vs non-treated HFD-fed mice. 
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Table 6. Plasma determinations in all experimental groups (Experiment 1). 

 Control 
(n = 10) 

Control-GW 
(n = 10) 

HFD 
(n = 9) 

HFD-GW 
(n = 10) 

Fasting glucose (mg/dL) 88.5  5.6 89.7  2.5 136.9  10.6** 105.6  4.2# 

Total cholesterol (mg/dL) 
 

84.9  3.6 102.1  2.7 125.3  10.7* 121.1  4.0 

TG (mg/dL) 
 

51.6  3.9 51.0  3.3 86.7  11.2* 60.7  9.2# 

HDL (mg/dL) 
 

87.6  5.1 98.1  3.7 85.2  4.4 133.3  15.4# 

Fasting insulin (ng/mL) 
 

0.48  0.08 0.60  0.13 0.59  0.05 0.53  0.03 

HOMA-IR 2.5  0.5 3.2  0.7 4.6  0.6* 3.3  0.2# 
 

AUC GTT (mg/dL/min) 169  8 180  14 285  14** 205  10## 

LPS (EU/mL) 0.43  0.04 0.40  0.05 0.83  0.03** 0.86  0.05 

 

AUC, area under curve; GTT, glucose tolerance test; HDL, high-density lipoprotein; HFD, high 

fat diet; HOMA-IR, homeostatic model assessment of insulin resistance; LPS, 

lipopolysaccharides; TG, triglycerides. Results are shown as mean ± SEM. All parameters were 

assessed in mice fed a control diet (control), or HFD treated with vehicle or GW0742 (GW). 

*P<0.05 and **P<0.01 vs control-vehicle; 
#
P<0.05 and 

##
P<0.01 vs vehicle-treated HFD mice. 
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Figure 10. Effects of GW0742 (GW) administration on blood pressure and morphological 

changes. Systolic blood pressure (SBP), measured by tail-cuff plethysmography (A), and heart 

(B) and kidney (C) hypertrophy in control and high fat diet (HFD)-fed mice. Values are means ± 

SEM (n= 9-10). *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs non-treated HFD-fed 

mice.  

 

 

 

 

 

 

0

50

100

150

200

S
B

P
 (

m
m

 H
g

)

Control

 Vehicle

 GW

HFD

**
##

A

B

H
e
a
rt

 w
e
ig

h
t/

ti
b

ia
 l
e
n

g
th

 

(m
g

/c
m

)

50

60

70
*

#

Control HFD

 Vehicle

 GW

K
id

n
e
y
 w

e
ig

h
t/

ti
b

ia
 l
e
n

g
th

 

(m
g

/c
m

)

0

100

200 **
#

Control HFD

 Vehicle

 GW

#

C



Results                                                                              PPARβ/δ in diet-induced obesity                           
  

- 89 - 

 

1.2. GW0742 treatment improves endothelial function in obese mice 

 Aortae from mice fed a HFD showed significant reduced endothelium-dependent 

vasodilator responses to ACh (considered as an index of endothelial function) as 

compared with aortae from the control group (maximal effect = 31.8 ± 6.0% and 74.0 ± 

11.6%, respectively, p<0.01) (Figure 11A). GW0742 administration produced a 

significant increase in the endothelium-dependent relaxation induced by ACh in mice 

fed HFD (maximal effect = 66.5 ± 6.8%, p<0.01 vs HFD group), being without effect in 

control mice. The relaxant response induced by ACh was almost fully inhibited by L-

NAME in all experimental groups (Figure 11B), showing that, in this vessel, ACh-

induced relaxation in both control and HFD groups was almost entirely dependent of 

endothelium-derived NO. To analyze whether the impaired response to endothelial-

derived NO is due to a reduced bioavailable NO or due to a defect in the signalling of 

NO in vascular smooth muscle, we analyzed the effects of SNP, which directly 

activates soluble guanylyl cyclase in vascular smooth muscle, mimicking the effects of 

endogenous NO. The endothelium-independent vasodilator responses to SNP were 

not different among groups (Figure 11C).  

 Moreover, eNOS, (Figure 12A) and Cav-1 (Figure 12B), an allosteric negative 

regulator of eNOS, gene expression was similar in the aortae from all experimental 

groups. However, HFD promotes the inhibitory interaction between eNOS and Cav-1, 

which was prevented by GW0742 (Figure 12C). In addition, phosphorylation of eNOS 

at Ser1177 and Akt at Ser473 were reduced in HFD-vehicle and restored in aortae from 

GW0742-treated mice (Figure 12D), as previously described by another PPARβ/δ 
agonist GW1516 (Tian et al., 2012a).  
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Figure 11. Effects of GW0742 (GW) on endothelial function and NO-mediated relaxation. 

Vascular relaxant responses induced by acetylcholine (ACh), in endothelium-intact aortae pre-

contracted by phenylephrine in the absence (A) and in the presence of L-NAME (100 µM), (B) 

and vascular relaxant responses induced by sodium nitroprusside (SNP) (C), in endothelium-

denuded aortae pre-contracted by phenylephrine, in control and high diet fat (HDF)-fed mice. 

Values are expressed as mean  SEM (n= 8-10 rings from different rats). *P<0.05 and **P<0.01 

vs control; 
#
P<0.05 and 

##
P<0.01 vs non-treated HFD-fed mice. 
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Figure 12. Effects of GW0742 (GW) on the NO pathway in the mouse aorta. mRNA levels of 

eNOS (A) and caveolin-1(Cav-1) (B) by RT-PCR, Cav-1/eNOS interaction by western blot (IB) 

analysis of amount of eNOS co-immunoprecipitated (IP) with Cav-1 (C), and protein 

expressions (D) of phospho-eNOS(Ser
1177

)/eNOS and phospo-Akt(Ser
473

)/Akt by western blot in 

control and high fat diet (HDF)-fed mice. Results are shown as mean  SEM, derived from 9-10 

separate experiments for RT-PCR and 4-5 for western blot. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs non-treated HFD-fed mice. 
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1.3. GW0742 reduces vascular ROS levels in obese mice by reducing 

NADPH oxidase activity and by down-regulation of inflammatory genes 

To characterize and localize ROS levels within the vascular wall, ethidium red 

fluorescence was analyzed in sections of aorta incubated with DHE. Positive red nuclei 

could be observed in adventitial, medial and endothelial cells from sections of aorta 

incubated with DHE (Figure 13A). Staining was almost abolished by the O2
- scavenger 

tiron and PEG-SOD (Figure 13A). Nuclear red ethidium fluorescence was quantified 

and normalized to the blue fluorescence of the nuclear stain DAPI, allowing 

comparisons between different sections. Rings from mice fed HFD showed marked 

increased staining in adventitial, medial and EC as compared with control mice, which 

was significantly reduced by GW0742 treatment (Figure 13A and B). Since NADPH 

oxidase is the major source of ROS in the vascular wall, we investigated the effect of 

GW0742 on gene expression of the main subunits in aortae from all experimental 

groups. Significant mRNA up-regulation of the NADPH oxidase subunit NOX-1 (Figure 

13C) and NOX-1 protein (Figure 13D) were detected in rings from HFD as compared to 

control mice, without changes in NOX-4 (Figure 13E), p47phox (Figure 13F), and p22phox 

(Figure 13G) mRNA. Again, GW0742 reduced mRNA overexpression of NOX-1 

subunits in HFD-fed mice. 

 Since oxidative stress induces inflammation and viceversa, the IB-α 

phosphorylation (an index of NF-B activation), and the mRNA levels of pro-

inflammatory cytokines TNF-α, IL-1β and IL-6 were analyzed. We found that in aortic 

homogenates p-IB-α (Figure  14A) and the mRNA level and protein expression of 

TNF-α (Figure 14B, 14C) and IL-6 (Figure 14E, 14F) were higher in HFD group as 

compared with control group, without showing any change when IL-1β was evaluated 

(Figure 14D). GW0742 significantly reduced IB-α phosphorylation and the mRNA 

levels of pro-inflammatory cytokines in mice fed HFD. GW0742 treatment also 

prevented the up-regulation of TLR4 induced by HFD at mRNA (Figure 14G) and 

protein levels (Figure 14H).  
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Figure 13. Effects of GW0742 (GW) on ROS production and NADPH oxidase pathway. Left 

pictures show arteries incubated in the presence of DHE, which produces a red fluorescence 

when oxidized to ethidium by ROS. Right pictures show blue fluorescence of the nuclear stain 

DAPI (x 400 magnification) (A) Averaged values, mean  SEM (n= 8-10 rings from different 

mice) of the red ethidium fluorescence normalized to the blue DAPI fluorescence (B). 

Expression of NADPH oxidase subunits NOX-1 (C), NOX-4 (E), p47
phox

 (F) and p22
phox

 (G) at 

the level of mRNA by RT-PCR, and NOX-1 protein expression (D) in control and high fat diet 

(HDF)-fed mice. For western blot histograms represent densitometric values normalized to the 

corresponding α-actin (n= 3-5), expressed as percentage of control vehicle group. Results are 

shown as mean  SEM, derived from 9-10 rings. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 vs 

non-treated HFD-fed mice.  
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Figure 14. Effects of GW0742 (GW) administration on IκB-α phosphorylation, pro-

inflammatory cytokines, and TLR4 expression. Aortic IB-α phosphorylation (A) and levels 

of mRNA by RT-PCR and protein by western blot of TNF-α (B, C), IL-1β (D), IL-6 (E, F), and 

TLR4 (G, H), in control and high fat diet (HDF)-fed mice. For western blot histograms represent 

densitometric values normalized to the corresponding α-actin (n= 3-5), expressed as 

percentage of control vehicle group.  Results are shown as mean  SEM, derived from 9-10 

rings. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs non-treated HFD-fed mice. 

 

 

 

 

 

 

TNF-α

α-actin

TLR4

α-actinα-actin
IL-6

E

0

2

4

6

**

##

Control HFD

 Vehicle

 GW

IL
-6

 m
R

N
A

(f
o

ld
 c

h
a

n
g

e
) 

 

0
Control HFD

 Vehicle

 GW

D

IL
-1
β

m
R

N
A

(f
o

ld
 c

h
a

n
g

e
) 

 

2

4

6

0

2

4

8

**

##

Control HFD

 Vehicle

 GW

T
N

F
-α

m
R

N
A

(f
o

ld
 c

h
a

n
g

e
) 

 6

BA

p-IκB-α

α-actin

0

100

200

300

Control HFD

 Vehicle

 GW **

##

0

1

2

4

*

#

Control HFD

 Vehicle

 GW

T
L

R
4

m
R

N
A

(f
o

ld
 c

h
a

n
g

e
) 

 3

G

Control HFD

 Vehicle

 GW

T
N

F
-α

/α
-a

c
ti

n

(%
 o

f 
c

o
n

tr
o

l)
  

0

100

200

**

##

C

Control HFD

 Vehicle

 GW

IL
-6

/α
-a

c
ti

n

(%
 o

f 
c

o
n

tr
o

l)
  

0

100

200
**

##

F

Control HFD

 Vehicle

 GW

T
L

R
4

/α
-a

c
ti

n
 

(%
 o

f 
c

o
n

tr
o

l)
  

0

100

200

*
#

H

p
-I

κ
B

-α
/α

-a
c

ti
n

(%
 o

f 
c

o
n

tr
o

l)
  



Results                                                                              PPARβ/δ in diet-induced obesity                           
  

- 95 - 

 

1.4. GW0742 reduced hepatic and fat inflammation 

 Obesity is frequently associated with hepatic and fat inflammation (Cani et al., 

2007). Accordingly, mice fed a HFD showed increased mRNA levels of the pro-

inflammatory cytokine TNF-α in both liver (Figure 15A) and fat (Figure 15C), which 

were reduced GW0742-treated HFD-fed mice. The c-Jun N-terminal kinases are key 

regulators of inflammation. Obesity increases total activity JNK, and deficiency in JNK-

1, but not JNK-2, results in reduced adiposity and improved insulin sensitivity 
(Tuncman et al., 2006). We found that the raise in JNK-1 mRNA levels (Figure 15B) 

detected in the livers from HFD group was abolished by GW0742. We also found 

decreased adiponectin (Figure 15D) mRNA levels in adipose depots in the HFD group, 

which were ameliorated by GW0742. 
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Figure 15. Effects of GW0742 (GW) administration on inflammatory genes. Liver TNF-α (A) 

and JNK-1 (B) and fat TNF-α (C) and adiponectin (D) mRNA levels of control and high fat diet 

(HDF)-fed mice. Results are shown as mean  SEM, derived from 8-10 separate experiments. 

