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pGC  Particulate guanylyl cysclase 

PGE2  Prostaglandin E2  

PGI2  Prostacyclin  



 
 

PI3K   Phosphoinositide 3-kinase 

PKA  Protein kinase A 

PKG   Protein Kinase G  

RAAS  Renin angiotensin aldosterone 

RAS   Ras protein 

RNS  Reactive nitrogen species 

ROS  Reactive oxygen species 

sAC  Soluble adenylate cyclase 

sGC   Soluble guanylyl cyclase  

SMCs  Smooth muscle cells 

SNS   Sympathetic nervous system  

T2DM  Type 2 diabetes mellitus  

TGs  Triglycerides 

TNF-α  Tumor necrosis factor-α  

TxA2  Thromboxane 

VLDL  Very low density lipoprotein 

WHHL  Watanabe heritable hyperlipidemic 

WAT  White adipose tissue 

XO   Xanthine oxidase  

β1/2/3-AR β 1/2/3-adrenoceptor 
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Introduction 

The metabolic syndrome (MetS), also known as the cardiometabolic syndrome, is a cluster of 

several risk factors that when combined increase the risk of an individual developing 

cardiovascular disease (CVD). The MetS associates, abdominal obesity, insulin resistance (IR), 

dyslipidemia and arterial hypertension. Underlying causes of the MetS are related to a worldwide 

spread of the western lifestyle, which is characterized by increased consumption of high caloric-

low fiber food (fast food) and lack of physical activity (sedentary lifestyle). The MetS has become 

the major global health hazard of the modern world. Besides being a clinical challenge and its 

serious impact on the individual’s health, it is undeniable that the MetS is also implicated in 

increasing healthcare costs.  

Whether for investigating the pathogenesis or for finding an appropriate treatment, working on 

suitable animal models of MetS is of utmost importance. In our study, we aimed to develop an 

animal model of MetS with two main factors, dyslipidemia and IR. In order to induce IR, we used 

a high-fructose fat-diet (HFFD). As for the animal used in this study, it involves the Watanabe 

heritable hyperlipidemic (WHHL) rabbit, which, due to a mutation in its low-density lipoprotein 

receptor (LDLr), develops spontaneous dyslipidemia and atherosclerosis.   

Scientific investigation to improve therapeutic and preventive measures to manage the MetS 

has become essential. Currently most of the treatments used in the management of this syndrome 

are directed towards each risk factor alone. Therefore, using molecules with pleiotropic effects or 

that acts on a broad spectrum of tissues and cells, might be more successful in managing this 

multifactorial complex syndrome. We hypothesized that modulation of nitric oxide-cyclic 

guanosine 3’,5’-monophosphate (NO-cGMP) signaling by pharmacological tools might represent 

a promising therapeutic modality for treating the MetS and its related cardiovascular pathologies. 

Our hypothesis was made based upon promising results related to nitric oxide-sGC-cyclic 

guanosine 3’,5’-monophosphate (NO-sGC-cGMP) signaling modulation in metabolic and 

cardiovascular disease. Thus, we investigated the potential of two different molecules, BAY 41-

2272 (a sGC stimulator) and mirabegron (a β3-adrenoceptor (β3-AR) agonist), both activators of 

the NO-sGC-cGMP signaling pathway, as treatments of MetS and its cardiovascular 

consequences.  
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This thesis consists of four main sections:  literature review, objectives, experimental study 

and discussion & conclusion. The first section (literature review) is divided into four chapters. In 

the first chapter, we detailed the definition, etiology and pathophysiology of the MetS. In the 

second chapter, we reviewed the components and the role of NO-sGC-cGMP pathway in the 

cardiovascular system. We displayed the main cardiovascular changes/consequences of the MetS 

in the third chapter. Finally, we portrayed the management (pharmacological and non-

pharmacological) of the MetS in the fourth chapter. The third section (experimental study) 

included two parts, materials & methods and results (represented as three articles).  
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1. Metabolic syndrome 

1.1. Definition of the Metabolic Syndrome 

The MetS also known as the cardiometabolic syndrome, refers to the co-occurrence of a cluster 

of metabolic disorders and cardiovascular risk factors. These include IR/glucose intolerance, 

visceral/central obesity, atherogenic dyslipidemia and arterial hypertension (Zimmet et al. 2005; 

Rochlani et al. 2017). Defining the MetS has been a subject of debate and controversies due to its 

complex, inter-dependent, multi-factorial nature (Tune et al. 2017). 