*P<0.05 and **P<0.01 vs control; 
##

P<0.01 vs non-treated HFD-fed mice. 

 

1.5. GW0742 increased mRNA expression of PPARβ/δ-target genes in 

aorta 

 The gene expression of PPARβ/δ (Figure 16A, 16B), PPARα (Figure 16C), and 

PPARγ (Figure 16D) were unchanged in the aortae from all experimental groups. 

Chronic treatment with GW0742 increased the mRNA levels of three well-known 

PPARβ/δ-target genes, CPT-1 (Figure 16E), PDK-4 (Figure 16F), UCP2 (Figure 16G), 

and ATP-binding cassette transporter G1 (ABCG1; Figure 16H) in both mice fed 

normal and HFD. 
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Figure 16. Effects of GW0742 (GW) administration on PPAR and PPARβ/δ-target genes in 

aorta. mRNA (A) and protein (B) PPARβ/δ levels, mRNA levels of PPARα (C), and PPARγ (D), 

CPT-1 (E), PDK-4 (F), UCP2 (G) and ABCG1 (H) in aortae from control and high fat diet (HFD)-

fed mice. For western blot histograms represent densitometric values normalized to the 

corresponding α-actin (n= 3-5), expressed as percentage of control vehicle group. Results are 

shown as mean  SEM, derived from 8-10 separate experiments. *P<0.05 and **P<0.01 vs 

control; 
#
P<0.05 and 

##
P<0.01 vs non-treated HFD-fed mice. 
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1.6. Role of PPARβ/δ on the effects of GW0742 

 To determine whether PPARβ/δ is involved in the effects induced by GW0742, the 

PPARβ/δ antagonist GSK0660 was administered in addition to GW0742. All changes 

induced by GW0742 in body weight gain, fat accumulation, heart and kidney 

hypertrophy and SBP were prevented by GSK0660 (Figure 17). The antihypertensive 

effects were observed using direct intra-arterial recordings in conscious mice, ruling out 

possible artefacts of tail-cuff based BP determinations in obese animals. GSK0660 also 

abolished the effects induced by GW0742 on metabolic plasma variables (Table 7) and 

mRNA levels of liver TNF-α and JNK-1, and fat TNF-α and adiponectin (Figure 18). In 

addition, the increased relaxation to ACh induced by GW0742 in HFD fed mice was 

abolished by GSK0660 (Figure 19A). Furthermore, PPARβ/δ blockade suppressed the 

reduction induced by GW0742 in aortic DHE staining (Figure 19B, 19C), and NOX-1 

(Figure 19D), TNF-α (Figure 19E), IL-6 (Figure 19F), and TLR4 (Figure 19G) mRNA 

levels. GSK0660 did not modify all these parameters in HFD fed mice when 

administered alone.  
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Figure 17. Effects of the PPARβ/δ antagonist GSK0660 (GSK) on the morphological 

changes, and blood pressure induced by GW0742 (GW). Final body weight (A), mesenteric 

fat (B), and epididymal fat (C), systolic blood pressure (SBP), measured by intra-arterial 

catheter (D), and relative heart (E) and kidney weight (F) to tibia length. Values are expressed 

as mean  SEM (n= 8-9). *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs non-

treated high fat diet (HFD)-fed mice; 
†
 P<0.05 and 

††
 P<0.01 vs HFD-treated with GW. 
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Table 7. Plasma determinations in all experimental groups (Experiment 2). 

 Control 
(n = 8) 

HFD 
(n = 8) 

HFD-GSK 
(n = 8) 

HFD-GW 
(n = 8) 

HFD-GW-GSK 
(n = 9) 

Fasting glucose  
(mg/dL) 

94.6  11.6 152.5  7.4** 168.1  21.6* 128.4  5.7# 183.7  9.4†† 

Total cholesterol  
(mg/dL) 

69.7  7.4 109.8  12.5* 133.7  8.0** 119.8  12.5 139.6  12.4 

TG (mg/dL) 44.4  3.2 66.7  8.7* 69.1  5.7* 44.7  5.2# 60.9  5.8† 

HDL (mg/dL) 55.2  8.2 61.2  5.2 69.2  5.3 117.3 12.2## 73.3  16.0† 

AUC GTT 
(mg/dL/min) 

269  10 328  14** 337  21** 286  11# 350  18†† 

 

AUC, area under curve; GTT, glucose tolerance test; HDL, high-density lipoprotein; HFD, high 

fat diet; TG, triglycerides. Values are expressed as mean ± SEM. All parameters were assessed 

in mice fed a control diet (control), or HFD treated with vehicle or GW0742 (GW) or GW plus 

GSK0660 (GSK). *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs HFD; 

†
P<0.05 vs 

HFD-GW group. 
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Figure 18. Effects of the PPARβ/δ antagonist GSK0660 (GSK) on inflammatory genes. 

Liver TNF-α (A) and JNK-1 (B) and fat TNF-α (C) and adiponectin (D) mRNA levels of control 

and non-treated high fat diet (HDF)-fed mice treated with vehicles or GW0742 (GW). Values are 

expressed as mean  SEM (n= 8-9). *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs 

non-treated HFD-fed mice; 
†
P<0.05 and 

††
P<0.01 vs HFD-treated with GW. 
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Figure 19. Effects of the PPARβ/δ antagonist GSK0660 (GSK) on the changes in 

endothelial function, aortic oxidative and inflammatory level induced by GW0742 (GW). 

Vascular relaxant responses induced by acetylcholine (ACh) (A) in endothelium-intact aortae 

pre-contracted by phenylephrine. ROS content measured by ethidium fluorescence (B, C), and 

expression of NOX-1 (D), TNF-α (E), IL-6 (F), and TLR4 (G) at the level of mRNA by RT-PCR in 

aortic rings. Values are expressed as mean  SEM (n= 8-9 rings from different mice). *P<0.05 

and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs non-treated high fat diet (HFD)-fed mice; 

†
P<0.05 and 

††
P<0.01 vs HFD-treated with GW. 
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2. Carnitine palmitoyl-transferase-1 up-regulation by PPARβ/δ 

prevents lipid-induced endothelial dysfunction 

 

2.1. PPARβ/δ activation restores the palmitate-induced impairment of 

endothelium-dependent vasodilatation and NO production 

 Incubation of mice isolated aortae with palmitate inhibited the endothelium-

dependent relaxation to ACh (Figure 20A) and the phosphorylation of eNOS at the 

activation site Ser1177 (Figure 20B). In MAEC, palmitate reduced the A23187-stimulated 

NO production (Figure 20C) and eNOS at Ser1177 phosphorylation (Figure 20D). The 

PPARβ/δ agonist GW0742 (1 μM) restored the aortic relaxation to ACh, eNOS 

phosphorylation at Ser1177 and the level of NO production induced by A23187 in aorta 

and MAEC exposed to palmitate. All the effects of GW0742 were abolished by co-

incubation with PPARβ/δ antagonist GSK0660 (1 μM). GW0742 did not modify either 

the aortic relaxation to ACh or A23187-stimulated NO production in MAEC incubated in 

control conditions (data not shown).  
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Figure 20. The PPARβ/δ agonist prevents palmitate (Pal)-induced endothelial dysfunction 

in vitro. Vascular relaxant responses induced by acetylcholine (ACh) (A) in mouse aortae pre-

contracted by U46619 (10
 
nM), and eNOS(Ser

1177
) phosphorylation (B) after incubation for 24 h 

in the absence (control) or presence of Pal (100 μM), GW0742 (GW, 1 μM), or GSK0660 (GSK, 

1 μM). Results are shown as mean ± SEM, derived from 9-11 different rings. Immunoblots from 

7 separate experiments were quantified. NO release (C) and eNOS(Ser
1177

) phosphorylation (D) 

in MAEC incubated with GW (1 μM) for 15 hours, and in the last 3 hours in the absence (control 

cells) or presence of Pal (100 μM). In some experiments, cells were co-incubated with GSK (1 

μM). Results are mean ± SEM (n= 7-15).  Immunoblots from 3 separate experiments were 

quantified. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs Pal; 

†
P<0.05 and 

††
P<0.01 vs Pal+GW group. 
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2.2. PPARβ/δ activation in vivo improves endothelial dysfunction in 

aortae from HFD mice 

 To examine the effects of PPARβ/δ activation in vivo, GW0742 was given by oral 

gavage (3 mg/kg/d, for 3 weeks) to mice fed a HFD. GW0742 treatment was unable to 

prevent the changes induced by HFD on body weight (Figure 21A), energy intake 

(Figure 21B), heart and kidney weight, and the higher plasmatic fasting glucose, 

cholesterol, TG, HDL, the GTT, and FFA (Table 8). However, GW0742 reduced 

significantly fat accumulation, an effect that was inhibited by co-administration with the 

PPARβ/δ antagonist GSK0660 (Table 8).  

 Aortae from mice fed a HFD showed significantly reduced endothelium-dependent 

vasodilator responses to ACh as compared with aortae from the control group (Figure 

22A). GW0742 administration produced a significant increase in the endothelium-

dependent relaxation induced by ACh in mice fed HFD, being without effect in control 

mice. The increased relaxation to ACh induced by GW0742 treatment in HFD fed mice 

was abolished by co-administration with GSK0660 (1 mg/kg/d ip). The relaxant 

response induced by ACh was almost fully inhibited by the eNOS inhibitor L-NAME in 

all experimental groups (Figure 22B), involving eNOS activation, and the endothelium-

independent vasodilator responses to SNP were not different among groups (Figure 

22C). SBP significantly increased in mice fed a HFD. GW0742 prevented the raise in 

SBP and this effect was abolished by GSK0660 (Figure 22D). Phosphorylation of 

eNOS at Ser1177 and Akt at Ser473 were reduced in the aortae from mice fed a HFD. 

GW0742 restored the phosphorylation of both targets and these effects were 

suppressed by GSK0660 (Figure 22E). 
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Figure 21. Effects of GW0742 (GW) treatment on the morphological changes. Body weight 

evolution (A) and mean energy intake (B) in mice fed a control diet (control), or a high fat diet 

(HFD) treated with vehicle or GW or GW plus GSK0660 (GSK). Results are shown as mean ± 

SEM, n= 10. **P<0.01 vs control group. 
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Table 8. Morphological and plasma determinations in all experimental groups. 

 Control 

(n = 9) 

HFD 

(n = 10) 

HFD-GW 

(n =10) 

HFD-GW-GSK 

(n =10) 

Body weight (g) 23.4  0.5 27.2  0.7** 25.9  0.5 26.1  0.4 

Heart weight/tibia length  (mg/cm) 60.5  1.5 62.2  1.3 62.7  2.0 63.1  1.7 

Mesenteric fat weight/ Body weight (%) 0.12  0.3 0.93  0.08** 0.31  0.04# 0.48  0.04† 

Epididymal fat weight/ Body weight (%) 1.01  0.17 2.58  0.22** 1.50  0.07## 1.94  0.19† 

Kidney weight/tibia length  (mg/cm) 66.6  1.3 76.0  2.4** 71.4  2.0 70.8  2.2 

Fasting glucose (mg/dL) 102.3  8.2 140.7  14.9* 149.7  9.9 168.7  10.0 

Total cholesterol (mg/dL) 69.2  4.3 86.6  4.0* 93.0  5.8 112.0  6.2 

TG (mg/dL) 71.8  4.9 93.0  7.6* 99.6  8.8 96.5  5.7 

HDL (mg/dL) 73.7  3.7 83.5  4.4 95.5  5.7 95.1  10.6 

AUC GTT (mg/dL/min) 237  15 318  15** 290  16 287  16 

FFA (mM) 0.36  0.03 0.46  0.04* 0.45  0.03 0.47  0.04 

 

AUC, area under curve; FFA, free fatty acid; GTT, glucose tolerance test; HDL, high-density 

lipoprotein; HFD, high fat diet; TG, triglycerides. Results are shown as mean ± SEM. All 

parameters were assessed in mice fed a control diet (control), or HFD treated with vehicle or 

GW0742 (GW) or GW plus GSK0660 (GSK). *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs HFD; 

†
P<0.05 vs HFD-GW group. 
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Figure 22. The PPARβ/δ agonist prevents high fat diet (HFD)-induced endothelial 

dysfunction in vivo. Vascular relaxant responses induced by acetylcholine (ACh) in the 

absence (A) or in the presence of L-NAME (100 µM) (B), and endothelium-independent relaxant 

response to nitroprusside (SNP) (C) in aortae pre-contracted by U46619 (10
 
nM). Systolic blood 

pressure (SBP) in mice fed a control diet (control), or a HFD treated with vehicle, GW0742 (GW) 

or GW plus GSK0660 (GSK) (D). Values are expressed as mean ± SEM (n= 6-8 rings from 

different mice). Phosphorylation of eNOS and Akt in aorta (E) from all experimental groups. 