Table 1: Definitions of the metabolic syndrome.  

 

WHO: World Health Organization, EGIR: European Group for the study of IR, NCEP ATP: National Cholesterol Education 

Program Adult Treatment Panel , IDF: International Diabetes Federation. From Huang (2009) 

 

1.2. History & clinical definitions of the Metabolic Syndrome  

The concept of MetS was first introduced in 1988 by Dr. Reaven as syndrome X (Reaven 

2000). However, it was not until 1998 that the World Health Organization (WHO) gave it a 

definition (Alberti and Zimmet 1998). In the WHO definition, insulin resistance (IR) was 

considered an essential requirement in addition to any two of the following criteria: obesity, 

dyslipidemia, hypertension, and microalbuminuria. Then in 1999, the European Group for the 

study of IR (EGIR) modified the WHO definition (Balkau and Charles 1999). Their definition 

was practically the same as the WHO’s, with IR as the main criterion, but did not include 

microalbuminuria. The other main difference between both definitions involves the obesity 
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criterion. According to the WHO definition this criterion is characterized, either by waist-to-hip 

ratio or by body-mass index. As for EGIR it is simply portrayed as waist circumference. In 2001, 

the National Cholesterol Education Program (NCEP) Adult Treatment Panel  (ATP) 

gave a definition to the MetS that was updated in 2005 by the American Heart Association and the 

National Heart Lung and Blood Institute (Grundy et al. 2005). The NCEP ATP  definition is the 

most commonly used of all. It incorporates any three of the following five features: 

hyperglycemia/IR, visceral obesity, atherogenic dyslipidemia and hypertension. Later in 2005, the 

International Diabetes Foundation (IDF) considered that obesity is an essential requirement 

rather than IR (Grundy et al. 2005) (Table 1). 

1.3. Etiology 

The main underlying causes of the MetS are mainly unhealthy diet and/or sedentary lifestyle 

that are practically translated by an imbalance between energy intake and energy expenditure. To 

a lesser extent genetic predisposition might also lead to the occurrence of this syndrome (Lanktree 

and Hegele 2017). Over the past decades, the world shift towards global 

industrialization/modernization has promoted an unhealthy lifestyle. The increased abundance of 

prepackaged food and easy access to fast-food restaurants/delivery along with a busy every-day 

life makes it hard for anyone to make healthier food choices. Moreover, maintaining a physical 

activity has also been a challenge with longer work-shifts, in addition to increased mechanized 

transportation/technologies (Saklayen 2018).  

1.4. Epidemiology 

It is well established that the prevalence of the MetS and its components have been rapidly 

increasing worldwide. In fact, the global prevalence of MetS is currently about 25% with over a 

billion people affected (Saklayen 2018). However, this increase seems to be widely influenced by 

the geography and ethnicity. It also seems that the pattern of its related components is different in 

relation to different regions (Nematy et al. 2014).   

The prevalence of the MetS is often linked to the prevalence of obesity. However, with the 

increased awareness regarding the presence of metabolically healthy obesity, cohorts and meta-

analysis studies now proceed more carefully when evaluating the prevalence of the MetS. In a 

collaborative analysis of ten large cohorts studies across Europe, it was found that the among all 
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obese subjects, 24% to 65 % women and 43% to 78% men were diagnosed with MetS (van Vliet-

Ostaptchouk et al. 2014). 

Scuteri et al. (2015) estimated that the overall prevalence of the MetS across Europe reached 

24.3% with a prevalence of 23.9% in men versus 24.6% in women. In their study, they observed 

an age-related increase in the prevalence in all cohorts and described different clusters of risk 

factors that varies from one country to another. 

Data shows that the prevalence of MetS in the United States (US)  increased by 35% from 

1980s to 2012 (Lanktree and Hegele 2017). According to the 2017 CDC published data, about one 

third of US adults have MetS (Saklayen 2018). Moreover, it is predicted that by 2030, 86% of US 

adults will be overweight or obese (Youfa Wang et al. 2008).  