Immunoblots from 6 separate experiments were quantified. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs HFD;

 †
P<0.05 and 

†† 
P<0.01 vs HFD-GW group.  
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2.3. PPARβ/δ activation reduces the increased ROS production 

induced by palmitate 

To examine whether ROS are involved on endothelial dysfunction induced by 

palmitate in mouse aorta, we analyze the endothelium-dependent relaxant response to 

ACh in the presence of the mitochondrial antioxidant mitoQ, or the NADPH oxidase 

inhibitor apocynin. Both, mitoQ (Figure 23A) and apocynin (Figure 24A) significantly 

improved the impaired aortic relaxation to ACh induced by palmitate. Intracellular ROS 

production measured by CM-H2DCFDA in MAEC was increased after palmitate 

incubation (Figure 23B). The increase in intracellular O2
- levels induced by palmitate 

incubation in MAEC was then confirmed by determination of 2-OH-E+ levels by HPLC 

(Figure 23C). This ROS increase was inhibited by mitoQ and GW0742. The effect of 

GW0742 was abolished by blockade of PPARβ/δ by GSK0660. NADPH oxidase 

activity, measured by both lucigenin-enhanced chemiluminescence (Figure 24B) and 

DHE fluorescence in the microplate reader (Figure 24C), was also increased by 

palmitate, while apocynin and GW0742 inhibited this increase. Again, GSK0660 

suppressed the effect of GW0742. Similarly, this PPARβ/δ agonist abolished the up-

regulation of NOX-4 mRNA in MAEC incubated with palmitate, but not in those co-

incubated with GSK0660 (Figure 24D).      
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Figure 23. Role of ROS production in palmitate (Pal)-induced endothelial dysfunction. 

Vascular relaxant responses induced by acetylcholine (ACh) (A) in intact aortae pre-contracted 

by U46619 (10
 
nM), after incubation for 24 h in the absence (control) or presence of Pal (100 

μM). In some experiments, responses to ACh were studied after incubation with mitoQ (0.1 μM) 

(A) incubated for 60 min before the addition of U46619. Results are shown as mean ± SEM, 

derived from 9-11 different rings. ROS measured by fluorescence in CM-H2DCFDA-loaded cells 

(B), and O2
-
 production detected by 2-hydroxyethidium (2-OH-E

+
) fluorescence HPLC (C). Left, 

Representative example. Right, quantification of 2-OH-E
+
 peak, expressed in area under curve 

(AUC)/μg protein. (B, C) MAEC were incubated with GW0742 (GW, 1 μM) for 15 hours, and in 

the last 3 hour in the absence (control cells) or presence of Pal (100 μM). In some experiments, 

cells were co-incubated with mitoQ (0.1 μM) added with Pal. Results are mean ± SEM (n= 6-

15). *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs Pal; 

†
P<0.05 and 

††
P<0.01 vs 

Pal+GW group. 
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Figure 24. Role of NADPH oxidase in palmitate (Pal)-induced endothelial dysfunction. 

Vascular relaxant responses induced by acetylcholine (ACh) (A) in intact aortae pre-contracted 

by U46619 (10
 
nM), after incubation for 24 h in the absence (control) or presence of Pal (100 

μM). In some experiments, responses to ACh were studied after incubation with apocynin (10 

μM) (A) incubated for 60 min before the addition of U46619. Results are shown as mean ± 

SEM, derived from 9-11 different rings. NADPH oxidase activity measured by lucigenin-

enhanced chemiluminescence (B), or DHE fluorescence measured in the microplate reader (C), 

and mRNA levels of NOX-4 (D) in MAEC incubated with GW0742 (GW,1 μM) for 15 hours, and 

in the last 3 hour in the absence (control cells) or presence of Pal (100 μM). In some 

experiments, cells were co-incubated with apocynin (10 μM) added with Pal, or incubations 

were performed for 30 min in the absence or presence of SOD conjugated to polyethylene 

glycol (PEG-SOD, 25 U/mL). Results are mean ± SEM (n= 6-15). *P<0.05 and **P<0.01 vs 

control; 
#
P<0.05 and 

##
P<0.01 vs Pal; 

†
P<0.05 and 

††
P<0.01 vs Pal+GW group. 
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2.4. PPARβ/δ activation in vivo reduced vascular ROS levels in HFD 

fed mice by reducing NADPH oxidase activity and mitochondrial sources 

and by up-regulation of antioxidant genes 

 To characterize and localize ROS levels within the vascular wall, red fluorescence 

was analyzed in sections of aorta incubated with DHE. Rings from mice fed a HFD 

showed marked increased staining in adventitial, medial and EC as compared with 

control mice, which was significantly reduced by GW0742 administration. The 

increased red fluorescence induced by HFD was abolished by PEG-SOD, indicating its 

specificity for O2
- (Figure 25A). GW0742 treatment also prevented the raise in vascular 

NADPH oxidase activity (Figure 25B) and the up-regulation of the NADPH oxidase 

subunits NOX-4, NOX-1, p47phox, and p22phox (Figure 25C) induced by the HFD. The 

increase in the pro-oxidant NADPH oxidase subunits induced by the HFD was 

accompanied by reduced mRNA levels of mitochondrial and cytoplasmic antioxidant 

enzymes (Figure 26), such as manganese superoxide dismutase (MnSOD), UCP2, and 

glutathione peroxidase (GPx-1). The mRNA levels of hemo-oxigenase-1 (HO-1) and 

CPT-1 were increased, and copper/zinc superoxide dismutase (Cu/ZnSOD) was not 

significantly affected by the HFD. GW0742 administration prevented the HFD-induced 

changes in MnSOD and GPx-1 and did not affect Cu/ZnSOD. The PPARβ/δ agonist 

increased UCP2, CPT-1 and HO-1 mRNA levels above control levels. PPARβ/δ 

blockade with GSK0660 inhibited the effects of GW0742 on aortic ROS levels, NADPH 

oxidase activity and changes in gene expression (Figures 25 and 26).  

 Since oxidative stress induced inflammation and viceversa, the mRNA expression 

of pro-inflammatory cytokines TNF-α, IL-1β and IL-6 was analyzed. We found that in 

aortic homogenates the expression of these cytokines was higher in HFD group as 

compared with the control group (Figure 27). As expected, GW0742 administration 

significantly reduced the mRNA levels of these pro-inflammatory cytokines in mice fed 

HFD, and this effect was prevented by GSK0660.  
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Figure 25. Role of ROS production in high fat diet (HFD)-induced endothelial dysfunction. 

Right pictures show arteries incubated in the presence of DHE which produces a red 

fluorescence when oxidized to ethidium by ROS. Left pictures show blue fluorescence of the 

nuclear stain DAPI (x 400 magnification) (A). Bottom shows red ethidium fluorescence intensity 

normalized to the blue DAPI fluorescence (mean ± SEM, n= 5-7 rings from different mice). 

NADPH oxidase activity measured by lucigenin-enhanced chemiluminescence (n= 7-9) (B) and 

expression of NADPH oxidase subunits NOX-4, NOX-1, p47
phox

 and p22
phox

 (C) at the level of 

mRNA by RT-PCR. Results are shown as mean ± SEM. All parameters were assessed in 

aortae from mice fed a control diet (control), or a HFD treated with vehicle or GW0742 (GW) or 

GW plus GSK0660 (GSK). *P<0.05 vs control; 
#
P<0.05 vs HFD; 

†
P<0.05 and 

††
P<0.01 vs HFD-

GW group. 
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Figure 26. Effects of GW0742 (GW) on gene expression. MnSOD (A), UCP2 (B), CPT-1 (C), 

GPx-1 (D), HO-1 (E), and Cu/ZnSOD (F) mRNA expression. Results are shown as mean ± SEM 

in aortae from mice fed a control diet (control), or a high fat diet (HFD) treated with vehicle or 

GW0742 (GW) or  plus GSK0660 (GSK). *P<0.05 vs control; 
#
P<0.05 and 

##
P<0.01 vs HFD; 

†
P<0.05 and 

††
P<0.01 vs HFD-GW group. 
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Figure 27. Effects of GW0742 (GW) on inflammatory genes. mRNA levels of TNF-α (A), IL-

1β (B), and IL-6 (C) of aorta from mice fed a control diet (control), or a high fat diet (HFD) 

treated with vehicle or GW0742 (GW) or GW plus GSK0660 (GSK). Results are shown as mean 

± SEM, n= 5. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs HFD; 

†
P<0.05 vs HFD-

GW group. 

 

2.5. Role of CPT-1 in the preventive effects of PPARβ/δ activation on 

palmitate-induced endothelial dysfunction 

 GW0742 induced a marked increase in the mRNA and protein levels of CPT-1 in 

MAEC that was sensitive to PPARβ/δ blockade and independent of the presence of 

palmitate (Figure 28A). The preventive effects induced by GW0742 on the impaired 

A23187-stimulated NO production (Figure 28B), the increased ROS generation (Figure 

28C) in MAEC and the reduced ACh relaxation in aorta (Figure 28D) incubated with 

palmitate were abolished by the CPT-1 irreversible inhibitor etomoxir. Moreover, siRNA 

targeting CPT-1 in MAEC, which effectively down-regulated CPT-1 mRNA and protein 

(Figure 28E), also blunted the increase in NO production (Figure 28F), and the 

reduction in ROS generation (Figure 28G) induced by GW0742 in MAEC incubated 

with palmitate.  
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Figure 28. Role of CPT-1 in the preventive effects of PPARβ/δ activation on palmitate 

(Pal)-induced endothelial dysfunction. mRNA and protein expression of CPT-1 (A) in MAEC 

incubated with GW0742 (GW, 1 μM), during 15 hours, and in the last 3 hour in the absence 

(control cells) or presence of Pal (100 μM). In some experiments, cells were co-incubated with 

GSK0660 (GSK, 1 μM), 1 hour prior the addition of GW. Results are mean ± SEM (n= 7-15).  

Immunoblots from 4 separate experiments were quantified. A23187-stimulated NO production 

(B) and CM-H2DCFDA-detected intracellular ROS (C) in MAEC (incubated as in panel A) with 

or without etomoxir (40 μM) during Pal incubation. Vascular relaxant responses induced by 

acetylcholine (ACh) (D) in mouse aortae pre-contracted by U46619 (10 nM), after incubation for 

24 h in the presence of Pal (100 μM), GW (1 μM), or with etomoxir (40 μM). Results are shown 

as mean ± SEM, derived from 9-11 different rings. mRNA and protein levels of CPT-1 (E)  after 

CPT-1-specific siRNA transfection in MAEC for 48 h, and A23187-stimulated NO production (F) 

and CM-H2DCFDA-detected intracellular ROS (G) in MAEC incubated GW (1 μM), during 15 

hours, and in the last 3 hour in the absence (control cells) or presence of Pal (100 μM) in control 

siRNA and siRNA-CPT-1 transfected cells. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs Pal; 

†
P<0.05 and 

††
P<0.01 vs Pal+GW group. 
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2.6. PPARβ/δ activation prevents DAG accumulation and PKCα/βII and 

Thr495-eNOS phosphorylation in palmitate-exposed MAEC 

 Since the exposure of EC to palmitate increased ROS production, which was 
concomitant with increases in DAG level and PKC activity in these cells (Inoguchi et al., 

2000), we next assessed the capacity of GW0742 to prevent DAG accumulation and 

the role of the PKC pathway. As expected, MAEC exposed to palmitate showed 

enhanced DAG levels compared with control cells (Figure 29A). When palmitate-

exposed cells were treated with the PPARβ/δ-specific agonist DAG levels decreased. 