1.5. Pathophysiology  

1.5.1. Abdominal/visceral obesity 

According to the WHO, an individual is considered obese when his body mass index (BMI)1 

is 30 or above. When BMI ranges between 25 to 34.9 kg/m2, sex-specific waist circumference 

cutoffs are used concomitantly with BMI to identify patients at risk. Man and woman are 

considered obese when their waist circumference exceeds 102 and 88 cm, respectively (WHO 

2020). 

The “obesity epidemic” is primarily caused by increased consumption of high calorie food and 

reduced physical activity that leads to an imbalance between energy intake and energy expenditure 

and eventually to an excessive weight gain (Drenowatz 2015). In obesity, the balance between 

adipocytes lipolysis and triglyceride synthesis, that is usually regulated by hormones and 

autonomic nervous system is disrupted (Kershaw and Flier 2004). Besides its function in energy 

storage, adipose tissue is an endocrine organ that participates in energy homeostasis and thus 

responds rapidly and dynamically to alterations in energy. It adapts to nutrient excess through 

hypertrophy and hyperplasia (Halberg, Wernstedt-Asterholm, and Scherer 2008; Sun, Kusminski, 

and Scherer 2011; Longo et al. 2019). Due to adipocyte enlargement, the blood supply is reduced 

                                                 
1 BMI is calculated using the following formula: weight / (height)2 (kg/m2). Obesity = BMI is between 30 and 40.     

Morbid obesity = BMI > 40 
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subsequently leading to hypoxia (Ellulu et al. 2017). It was proposed that hypoxia then induces 

necrosis and macrophage infiltration leading to overproduction of adipocytokines including, pro-

inflammatory mediators (tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6)), free fatty 

acids (FFAs), leptin, plasminogen activator inhibitor-1 (PAI-1), C-reactive protein (CRP), leptin 

and angiotensinogen (Ye 2009; Chan and Hsieh 2017) (Figure 1). The localized adipose tissue 

inflammation later spreads to an overall systemic low-grade inflammation, leading to other 

complications seen in the MetS (Zatterale et al. 2020).  Moreover, body fat distribution seems to 

play an important role in the pathogenesis of the MetS. For instance, visceral adipose tissue 

accumulation has much more harmful metabolic consequences than peripheral and subcutaneous 

adiposity (Castro et al. 2014). This is due to the fact that, both, the resistance to the insulin-

mediated metabolic effects and the rate of lipolysis are higher in visceral than in peripheral fat 

(Jensen 1997; Cnop et al. 2002). Moreover, ectopic fat deposition, whether alone or in association 

with increased visceral adiposity was also found to be incriminated in the development of obesity-

induced anomalies especially IR in MetS (Guebre-Egziabher et al. 2013). 

1.5.1.1. Role of adipocytokines in the development of obesity-related comorbidities 

Free fatty acids 

Free fatty acids (FFAs) result from the mobilization of energy stores (triglycerides, TGs) in 

adipose tissue via lipolysis. During periods of fasting, the latter process is initiated by 

catecholamines (CAs) which stimulate the release of FFAs under the action of cyclic adenosine 

monophosphate (cAMP) consecutive to β-adrenergic stimulation. The excessive release of FFAs 

into the circulation, during obesity, impairs the insulin’s anti-lipolytic action, further increasing 

the FFA release into the circulation (McCracken et al. 2018). In addition, the increased delivery of 

FFA to the liver and muscle leading to atherogenic dyslipidemia and IR2 respectively. Moreover, 

FFAs themselves might cause increases in blood pressure3.  