The mechanism by which GW0742 prevented DAG accumulation appears to involve 

increased fatty acid oxidation because the effect of this PPARβ/δ agonist was blunted 

by etomoxir (Figure 29A). The non-selective PKC inhibitor chelerythrine reversed the 

impaired A23187-stimulated NO production (Figure 29B), and the increased ROS 

production (Figure 29C) induced by palmitate in MAEC. Exposure to palmitate 

increased the phosphorylated levels of PKCα/βII (Figure 29D). GW0742 and the 

selective PKC inhibitor chelerythrine prevented the increase in PKCα/βII 

phosphorylation. The effects of GW0742 were prevented by etomoxir. Moreover, eNOS 

phosphorylation at Thr495, which reduces eNOS activity, was increased by palmitate 

and reversed after GW0742 or chelerythine pretreatment (Figure 29E). Again, the 

effect of GW0742 was suppressed by co-incubation with etomoxir. 
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Figure 29. Role of PKC on the protective effects of PPARβ/δ activation in endothelial 

dysfunction-induced by palmitate (Pal). DAG accumulation (A) in MAEC incubated with 

GW0742 (GW, 1 μM), during 15 hours, and in the last 3 hour in the absence (control cells) or 

presence of Pal (100 μM) or with etomoxir (40 μM) during Pal incubation. A23187-stimulated 

NO production (B), and CM-H2DCFDA-detected intracellular ROS (C) in MAEC incubated GW 

(1 μM), during 3 hour in the absence (control cells) or presence of Pal (100 μM) or with 

chelerythrine (1 μM). PKCα/βII (D) and Thr
495

-eNOS (E) phosphorylation in MAEC (incubated as 

above). Results are mean ± SEM (n= 7-15).  Immunoblots from 7 separate experiments were 

quantified. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs Pal; 

†
P<0.05 vs Pal+GW 

group. 
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3. PPARβ/δ activation attenuates palmitate-induced endothelial 

insulin resistance via carnitine palmitoyl-transferase-1 up-

regulation in human endothelial cells 

 

3.1. GW0742 restored NO production in the presence of palmitate 

Incubation of HUVEC in lipid-containing media reduced significantly insulin-

stimulated NO production (Figure 30A) and eNOS at Ser1177 and Akt at Ser473 

phosphorylation but not IRS-1 at Ser307 phosphorylation (Figure 30B). PPARβ/δ 

agonist, GW0742 (1 µM), restored eNOS phosphorylation at Ser1177 and Akt at Ser473 

and also the level of NO production induced by insulin in HUVEC exposed to palmitate. 

Moreover, we analyzed the direct effect of GW0742 (without palmitate treatment) on 

NO production in response to insulin, and no significant alteration was observed (data 

not shown). These results suggested that the increased NO bioavailability induced by 

PPARβ/δ agonist is just an action from its protective effect against palmitate insult. 

Interestingly, the effect of GW0742 was abolished in the presence of GSK0660 (1 µM), 

indicating that this beneficial effect was PPARβ/δ dependent (Figure 30).  
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Figure 30. The PPARβ/δ agonist restores NO production in the presence of palmitate 

(Pal). NO release induced by insulin (100 nM) (A) in HUVEC incubated with GW0742 (GW, 1 

μM) for 15 hours, and in the last 3 hours in the absence (control cells) or presence of Pal (100 

μM). In some experiments, cells were co-incubated with GSK0660 (GSK, 1 μM) 1 hour before 

the addition of GW. Results are mean ± SEM (n= 7-15). Expressions of phospho-IRS, phospho-

Akt and phospho-eNOS by western blot (B) in insulin-stimulated HUVEC. Immunoblots from 4 

separate experiments were quantified. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 

vs Pal; 
†
P<0.05 and 

††
P<0.01 vs Pal+GW group. 
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3.2. GW0742 reduced the increased ROS production induced by 

palmitate 

 Because ROS is tightly associated with endothelial dysfunction, we analyzed the 

NO generation in the presence of mitoQ in HUVEC. The mitoQ (Figure 31A) 

significantly improved the impaired NO production in response to insulin in EC 

incubated with palmitate.  

 After a 3 hours treatment with palmitate, intracellular oxidative stress was 

measured using a CM-H2DCFDA fluorescent probe. Compared with the control, the 

fluorescence intensity in palmitate-exposed cells was significantly higher (Figure 31B), 

indicating that intracellular ROS production was enhanced in EC. CCCP did not reduce 

this increased ROS production, whereas rotenone, TTFA, and mitoQ significantly 

prevented the effect of palmitate treatment, which indicates that mitochondrial ROS 

production is markedly increased in palmitate stimulated HUVEC (Figures 31B and 

31C), which might be related to impairment NO production. Incubation with GW0742 

abolished lipid-induced intracellular ROS production. Co-incubation of this PPARβ/δ 

agonist with GSK0660 suppressed the inhibition of ROS (Figure 31B). NADPH oxidase 

activity, measured by lucigenin-enhanced chemiluminescence, and ROS production 

(Figure 32A and 32B) were also increased by palmitate, whereas DPI, apocynin and 

GW0742 inhibited this increase. Again, GSK0660 suppressed the effects of GW0742.  
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Figure 31. Role of ROS production in palmitate (Pal)-induced impaired NO production by 

insulin. NO release induced by insulin (100 nM) (A) in HUVEC incubated for 3 hours in the 

absence (control cells) or presence of Pal (100 μM). In some experiments, cells were co-

incubated with mitoQ (0.1 μM) added with pal. ROS measured by fluorescence with CM-

H2DCFDA (B, C) in HUVEC were incubated with GW0742 (GW, 1 μM) for 15 hours, and in the 

last 3 hour in the absence (control cells) or presence of Pal (100 μM). In some experiments, 

cells were co-incubated with GSK0660 (GSK, 1 μM), 1 hour prior the addition of GW, or either 

with mitoQ (0.1 μM) or the inhibitor of complex I rotenone (5 μM), or the inhibitor of complex II, 

TTFA (10 μM), or the uncoupler of oxidative phosphorylation, CCCP (0.5 μM) during Pal 

incubation. Results are mean ± SEM (n= 6-15). **P<0.01 vs control; 
##

P<0.01 vs Pal; 
††

P<0.01 

vs Pal+GW group. 
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Figure 32. Role of NADPH oxidase in palmitate (Pal)-induced impaired NO production. 

NADPH oxidase activity measured by lucigenin-enhanced chemiluminescence (A)  and ROS 

measured by fluorescence with CM-H2DCFDA (B) in HUVEC were incubated with GW0742 

(GW, 1 μM) for 15 hours, and in the last 3 hour in the absence (control cells) or presence of Pal 

(100 μM). In some experiments, cells were co-incubated with GSK0660 (GSK, 1 μM), 1 hour 

prior the addition of GW, or either with DPI (10 μM) or apocynin (10 μM) added with Pal. Results 

are mean ± SEM (n= 6-15). **P<0.01 vs control; 
##

P<0.01 vs Pal; 
††

P<0.01 vs Pal+GW group. 

 

3.3. Role of CPT-1 in the preventive effects of PPARβ/δ activation on 

impairment of endothelial action of insulin induced by palmitate  

 We assessed the expression of CPT-1, a well-known PPARβ/δ target gene 
involved in fatty acid oxidation (Wan et al., 2010), which catalyzes the rate-limiting step 

in mitochondrial fatty acid oxidation and mitigates mitochondrial ROS production. 

GW0742 induced a marked increase in the mRNA of the PPARβ/δ target gene CPT-1 

in HUVEC that was sensitive to PPARβ/δ blockade and independent of the presence of 

palmitate (Figure 33A). The preventive effects induced by GW0742 on the impaired 

insulin-stimulated NO production (Figure 33B), the increased ROS generation (Figure 

33C) and the NADPH activity (Figure 33D) in HUVEC incubated with palmitate, were 

abolished by the CPT-1 irreversible inhibitor etomoxir. 
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Figure 33. Role of CPT-1 in the preventive effects of PPARβ/δ activation on palmitate 

(Pal)-induced impaired NO production. mRNA of CPT-1 (A) in HUVEC incubated with 

GW0742 (GW, 1 μM) for 15 h, and in the last 3 h in the absence (control cells) or presence of 

Pal (100 μM). In some experiments, cells were co-incubated with PPARβ/δ antagonist 

GSK0660 (GSK, 1 μM), 1 h before the addition of GW. Insulin (100 nM)-stimulated NO 

production (B), and CM-H2DCFDA-detected intracellular ROS (C) and NADPH oxidase activity 

measured by lucigenin-enhanced chemiluminescence (D) in HUVEC (incubated as in A) with or 

without etomoxir (40 μM) during Pal incubation. Results are mean ± SEM (n= 6-15). **P<0.01 vs 

control; 
##

P<0.01 vs Pal; 
††

P<0.01 vs Pal+GW group. 
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4. Role of UCP2 in the protective effects of PPARβ/ activation 

on lipopolysaccharides-induced endothelial dysfunction 

 

4.1. PPARβ/δ activation in vivo improves endothelial function and 

vascular oxidative stress in LPS injected mice 

 To examine whether in vivo PPARβ/δ activation had protective effects in 

endothelial function, after 3 days of oral GW0742 treatment, LPS was given ip 4 hours 

prior to sacrifice. In these experimental conditions, GW0742 did not alter the aortic 

mRNA levels of PPARβ/δ (Figure 34A), but, as expected, it increased the expression of 

two well-known PPARβ/δ-target genes, PDK-4 (Figure 34B) and CPT-1 (Figure 34C). 

This increase was abolished by co-administration of the PPARβ/δ antagonist 

GSK0660. These results demonstrate the PPARβ/δ activation exerted by GW0742 in 
the vascular wall.  The in vivo injection of LPS did not modify the aortic mRNA levels of 

PPARβ/δ (Figure 34A), PDK-4 (Figure 34B) and CPT-1 (Figure 34C), but significantly 

attenuated the relaxation to ACh, as compared to vehicle injected in control mice 

(Figure 34D). However, when mice were treated with GW0742 the impaired ACh 

relaxation induced by LPS was significantly improved. The increased relaxation to ACh 

induced by GW0742 treatment was prevented by GSK0660 (Figure 34D). The relaxant 

response induced by ACh was almost fully inhibited by the eNOS inhibitor L-NAME in 

all experimental groups (Figure 34E), whereas the endothelium-independent 

vasodilator responses to SNP were not different among groups (Figure 34F). 

 ROS production has been involved in endothelial dysfunction induced by LPS 
(Liang et al., 2013; Toral et al., 2014). Thus, we analyzed firstly vascular ROS content 

in aorta from all experimental groups. Rings from mice injected with LPS showed a 

marked increased staining in ethidium fluorescence as compared with control mice, 

which was significantly reduced by GW0742 administration (Figure 35A). PEG-SOD 

incubation suppressed this increase, thus involving O2
- as main ROS in the 

vasculature. NADPH oxidase (Somers et al., 2000; Brandes and Kreuzer, 2005), 

mitochondria (Doughan et al., 2008; Tian et al., 2012b), and ER (Cheang et al., 2014) 
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are major sources of endothelial ROS, which are activated by LPS (Emre et al., 2007; 

Duarte et al., 2013; Liang et al., 2013). To test the role of NADPH oxidase in 

endothelial dysfunction induced by LPS we used the NADPH oxidase inhibitor 

apocynin. In the presence of apocynin, the impairment of ACh induced-relaxation 

induced by LPS injection was almost abolished, suggesting a key role of NADPH 

oxidase in endothelial dysfunction induced by LPS (Figure 35B). In addition, LPS also 

increased the vascular mRNA levels of the NADPH oxidase subunits NOX-1 (Figure 

35C), NOX-2 (Figure 35D), p47phox (Figure 35E), and p22phox (Figure 35F). GW0742 

treatment prevented the increased aortic mRNA levels of these subunits induced by 

LPS (Figure 35C-F), which was inhibited by co-administration with the PPARβ/δ 

antagonist GSK0660.  

 UCP2 is involved in the increased mitochondrial ROS production induced by LPS 
in macrophages (Emre et al., 2007). Aorta from LPS-injected mice showed reduced 

mRNA levels (Figure 36A) and protein expression (Figure 36B) of UCP2 as compared 

to control group. GW0742 treatment restored these expressional changes induced by 

LPS to values similar to the control group. Previous studies also implicated ER stress 

in oxidative stress, which seems to be reduced by PPARβ/δ activation with metformin 
(Cheang et al., 2014). We found that LPS injection increased ER stress markers, such 

as BiP (Figure 36C), IRE-1α (Figure 36D), PERK (Figure 36E), ATF-6 (Figure 36F), 

and CHOP (Figure 36G) mRNA levels compared with control group. GW0742 

treatment diminished ER stress induced by LPS (Figure 36C-G). Of note, the beneficial 

effect of GW0742 on UCP2 expression and ER stress was suppressed by co-

administration with GSK0660.  
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Figure 34. PPARβ/δ activation prevents LPS-induced endothelial dysfunction in vivo. 

Aortic expressional changes induced by LPS and GW0742 (GW) on PPARβ/δ (A) and its target 

genes PDK-4 (B) and CPT-1 (C). Vascular relaxant responses induced by acetylcholine (ACh) 

in the absence (D) or in the presence (E) of L-NAME (100 μM), and endothelium-independent 

relaxant responses to nitroprusside (SNP) (F) in aortae pre-contracted by U46619 (10
 
nM) from 

all experimental groups: 1) control, 2) LPS, 3) LPS-treated with GW, and 4) LPS plus GW plus 

GSK0660 (GSK). Values are expressed as mean ± SEM (n= 6-8 rings from different mice). 

*P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs LPS; 

†
P<0.05 and 

††
P<0.01 vs LPS-

GW group.  
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Figure 35. Role of ROS and NADPH oxidase on LPS-induced endothelial dysfunction. 

Right pictures show arteries incubated in the presence of DHE which produces a red 

fluorescence when oxidized to ethidium by ROS. Left pictures show blue fluorescence of the 

nuclear stain DAPI (x 400 magnification). Bottom shows red ethidium fluorescence intensity 

normalized to the blue DAPI fluorescence (mean ± SEM, n= 6-8 rings from different mice). 

Some aortic rings from LPS group were incubated with PEG-SOD (25 U/mL) (A). Endothelium-

dependent relaxation induced by acetylcholine (ACh) in the absence or in the presence (added 

30 min before of U46619) of the NADPH oxidase inhibitor apocynin (10 μM) (B) in aortae pre-

contracted by U46619 (10
 
nM) from control and LPS groups (n = 6-8). Expression of NADPH 

oxidase subunits NOX-1 (C), NOX-4 (D), p47
phox

 (E) and p22
phox

 (F) at the level of mRNA by 

RT-PCR. Results are shown as mean ± SEM (n= 6-8). ROS production and NADPH oxidase 

expression were assessed in aortae from all experimental groups: 1) control, 2) LPS, 3) LPS-

treated with GW0742 (GW) and 4) LPS plus GW plus GSK0660 (GSK). *P<0.05 and **P<0.01 

vs control; 
#
P<0.05 and 

##
P<0.01 vs LPS; 

†
P<0.05 and 

††
P<0.01 vs LPS-GW group. 
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Figure 36. PPARβ/δ activation prevents the effects of LPS on UCP2 expression and on 

ER stress in vivo. UCP2 (A), BiP (C), IRE-1α (D), PERK (E), ATF-6 (F), and CHOP (G) mRNA 

levels, and UCP2 protein expression (B) in aortae from all experimental groups: 1) control, 2) 

LPS, 3) LPS-treated with GW0742 (GW), and 4) LPS plus GW plus GSK0660 (GSK).The 

specify of the antibody for UCP2 was confirmed by siRNA experiments as shown below in 

Figure 39E. Results are shown as mean ± SEM (n= 6-8). *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs LPS; 

†
P<0.05 and 

††
P<0.01 vs LPS-GW group. 
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4.2. PPARβ/δ activation prevents the impairment of NO production and 

the increased ROS production induced by LPS in MAEC 

 Reduced A23187-stimulated NO production (Figure 37A) and increased 

intracellular ROS levels, measured by CMH2DCFDA fluorescence (Figure 37B), were 

observed in MAEC incubated for 4 hours with LPS. The PPARβ/δ agonist GW0742 (1 

μM) restored the levels of both NO production-induced by A23187 and intracellular 

ROS levels in MAEC exposed to LPS. All the effects of GW0742 were abolished by co-

incubation with PPARβ/δ antagonist GSK0660 (1 μM), but were unaffected by the 

AMPK inhibitor compound C (5 μM; data not shown). The reduced NO production 

induced by LPS was inhibited by co-incubation with the NADPH oxidase inhibitors 

apocynin, the mitochondrial antioxidant mitoQ, and the ER stress inhibitor 4-PBA 

(Figure 37C). These inhibitors also decreased the ROS production induced by LPS 

(Figure 37D), showing the involvement of ROS from NADPH oxidase, mitochondria 

and ER on the reduced NO production after LPS incubation. In fact, LPS increased the 

mRNA levels of NOX-2 (Figure 38A), and ER stress markers (Figure 38B-F) in MAEC, 

and this effect was prevented by PPARβ/δ activation.  
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Figure 37. The PPARβ/δ agonist prevents LPS-induced endothelial dysfunction in vitro. 

A23187-NO stimulated NO production (A, C) and CM-H2DCFDA-detected intracellular ROS (B, 

D) in MAEC. MAEC were incubated with GW0742 (GW, 1 μM), during 16 hours, and in the last 

4 hour in LPS-free (control cells) or LPS-containing (10 μg/mL) serum-free medium 199. In 

some experiments, cells were co-incubated with GSK0660 (GSK 1 μM), 1 hour prior the addition 

of GW or with mitoQ (0.1 μM), apocynin (10 μM), or 4-PBA (0.1 mM) during LPS incubation. 

Results are mean ± SEM (n= 7-20). Values were obtained in 3 different determinations. 

**P<0.01 vs control; 
##

P<0.01 vs LPS; 
††

P<0.01 vs LPS-GW group.  
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Figure 38. The PPARβ/δ agonist prevents LPS-up-regulation of NADPH oxidase and ER 

stress in vitro. NOX-2 (A), BiP (B), IRE-1α (C), PERK (D), ATF-6 (E), and CHOP (F) mRNA 

levels. MAEC were incubated with GW0742 (GW, 1 μM), during 16 hours, and in the last 4 hour 

in LPS-free (control cells) or LPS-containing (10 μg/mL) serum-free medium 199. In some 

experiments, cells were co-incubated with GSK0660 (GSK, 1 μM). Results are mean ± SEM (n= 

6-9). Values were obtained in 3 different determinations. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs LPS; 

†
P<0.05 and 

††
P<0.01 vs LPS-GW group. 
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4.3. Role of UCP2 in the preventive effects of PPARβ/δ activation on 

LPS-induced endothelial dysfunction 

 In EC, UCP2 overexpression reduced mitochondrial ROS and improved 
endothelial function (Lee et al., 2005). UCP2 is a well-known PPARβ/δ target gene, 

which was up-regulated in the vascular wall by chronic treatment with GW0742 as 

previously described in this Doctoral Thesis. In MAEC, GW0742 also increased the 

mRNA levels of UCP2 and abolished the down-regulation induced by LPS (Figure 

39A). To determine if changes in UCP2 expression were responsible for the observed 

beneficial effects of GW0742 we used the UCP2 inhibitor genipin. This agent reduced 

the NO production stimulated by A23187 in control cells and abolished the 

improvement in NO production induced by GW0742 in LPS treated cells (Figure 39B). 

Similarly, genipin increased intracellular ROS in control cells and suppressed the effect 

induced by GW0742 in cells incubated with LPS (Figure 39C). To confirm the 

involvement of mitochondria as a source of intracellular ROS, we performed measures 

of mitochondrial ROS production using MitoSOXTM Red, a mitochondrial O2
- indicator. 

LPS increased MitoSOXTM fluorescence (Figure 39D), which was abolished by mitoQ 

(data not shown). Activation of PPARβ/δ with GW0742 also suppressed the increase in 

mitochondrial ROS production induced by LPS, which was inhibited by genipin (Figure 

39D), involving mitochondrial UCP2 in this effect. Genipin also increased mitochondrial 

ROS in control cells. Moreover, siRNA targeting UCP2 in MAEC, which effectively 

down-regulated UCP2 mRNA and protein (Figure 39E), also blunted the increase in 

NO production, and the reduction in ROS generation induced by GW0742 in MAEC 

incubated with LPS (Figure 39F). In addition, the improvement of endothelial-

dependent relaxation to ACh induced by GW0742 treatment in LPS injected mice was 

suppressed by genipin (Figure 39G).  

 Furthermore, genipin also suppressed the effects of GW0742 on NADPH oxidase 

activity (Figure 40A), mRNA levels of NOX-2 (Figure 40B) and ER stress markers 

(Figure 40C-G), showing the key role of UCP2 mitochondrial in the control of ROS 

sources, such as NADPH oxidase and ER. In fact, silencing UCP2 or inhibition with 

genipin increased both NOX-2 mRNA level (Figure 40B) and ER stress markers 
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(Figure 40C-G). Mitochondrial ROS seems to be involved on the increased NADPH 

oxidase activity induced by LPS, since the mitochondrial antioxidant mitoQ normalized 

this effect, being without effect ER stress alleviation with 4-PBA (Figure 40A).     

 Shimasaki et al. (2013), demonstrated that UCP2 silencing in murine lung EC 

reduced the expression of genes required for fusion of mitochondria, such as Mfn2, 
which also modulates the UPR of ER (Sebastián et al., 2012). We confirm that Mfn2 

expression in siRNA targeting UCP2 or UCP2 inhibition in MAEC was reduced as 

compared to control (Figure 41A). We also found that LPS incubation reduced Mfn2 

mRNA levels in MAEC (Figure 41B). This effect was prevented by GW0742, and UCP2 

inhibition with genipin abolished the effect of GW0742, showing the critical role of 

UCP2 in the control of Mfn2 up-regulation induced by GW0742. In addition, we found 

that aortic Mnf2 mRNA (Figure 41C) and protein (Figure 41D) levels were reduced after 

LPS injection in mice. Again, PPARβ/δ activation abolished the effects of LPS. 
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Figure 39. Role of UCP2 in the effects of PPARβ/δ activation on ROS, NO and endothelial 

dysfunction. Changes in UCP2 expression (A) in MAEC. Results are mean ± SEM (n = 9-12). 

A23187-stimulated NO production (B), intracellular ROS (C), and mitochondrial ROS (D) in 

MAEC. MAEC were incubated with GW0742 (GW, 1 μM), during 16 hours, and in the last 4 hour 

in LPS-free (control cells) or LPS-containing (10 μg/mL) serum-free medium 199. In some 

experiments, cells were co-incubated with GSK0660 (GSK, 1 μM), or with genipin (10 μM) 1 

hour prior the addition of GW. Values were obtained in 3 different determinations. mRNA (top) 

and protein (bottom) levels of UCP2 (E)  after UCP2-specific siRNA transfection in MAEC for 48 

h. A23187-stimulated NO production (top) and CM-H2DCFDA-detected intracellular ROS 

(bottom) (F) in MAEC control siRNA and siRNA-UCP2 transfected cells incubated with GW (1 

μM), during 16 hours, and in the last 4 hour in LPS-free (control cells) or LPS-containing (10 

μg/mL) serum-free medium 199. Vascular relaxant responses induced by acetylcholine (ACh) 

(G) in mouse aortae pre-contracted by U46619 (10
 
nM) from all experimental groups: 1) control, 

2) LPS, 3) LPS-treated with GW. Some rings from the group LPS-GW were incubated for 1 h 

prior U46619 addition with genipin (10 μM). Values are expressed as mean ± SEM (n= 6-9 rings 

from different mice). *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs LPS; 

†
P<0.05 

and 
††

P<0.01 vs LPS-GW group; δP<0.05 control siRNA-UCP2 vs control siRNA-control. 
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Figure 40. Role of UCP2 in the effects of PPARβ/δ activation on NADPH oxidase activity 

and ER stress in MAEC. NADPH oxidase activity (A) and mRNA level of NOX-2 (B), BiP (C), 

IRE-1α (D), PERK (E), ATF-6 (F), and CHOP (G) in different experimental conditions. MAEC 

were incubated with GW0742 (GW, 1 μM), during 16 hours, and in the last 4 hour in LPS-free 

(control cells) or LPS-containing (10 μg/mL) serum-free medium 199. In some experiments, 

cells were co-incubated with GSK0660 (GSK, 1 μM), or with the UCP-2 inhibitor genipin (10 μM) 

1hour prior the addition of GW. In another experiments apocynin (10 μM), 4-PBA (0.1 mM), or 

mitoQ (0.1 μM), were added during LPS incubation. In addition, mRNA expression of NOX-2 

and ER stress markers in MAEC control siRNA and siRNA-UCP2 transfected cells was 

determined. Results are mean ± SEM (n= 9-12). Values were obtained in 3 different 

determinations. * P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs LPS; 

†
P<0.05 vs 

LPS-GW group. 
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Figure 41. Effects of PPARβ/δ activation on Mitofusin-2 (Mfn2) gene expression in vitro 

and in vivo. mRNA level of Mfn2 in MAEC control siRNA and siRNA-UCP2 transfected cells  

(A), and in MAEC exposed at different experimental conditions (B). MAEC were incubated with 

GW0742 (GW, 1 μM), during 16 hours, and in the last 4 hour in LPS-free (control cells) or LPS-

containing (10 μg/mL) serum-free medium 199. In some experiments, cells were co-incubated 

with GSK0660 (GSK, 1 μM), or with the UCP2 inhibitor genipin (10 μM) 1 hour prior the addition 

of GW. Mfn2 mRNA levels (C), and protein expression (D) in aortae from all experimental 

groups (n= 6-8): 1) control, 2) LPS, 3) LPS-treated with GW and 4) LPS plus GW plus GSK. 

Results are shown as mean ± SEM. *P<0.05 and **P<0.01 vs control; 
#
P<0.05 and 

##
P<0.01 vs 

LPS; 
†
P<0.05 and 

††
P<0.01 vs LPS-GW group. 
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DISCUSSION 

1. Chronic peroxisome proliferator-activated receptorβ/ 

agonist GW0742 prevents hypertension, vascular inflammatory 

and oxidative status, and endothelial dysfunction in diet-

induced obesity 

In this Doctoral Thesis, it has been shown that chronic treatment with the highly 

selective PPARβ/δ agonist GW0742 restores the vascular oxidative and pro-

inflammatory status and the endothelium-dependent relaxation in aorta from mice fed a 

HFD. Notably, the drug prevented the dietary fat-induced increase in BP, and the 

consequent cardiac and renal hypertrophy. All these changes were abolished by co-

administration of the PPARβ/δ antagonist GSK0660, confirming the involvement of 

PPARβ/δ activation.  

 Endothelial dysfunction is a hallmark of vascular disease. In the aorta, NO is the 

major factor accounting for endothelium-dependent relaxation (Vanhoutte and Miller, 

1985), as denoted by the almost full inhibitory action of L-NAME in this study. Thus, the 

diminished ACh-induced relaxation indicates an impaired agonist-induced NO 

bioactivity. Chronic GW0742 treatment prevented the altered responses to ACh in 

aortae from HFD-fed mice, indicating a protective role on agonist-induced NO 
bioactivity, as previously reported for another PPARβ/δ agonist (Tian et al., 2012a). 

This effect was suppressed by PPARβ/δ blockade. In the present Thesis, the relaxant 

response to the activator of soluble guanylyl cyclase SNP was similar in aortae from all 

experimental groups, indicating that alterations in cGMP do not seem to contribute to 

endothelial dysfunction in HFD-fed mice. Thus, the functional changes observed in 

endothelium-dependent relaxation should be attributed to an alteration in NO synthesis 

or its bioavailability. There are controversial data about the role of NO production in 

endothelial dysfunction found in HFD-fed mice, since increase (Beyer et al., 2008), 

decrease (Roberts et al., 2005; Kobayasi et al., 2010; Shen et al., 2011), or no change 

(Noronha et al., 2005; Sansbury et al., 2012; Tian et al., 2012b) in eNOS expression 
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have been described. In our experimental conditions, the expression of eNOS, and its 

negative modulator Cav-1, were similar among all experimental groups. However, HFD 

caused an inhibitory interaction between Cav-1 and eNOS, which possibly impaired 

NOS release. Furthermore, activation of Akt and eNOS by phosphorylation at Ser473 

and Ser1177, respectively, was reduced by HFD, and restored by chronic GW0742 
(present results and Tian et al., 2012a), suggesting that the impaired relaxation to ACh 

is related, at least in part, to a reduction of NO production. 

 A key mechanism of endothelial dysfunction involves the vascular production of 
ROS, particularly O2

−, which reacts rapidly with NO and inactivates it (Tschudi et al., 

1996). The impairment of endothelium-dependent relaxation seen in obesity involves 
inactivation of NO by O2

− (Noronha et al., 2005; Kobayasi et al., 2010). In aortae from 

HFD control group incubated with DHE, there was a marked increase in red 

fluorescence. DHE can react with O2
− and other cellular oxidants to generate the two 

fluorescent products 2-OH-E+ and ethidium, respectively (Zielonka and Kalyanaraman, 

2010). However, the inhibitory effect of the O2
− scavengers tiron and PEG-SOD in red 

staining of control rings suggests that the primary source of oxidant stress is likely to be 

O2
−. Chronic GW0742 treatment abolished this increase in obese mice, which was 

suppressed by PPARβ/δ blockade.  

 Vascular NADPH oxidase is the main source of increased ROS in HFD-fed rodents 
(Roberts et al., 2000; Roberts et al., 2006) and in obese humans (Silver et al., 2007). 

We found a marked increase in the expression of the catalytic NADPH oxidase subunit 

NOX-1 in aortae from HFD-fed mice, which was prevented by PPARβ/δ activation with 

GW0742, since it was prevented by GSK0660 co-administration, and this could be 

involved in the reduction of vascular ROS level induced by this drug. All the results 

suggest that the reduction of O2
− levels in vascular wall, and the subsequent prevention 

of NO inactivation, constitute the main mechanisms involved in its protective effects on 

endothelial function.  

 The enhancement of ROS bioavailability, in particular O2
−, affects endothelial 

function in obesity not only by reducing NO bioavailability, but also by promoting 

inflammation (Vila and Salaices, 2005). The NF-B is an important redox-sensitive 

http://www.ncbi.nlm.nih.gov/pubmed?term=Zielonka%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20116425
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transcriptional factor that regulates transcription of the genes that encode inflammatory 

cytokines. The NF-B is found in the cytoplasm of cells in an inactive form in 

association with members of a family of inhibitory proteins referred to as IB, including 

IB-α (Bowie and O'Neill, 2000). Upon stimulation, IB-α is phosphorylated and 

degraded, thus allowing the translocation of active NF-B to the nucleus. The results of 

this Thesis show that increased vascular ROS is associated with amplified pro-

inflammatory vascular status, since IB-α phosphorylation and the mRNA levels of the 

pro-inflammatory cytokines TNF-α and IL-6 were higher in the aortae from the HFD 

control group than in non-obese mice. Moreover, PPARβ/δ activation, which reduced 

ROS level, also prevented the HFD-induced NF-B activation and the increase in the 

mRNA and protein levels of these cytokines in the vascular wall.  

The present study confirms that HFD increased arterial BP in mice. Interestingly, 

GW0742 prevented the hypertension observed in this animal model as previously 
found in genetic and DOCA-salt induced hypertension in rats (Zarzuelo et al., 2011; 

Zarzuelo et al., 2013a). However, it had no significant effect on BP in the normotensive 

mice receiving standard diet. Sustained high BP is one of the most powerful 

determinants of renal and cardiac hypertrophy development, critical risk factors for 

major cardiovascular events. Herein, we show that, in parallel with its antihypertensive 

effects, GW0742 reduced heart and kidney weight indices. These results contrast with 

the lack of effect of PPARβ/δ agonists on cardiac and renal hypertrophy: GW1516 in 

obese mice (Tian et al., 2012a) or GW0742 in SHR (Zarzuelo et al., 2011). These latter 

results may be explained by insufficient time (7-10 days and 5 weeks, respectively) to 

induce morphological regression as compared to the long-term treatment (11 and 13 

weeks) followed in the present study.  

 Previous data showed that chronic GW0742 did not modify (at 30 mg/kg) 
(Harrington et al., 2007), or increased (6 and 60 mg/kg) (Graham et al., 2005) body 

weight in mice fed a HFD. Our study shows that mice treated chronically with GW0742 

are completely resistant to HFD-induced obesity, and these effects were prevented by 
GSK0660 indicating a role for PPARβ/δ as previously reported (Wang et al., 2003; 

Akiyama et al., 2004). The mechanisms whereby PPARβ/δ activation prevents obesity 
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have been previously addressed (Wang et al., 2003), and involve reduced adiposity, 

probably due to metabolic changes (Wang et al., 2003), which increased catabolism of 

circulating TG and prevented lipid accumulation. Whether the cardiovascular changes 

are secondary to or independent of the decrease in body weight cannot be easily 

distinguished in this chronic model. It would be expected that the anti-obesity effect 

induced by GW0742 is important for its protective cardiovascular effects. However, we 

have reported changes in vascular function in other models unrelated to changes in 
body fat or body weight (Zarzuelo et al., 2011; Quintela et al.,2012; Zarzuelo et al., 

2013a) and even in in vitro studies (Quintela  et al., 2014), suggesting that direct 

vascular effects may also play a significant role.  

 The main factors that impair endothelial function in obesity, including increased 

BP, hyperglycemia, IR, hypertriglyceridemia and systemic inflammation were 

normalized after PPARβ/δ activation by GW0742. We showed that hepatic mRNA 

levels of pro-inflammatory cytokines, like TNF-α, and the regulatory protein of 

inflammatory processes JNK-1, were higher in HFD-fed mice compared to control 

mice, whereas PPARβ/δ activation reduced these markers of liver inflammation, and 

consequently improved glucose metabolism. Moreover, GW0742 also restored fat 

production of adiponectin, an insulin-sensitizing adipokine predominantly secreted by 
adipocytes, with potent protective effects against endothelial dysfunction (Quiñones et 

al., 2005). Increased plasma HDL and vascular ABCG1 induced by GW0742 might 

also play a role in preserving endothelial function in HFD fed mice. Recently, it have 

been demonstrated that ABCG1 promotes cholesterol efflux from EC to HDL, leading 

to a redistribution of cholesterol from caveolae to non-cavelolae domains, consequently 

reducing caveolae cholesterol and the inhibitory interaction of eNOS with Cav-1, 
resulting in increased eNOS activity (Terasaka et al., 2008; Terasaka  et al., 2010). In 

fact, the improvement endothelial dysfunction induced by GW0742 was accompanied 

with reduced of eNOS/Cav-1 interaction in HFD fed mice.        

 A moderate increase of plasma LPS levels has been reported to occur after fat-

enriched diet intake, thus revealing the existence of low-grade systemic inflammation in 
obesity that initiates IR (Cani et al., 2007). In fact, it has been shown that the strategies 



                                                                                                                             Discussion                           
  

- 145 - 

 

that reduce endotoxemia or impair LPS-TLR4 signaling are able to improve glucose 
homeostasis (Cani et al., 2007; Cani et al., 2008). During obesity induced by HFD 

feeding, the vasculature is more susceptible than other tissues to the deleterious 

effects of nutrient overload, inflammation and endothelial dysfunction, including 
decreased aortic NO levels (Kim et al., 2008). Both, LPS and FFA, such as palmitate, 

stimulate TLR4 in the vasculature, which resulted in increased NADPH oxidase-
dependent O2

− production and inflammation (Liang et al., 2013; Toral et al., 2014). 

However, GW0742 was unable to reduce the elevated plasma LPS levels in HFD fed 

mice. Taken account that this agent abolished endothelial dysfunction and vascular 

inflammation induced by HFD, we would speculate that PPARβ/δ activation interfered 

with TLR4 signaling in vascular wall, similarly to that found in others tissues (Haskova 
et al., 2008; Kapoor et al., 2010). This direct effect in aorta was corroborated by the 

increased vascular expression of several PPARβ/δ-target genes, such as CPT-1, PDK-

4, UCP2 and ABCG1. Furthermore, TLR4 expression was reduced by GW0742 in HFD 

fed mice. This data might be related to decrease free cholesterol accumulation in the 

plasma membrane induced by HDL, which leads to reduced levels and signaling of 
TLR4, as previously found in macrophages (Yvan-Charvet et al., 2008).  

 In conclusion, GW0742 prevents obesity, hypertension, endothelial dysfunction 

and the vascular pro-oxidant and pro-inflammatory state in HFD fed mice (Figure 42), 

showing protective effects of PPARβ/δ activation in early manifestations of 

atherosclerosis. 
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Figure 42. Scheme representing the mechanisms involved in the vascular protective 

effects of chronic PPARβ/δ activation in diet-induced obesity. 
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2. Carnitine palmitoyl-transferase-1 up-regulation by PPARβ/δ 

prevents lipid-induced endothelial dysfunction 

 Activation of PPARβ/δ has been previously reported to have beneficial effects on 

endothelial function in obese mice, thus confirming previous studies in diabetic rats 
(Quintela et al., 2014) and mice (Tian et al., 2012a). Herein, we provide the first 

evidence that PPARβ/δ activation restores the lipid-induced impairment of 

endothelium-dependent vasodilation and NO production, acting directly on EC via up-

regulation of CPT-1. Moreover, this study points to CPT-1 as a novel therapeutic target 

in endothelial dysfunction. 

 All the effects of GW0742 reported in the present study were inhibited by 

GSK0660, a selective antagonist of PPARβ/δ, confirming the specificity of this drug for 
this nuclear receptor. Previous studies (Tian et al., 2012a; Quintela et al., 2014), and 

previous results present in this Doctoral Thesis found that the protective effects on 

endothelial function in diabetic and obese animals were related to changes in the 

metabolic profile (reduced plasma TG and IR, and increased plasma HDL). In contrast, 

the effects of GW0742 in the present study were independent of changes in body 

weight and plasma levels of lipids or glucose. Moreover, the PPARβ/δ agonist 
prevented endothelial dysfunction both in vitro when induced by palmitate and in vivo 

when induced by a HFD during three weeks. 

 NO is the main endothelium-dependent vasodilator. The activity of eNOS is 

regulated by multiple post-transcriptional mechanisms including the phosphorylation of 

Ser1177, which is mainly regulated by Akt and results in increased enzyme activity, and 

the phosphorylation of Thr495, which involves PKC among other kinases and inhibits the 
catalytic activity (Rafikov et al., 2011). NO bioavailability is also strongly dependent on 

the production of ROS in vascular cells, particularly O2
−, which rapidly reacts with and 

inactivates NO. 

 The relaxant response to the activator of soluble guanylyl cyclase SNP was similar 

in aortae from control and HFD fed mice, indicating that alterations in the NO sensibility 

of vascular smooth muscle do not seem to contribute to endothelial dysfunction 
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induced by lipids. Palmitate and oleic acid inhibit the Akt-dependent phosphorylation of 

eNOS at Ser1177, reducing NO production, which may contribute to endothelial 
dysfunction and the occurrence of atherosclerosis (Zanetti et al., 2005; Guo et al., 

2008; present results). Additionally, aortae from mice fed a HFD also showed reduced 

phosphorylation of both eNOS at Ser1177 and Akt at Ser473 and reduced ACh-induced 

relaxation. These results indicate reduced basal and stimulated eNOS activity induced 

by a HFD. However, when the rings were incubated with a high concentration of the 

eNOS inhibitor L-NAME (> 50 times its IC50 value), this relaxation was abolished in 

rings from all experimental groups, showing that is completely dependent of eNOS-
derived NO. GW0742 treatment in vitro and in vivo prevented the altered responses to 

ACh, eNOS at Ser1177 and NO production induced by lipids, indicating a protective role 

of this drug on both basal and agonist-induced NO bioactivity.  

 Endothelial dysfunction induced by palmitate and HFD was also associated with 

increased production of ROS in vascular cells. In fact, the mitochondrial antioxidant 

mitoQ and the NADPH oxidase inhibitor apocynin partially prevented the palmitate-

induced increase in ROS and the impairment of endothelium-dependent relaxation. 

The increased NADPH oxidase activity correlated with increased expression of its 

subunits: NOX-1, NOX-4, p22phox and p47phox. Increased ROS may also result from 

reduced antioxidant enzymes GPx-1, MnSOD and UCP2. Activation of PPARβ/δ with 
GW0742 prevented the increased ROS levels in vitro and in vivo. This effect was due 

to a reduction in both mitochondrial and NADPH oxidase-derived ROS production in 

the vascular wall. The normalization of ROS also seems to contribute to the restoration 

of endothelial function. 

 CPT-1 transports fatty acids into the mitochondria, thus promoting its metabolism 

via β-oxidation. Up-regulation of CPT-1 seems to play a key role in the protective 

effects induced by PPARβ/δ activation in endothelial dysfunction evoked by lipids. This 

is supported by several findings. First, GW0742 produced a large increase in the 
expression of CPT-1 in vitro (MAEC and aortae) and in vivo. Second, the effects of 

GW0742 on ACh relaxation in isolated aortae, and on NO production and ROS levels 
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in MAEC, were also abolished by the CPT-1 inhibitor etomoxir. Third, down-regulation 

of CPT-1 also suppressed the effects of GW0742 in NO and ROS levels in MAEC.  

 Accumulation of fatty acid derivatives, such as DAG, induces endothelial 

dysfunction in a PKC dependent manner (Shiba et al., 1993; Naruse et al., 2006; 

Chiasson et al., 2011; Mugabo et al., 2011). PKCα/βII activation leads to endothelial 

dysfunction by increasing eNOS phosphorylation at Thr495, thus reducing NO 
production (Graham et al., 2005), and by increasing ROS production from the 

mitochondria (Wang et al., 2006) and NADPH oxidase (Inoguchi et al., 2000), which 

decreases NO bioavailability. Likewise, we found that palmitate increased DAG and 

activation of PKCα/βII. Moreover, PKC inhibition with chelerythrine prevented the 

reduction in NO and increased ROS in MAEC incubated with palmitate. Interestingly, 

our findings demonstrate that PPARβ/δ activation by GW0742 prevents palmitate-

induced DAG accumulation in MAEC. Our data implicate increased CPT-1 activity in 

this effect, because DAG levels were restored by the presence of etomoxir. 
Accordingly, overexpression of CPT-1 in cultured skeletal muscle cells (Bruce et al., 

2009; Coll et al., 2010) affords protection against lipid-induced accumulation of DAG. 

Consistent with the reduction in DAG, GW0742 prevented the increase in PKCα/βII 

activation and eNOS phosphorylation at Thr495 in palmitate-exposed cells. Taken 

together, the data indicates that as a result of increased mitochondrial transport and 

oxidation of FFA induced by GW0742, their accumulation in the form of DAG would be 

reduced. Our data confirm the key role of CPT-1 in the prevention of fatty acid-induced 

endothelial dysfunction and support the use of GW0742 as a pharmacological tool to 

prevent DAG accumulation and reduce the vascular alterations derived from this 

process.   

  In summary, this study demonstrates that, in lipid-induced endothelial dysfunction, 

PPARβ/δ activation improves endothelium-dependent relaxation, essentially by 

preserving the NO-mediated component. This protective effect may be attributable to 

an up-regulation of CPT-1, which prevented DAG accumulation, thereby impeding 

PKCα/βII activation and the subsequent eNOS inactivation and ROS production 

(Figure 43). 
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Figure 43. Scheme representing the mechanisms involved in the palmitate-induced 

impairment of endothelial function and the proposed mechanisms (red arrows) for the 

protective effect of PPARβ/δ activation. 
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3. PPARβ/δ activation attenuates palmitate-induced endothelial 

insulin resistance via carnitine palmitoyl-transferase-1 up-

regulation in human endothelial cells 

 Circulating FFA play a critical role in the induction of IR and endothelial 

dysfunction. Palmitate is a major component of circulating FFA that evokes oxidative 

stress and leads to endothelial dysfunction. In this study, we provide the first evidence 

that PPARβ/δ activation has a protective effect on the lipid-reduced endothelial insulin 

signaling and NO production through a direct effect on human EC via up-regulation of 

CPT-1.   

 IR is characterized by endothelial dysfunction (Kim et al., 2006). The reciprocal 

relationship between insulin sensitivity and endothelial function is the physiological 
contributor for the link between metabolism and cardiovascular functions (Jang et al., 

2013). Vascular endothelium is an insulin target tissue. In endothelium exists a distinct 

insulin-signaling pathway leading to eNOS activation and NO production. This pathway 

involves a series of phosphorylation reactions by the actions of several protein kinases. 

First, after insulin binding to its receptor at the cell surface, the receptor is activated 

and can phosphorylate IRS-1 inside the cell, and then phosphorylated IRS-1 binds to 

and phosphorylates PI3K, and the phosphorylated PI3K then phosphorylates and 

activates Akt. In the end, Akt directly phosphorylates eNOS at its Ser1177, resulting in 
increased eNOS activity and NO production (Zeng et al., 2000; Montagnani et al., 

2002; Xiao-Yun et al., 2009). In accordance with previous studies (Xiao-Yun et al., 

2009; Jang et al., 2013 ; Lu et al., 2013; Wang et al., 2013; Liu et al., 2016), we 

observed that in HUVEC palmitate inhibited Akt and eNOS phosphorylation without 

affecting upstream IRS-1, however the mechanisms are not fully characterized. 

GW0742 treatment prevented the altered response to insulin, phosphorylation of Akt at 

Ser473 and eNOS at Ser1177 and NO production induced by lipids, indicating a protective 

role of this drug on insulin-induced NO bioactivity. 

 The mitochondrial antioxidant mitoQ and the NADPH oxidase inhibitor apocynin 

partially prevented the palmitate-induced increase in ROS and the impairment of NO 
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production. Activation of PPARβ/δ with GW0742 prevented the increased ROS levels 

in HUVEC. This effect was due to a reduction in both mitochondrial and NADPH 

oxidase-derived ROS production in the endothelium. The normalization of ROS also 

seems to contribute to the restoration of NO bioavailability. As previously described, 

up-regulation of CPT-1 seems to have protective effects induced by PPARβ/δ 

activation in endothelial dysfunction evoked by lipids. This is supported by several 

findings. First, GW0742 produced a large increase in the expression of CPT-1 in 

HUVEC. Second, the effects of GW0742 on insulin-induced NO production, ROS and 

NADPH activity levels in EC were also abolished by the CPT-1 inhibitor etomoxir, 

confirming the key role of CPT-1 in the prevention of fatty-acid-induced IR. 

 In summary, we demonstrated that PPARβ/δ activation, through up-regulation of 

CPT-1, prevents the palmitate-induced impairment of insulin pathway, leading to 

increase NO production in HUVEC. This protective effect may be due to CPT-1 

overexpression that normalizes ROS production thereby restoring insulin-stimulated 

IRS-Akt-eNOS signaling (Figure 44). 
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Figure 44. Scheme representing the mechanisms involved in the palmitate-induced 

impairment of insulin pathway and the proposed mechanisms (red arrows) for the 

protective effect of PPARβ/δ activation. 
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4. Role of UCP2 in the protective effects of PPARβ/ activation 

on lipopolysaccharides-induced endothelial dysfunction 

 Activation of PPARβ/δ exhibits anti-inflammatory effects and prevents endothelial 

dysfunction in experimental models of chronic CVD such as atherosclerosis, diabetes, 
myocardial ischemia, and hypertension (Graham et al., 2005; Yue et al., 2008; 

Zarzuelo et al., 2011; Quintela et al., 2012; Tian et al., 2012a; Zarzuelo et al., 2013a; 

Quintela et al., 2014; present results in this Doctoral Thesis).  

 Moreover, activation of PPARβ/δ attenuated the multiple organ injury and 

improved survival in mice with endotoxemia and polymicrobial sepsis (Kapoor et al., 

2010). In these acute systemic inflammatory conditions, endothelial dysfunction also 
plays a key pathophysiological role (Parker and Adams, 1993; Coletta et al., 2014). 

Herein, we provide the first evidence that PPARβ/δ activation by the highly potent and 

selective PPARβ/δ agonist GW0742 restores LPS-induced impairment of endothelium-

dependent vasodilation and NO production. This is achieved by acting directly on EC 

via up-regulation of UCP2, with the subsequent reduction of NADPH oxidase activity 

and ER stress. Therefore, this study points to PPARβ/δ and its target UCP2 as novel 

therapeutic targets in the treatment of endothelial dysfunction induced by metabolic 

endotoxemia, such as diabetes or hypertension. 

 PPARβ/δ was initially reported to regulate glucose and lipid metabolism. In fact, 

the protective effects of PPARβ/δ on endothelial function in obese animals were related 

to changes in the systemic metabolic profile, and to direct effects on the endothelium, 

as a result of CPT-1 up-regulation, without significant changes in plasma levels of LPS. 
LPS administration in vivo does not change glucose tolerance and insulin sensitivity, 

but induces endothelial dysfunction via TLR4 activation in the vascular wall (Zeuke et 

al., 2002; Liang et al., 2013). In the present study, we showed that PPARβ/δ activation 

improves LPS-induced endothelial dysfunction independently of changes in plasma 

glucose and lipids. In addition, these in vivo endothelial protective effects were also 

confirmed in in vitro conditions in MAEC, where glucose and lipid levels were constant.  
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 Endothelium-dependent relaxations to ACh in aorta are attributable exclusively to 

the production of NO by eNOS, which was confirmed by abolition of the responses with 
L-NAME. LPS administration in vivo impaired these endothelium- and NO-dependent 

relaxations, while the endothelium-independent relaxant response to SNP were 

unaffected by LPS. Thus, the functional changes observed in endothelium-dependent 

relaxation should be attributed to an alteration in NO bioavailability. Similarly, in MAEC, 

LPS also reduced the NO production stimulated by A23187. GW0742 prevented the 

changes in NO production induced by LPS, indicating a protective role of this drug on 

NO bioactivity. All the effects of GW0742 reported herein were inhibited by GSK0660, 

confirming the involvement of this nuclear receptor. LPS increases ROS production in 
aorta after in vivo administration (Liang et al., 2013; Toral et al., 2014; present results) 

and in MAEC (Pandian et al., 2005) after 4 h of incubation. This effect was abolished 

by PEG-SOD, apocynin, mitoQ, and the ER stress alleviator 4-PBA. These results 

indicate the role of three sources of ROS in EC, namely NADPH oxidase, mitochondria, 

and ER. In fact, LPS increased the expression of NADPH oxidase subunits NOX-1, 

NOX-2, p22phox and p47phox in aorta and NOX-2 and NADPH oxidase activity in MAEC. 

In addition, mitochondrial ROS were also involved in the reduced LPS induced NO 

production, since mitoQ restored the endothelial NO production stimulated by A23187.  

 Increased mitochondrial ROS may result from reduced antioxidant enzymes such 

as UCP2. UCP2 acts as an antioxidant defense in EC, which protects against 
endothelial function in hypertension (Chan et al., 2009; Ma et al., 2010) and in diet-

induced obesity (Tian et al., 2012b). In agreement with previous studies in 

macrophages (Kizaki et al., 2002; Emre et al., 2007), we found for the first time that 

acute exposure to LPS down-regulates UCP2 in aorta and MAEC. This reduced 

expression might be involved in the endothelial dysfunction induced by LPS. In fact, 
Tian et al. (2012b) showed that endothelium dependent relaxations in aorta from UCP2 

knockout mice were reduced as compared to control mice. We found that in MAEC with 

loss of function of UCP2 by inhibition with genipin or by UCP2 knockdown, ROS and 

NO production were increased and decreased, respectively, showing the critical role of 

UCP2 in the control of endothelial function. Both siRNA-UCP2 and LPS down-
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regulated UCP2. This was followed by an increase in ROS in both cases. However, for 

a similar down-regulation of UCP2 (siRNA-UCP2 vs LPS) the increase in ROS is 

higher for LPS, suggesting additional UCP2-independent sources of LPS-induced 

ROS. Accordingly, LPS still increased ROS in siRNA-UCP2 treated cells. Regarding 

the pharmacological aspects, GW0742 strongly up-regulated UCP2, which even in the 

presence of LPS were above baseline levels, which compensates for these additional 

ROS sources. 

  In this Thesis, we have confirmed that chronic PPARβ/δ activation increased 

UCP2 expression in the vasculature. Up-regulation of UCP2 seems to play a key role in 

the protective effects induced by PPARβ/δ activation in endothelial dysfunction evoked 

by LPS. This is supported by several findings. First, GW0742 increases the expression 
of UCP2 in vitro and in vivo. Second, the protective effects of GW0742 on ACh 

relaxation in isolated aortae, and on NO production and ROS levels in MAEC were also 

abolished by the UCP2 inhibitor genipin. Third, down-regulation of UCP2 also 

suppressed the effects of GW0742 in NO and ROS levels in MAEC.  

 In human adipocytes, LPS induces ER stress and facilitates IR (Alhusaini et al., 

2010). In addition, TLR4-/- mice were protected against HFD-induced ER stress in 
skeletal muscle, liver and adipose tissue (Pierre et al., 2013). We found that in aorta 

and EC, LPS also decreased the protein-folding efficiency of ER, initiating a counter 

regulatory unfolded protein response, involving PERK, ATF-6, and IRE-1α pathways. 

Previous studies have also implicated ER stress in oxidative stress and endothelial 

dysfunction (Cheang et al., 2014; Galán et al., 2014). In fact, ex vivo culture of mouse 

aortae with the ER stress inducer tunicamycin impairs endothelium-dependent 
relaxations and increased O2

- level (Cheang et al., 2014). In addition, ER stress 

induction in primary EC from coronary arteries increases ROS production, which was 

associated with increased NOX-2 and NOX-4 mRNA levels and NADPH oxidase 
activity (Galán et al., 2014). ER stress seems to be involved on endothelial dysfunction 

induced by LPS, since the ER stress inhibitor 4-PBA reduced the raise in ROS 

production and the impaired NO production induced by LPS. GW0742 restored the 

increased expression of ER stress markers (BiP, PERK, ATF-6, IRE-1α, and CHOP). In 
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accordance with this, PPARβ/δ-deficient mice exhibited increased ER stress in the 

heart, and PPARβ/δ activation prevented palmitate- or thapsigargin-induced ER stress 
in human cardiomyocyte cell line (Palomer et al., 2014), skeletal muscle cells (Salvadó 

et al., 2014), and tunicamycin-induced ER stress in MAEC (Cheang et al., 2014).  

 Interestingly, part of anti-inflammatory and antidiabetic effects following PPARβ/δ 
activation in skeletal muscle cells were dependent on AMPK (Salvadó et al., 2014). In 

contrast, AMPK-independent effects were described after PPARβ/δ activation in a 
human cardiomyocyte cell line (Palomer et al., 2014), and in HUVEC (Quintela et al., 

2014). In accordance with this, we also found that PPARβ/δ activation prevented 

endothelial dysfunction induced by LPS in an AMPK-independent manner, since it was 

unaffected by compound C.  

 Mitochondria have been previously implicated in regulation of NADPH oxidase. For 

example, mitochondria depletion in ethidium-treated rabbit aortic smooth muscle cells 
attenuates NOX-1 expression (Wosniak et al., 2009), and mitochondrial O2

- contributes 

to activation of NADPH oxidase in phagocytes cell, by acute activation of NOX-2 
(Nazarewicz et al., 2013). In EC, the interplay between mitochondrial and NADPH 

oxidase-derived O2
- constitutes a feed-forward cycle in which NOX-2 increases the 

production of mitochondrial ROS by reverse electron transfer. Enhanced production of 

mitochondrial ROS further activates the cytoplasmic NADPH oxidase, increasing 
cellular O2

- production and diminishing NO bioavailability (Dikalov et al., 2014). In this 

study, UCP2 seems to play a critical role in controlling NOX-2 expression. Genetic 

knockdown of UCP2 or UCP2 inhibition increases NOX-2 expression. Conversely, up-

regulation of UCP2 by PPARβ/δ activation prevented the increased levels of NOX-2 

mRNA and NADPH oxidase activity induced by LPS. Interestingly, these effects were 

suppressed by genipin, involving UCP2 in this process.  NOX-1, NOX-2 and NOX-4 

expression has been shown to be up-regulated by ROS in a positive feedback loop 

involving the Src-kinase signaling pathway (Weaver and Taylor-Fishwick, 2013; Pastori 
et al., 2015). Accordingly, antioxidants decreased the expression of NOX isoforms. We 

have not addressed specifically this issue in the present study, but we speculate that 



Discussion  

- 158 - 

 

the antioxidant effect of UCP2 may prevent ROS-induced up-regulation of NOX 

isoforms.  

 There is also increasing evidence suggesting a potential inter-relationship between 

alterations in both mitochondria and ER, as mitochondrial dysfunction could participate 

in activation of the UPR, whereas ER stress could influence mitochondrial function 

(Rieusset, 2015). The contact points between the ER and mitochondria are the MAM. 

Mfn2 is a key protein in mitochondrial fusion and it participates in the bridging of 

mitochondria to the ER. Interestingly, a reduction in ER-mitochondrial crosstalk, 

achieved by liver-specific ablation of Mfn2, induces mitochondrial dysfunction and ER 
stress (Lee et al., 2005). Loss of Mfn2 exacerbates all 3 UPR branches (PERK, IRE-

1α, and ATF-6). Mfn2 physically interacts with PERK, and deficiency of Mfn2 promotes 
chronic PERK activation in several cell lines and mouse models (Muñoz et al., 2014). 

In our study, LPS down-regulated Mfn2 expression in vascular tissue, which was 

associated with ER stress, since it increased the expression of 3 branches of ER 

stress. Similarly, UCP2 loss of function in MAEC, induced by genetic knockdown or by 

genipin, reduced the mRNA levels of Mfn2. Interestingly, UCP2 up-regulation by 

PPARβ/δ activation restored Mfn2 expression, with the subsequent alleviation of ER 

stress. These effects induced by GW0742 were suppressed in the presence of the 

UCP2 inhibitor genipin, showing that ER stress is downstream to mitochondrial 

dysfunction induced by UCP2 down-regulation.    

 In conclusion, our study demonstrates that, in LPS-induced endothelial 

dysfunction, PPARβ/δ activation improves endothelium-dependent relaxation, 

essentially by preserving the NO-mediated component. This protective effect may be 

attributable to an up-regulation of UCP2, which reduced mitochondrial ROS production, 

NADPH oxidase activity, and ER stress with the subsequent protection of NO 

inactivation (Figure 45). 

 

 



                                                                                                                             Discussion                           
  

- 159 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. Scheme representing the mechanisms involved in the LPS-induced 

impairment of endothelial function and the proposed mechanisms (red arrows) for the 

protective effect of PPARβ/δ activation. 
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 All these experiments indicate that PPARβ/δ activation prevents one of the initial 

events in the development of atheroma plaque, endothelial dysfunction. Atherogenesis 

is the pathological basis of CVD (angina, infarction), which is the leading cause of 

death in patients with MS. The improvement in factors that impair endothelial function, 

such as systemic metabolic parameters (hyperglycemia, impaired glucose tolerance, 

HOMA-IR, dyslipidemia, HDL-cholesterol levels), pro-inflammatory cytokines and 

elevated BP contributes to this protective effect in a situation of obesity. Furthermore, 

PPARβ/δ activation on the vascular bed (through direct vascular actions) is also 

involved in the improvement of endothelial dysfunction in MS. Thereby, the increase in 

oxidation of FFA in endothelium mediated by the PPARβ/δ target gene, CPT-1, 

improves not only the relaxing response induced via Ca2+-dependent activation of 

eNOS, but also the production of NO caused by phosphorylation of the eNOS by 

insulin. Activation of other PPARβ/δ target gene such as UCP2 protects endothelium 

from the deleterious effect of metabolic endotoxemia. 

These findings suggest that PPARβ/δ agonists, as GW0742, possess a 

therapeutic potential in the prevention of endothelial dysfunction, and consequently of 

CVD in situations of obesity. 
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CONCLUSIONS 

1. Chronic PPARβ/δ activation induced by oral GW0742 treatment in HFD-fed 

mice prevents obesity. It also hinders hypertension and early manifestations of 

atherosclerosis, like endothelial dysfunction and vascular pro-oxidant and pro-

inflammatory status. 

 
2. Pharmacological PPARβ/δ activation in vivo and in vitro restored the lipid-

induced endothelial dysfunction by up-regulation of CPT-1 in MAEC, thus 

reducing DAG accumulation and the subsequent PKC-mediated ROS 

production and eNOS inhibition. 

 
3. Pharmacological PPARβ/δ activation in vitro prevents palmitate-induced 

impairment of insulin signaling, which increases insulin-stimulated NO 

production in HUVEC. This protective effect may be due to CPT-1 over-

expression, which normalizes ROS production and restores insulin-stimulated 

IRS-Akt-eNOS pathway. 
 

4. Pharmacological PPARβ/δ activation in vivo and in vitro restored the LPS-

induced endothelial dysfunction by up-regulation of mitochondrial UCP2, with 

the subsequent alleviation of ER stress and NADPH oxidase activity, thus 

reducing intracellular ROS production and increasing NO bioavailability. 
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