                                                 
2 The responsible mechanisms are detailed in the dyslipidemia and IR sections of chapter 1. 
3 The mechanisms responsible for increased blood pressure are detailed in the hypertension section of chapter 1.  
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Tumor necrosis factor-α 

The pro-inflammatory cytokine, TNF-α is a paracrine mediator that is produced and secreted 

from the adipose tissue (Makki, Froguel, and Wolowczuk 2013). It increases the release of FFAs 

to the circulation through stimulating lipolysis. Rodent studies showed that TNF-α in adipose 

tissue of obese rodents causes IR in skeletal muscle and liver (Hotamisligil et al. 1993). TNF-α 

affects insulin sensitivity and action through downregulating multiple genes that participate in 

insulin action (i.e. insulin receptor, insulin receptor substrate 1 and glucose transport (GLUT4) 

(Rydén and Arner 2007). TNF-α  also promotes IR in adipocytes and muscle by inhibiting both 

the insulin receptor and IRS-1 activity (Kanety et al. 1995; Hotamisligil et al. 1996; Makki, 

Froguel, and Wolowczuk 2013). TNF-α might raise serum TG levels via stimulating very low 

density lipoprotein (VLDL) production and also may inhibit lipid storage via the downregulation 

of lipoprotein lipase (Fernández-Real and Ricart 2003; Rydén and Arner 2007). Moreover, a 

positive correlation exists between TNF-α and body weight, waist circumference, and triglycerides 

(TGs) whereas, TNF-α negatively correlates with high density lipoprotein-cholesterol (HDL-C) 

(Xydakis et al. 2004). 

C-reactive protein 

C-reactive protein (CRP) levels are good predictors of future cardiovascular events and are 

also used as predictors of negative outcomes in MetS patients (Clearfield 2005; Mirhoseini et al. 

2018; Hong et al. 2020). CRP is produced by the liver in response to inflammation. Increased CRP 

levels were found to be associated with increased IR and hyperglycemia (Soto González et al. 

2006). It seems that CRP levels increase in obese with IR but, not in obese individuals with normal 

insulin sensitivity (McLaughlin et al. 2002). In addition, human studies demonstrated that CRP 

reduces NO release from arterial and venous endothelial cells and endothelial nitric oxide synthase 

(eNOS) activity leading to endothelial dysfunction (ED). Moreover, clinical and experimental 

studies points towards a role of CRP as a pro-atherogenic factor (Devaraj, Siegel, and Jialal 2011). 

Interleukin-6 

Interleukin-6 (IL-6) acts as both an inflammatory and anti-inflammatory agent.  It is secreted 

by both skeletal muscle and adipose tissue (Pedersen et al. 2001; Sandoo et al. 2010; Scheller et 

al. 2011). In addition, it is mainly produced by visceral rather than subcutaneous adipose tissue 

(Fried et al. 1998). Besides its ability to control appetite, energy intake and energy expenditure 
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through its receptors in the hypothalamus, it also seems that IL-6 decreases insulin sensitivity  

(Yudkin et al. 2000; Senn et al. 2002; Stenlöf et al. 2003; Pazos et al. 2013).  In addition, it has 

been proposed that IL-6 has pro-coagulant effects, stimulates adhesion molecules to the vascular 

endothelium and increases hepatic production of fibrinogen and CRP. Moreover, IL-6 also 

stimulates the central and the sympathetic nervous system (SNS) contributing to hypertension  

(Yudkin et al. 2000). Furthermore, Il-6 appears to be negatively correlated with HDL-C (Zuliani 

et al. 2007). Finally, increased IL-6 levels predicts cardiovascular mortality (Ridker et al. 2000). 

Plasminogen activator inhibitor-1 

Plasminogen activator inhibitor-1 (PAI-1) is considered to be an important factor in the MetS. 

It inhibits the tissue plasminogen activator, a protein involved in the breakdown of blood clots. 

Thus, it is considered as a marker of an impaired fibrinolysis and athero-thrombosis (Marie 

Christine Alessi and Juhan-Vague 2006). It is secreted from abdominal adipocytes, platelets, and 

vascular endothelium (Yoo 2014). Its increased secretion leads to a prothrombotic state, that is 

often seen in abdominally obese individuals and during inflammation (M. C. Alessi and Juhan-

Vague 2004). Besides its role in inducing athero-thrombosis. PAI-1’s increased levels are 

associated with increased adverse cardiovascular outcomes (Kohler and Grant 2000) 

Adiponectin  

Adiponectin is an anti-inflammatory cytokine. Besides having an anti-inflammatory effect, it 

also has anti-atherogenic properties (Ukkola and Santaniemi 2002). In fact, adiponectin hinder the 

development of mature atheroma plaques through inhibiting endothelial activation, reducing the 

transformation of macrophages into foam cells, and inhibiting smooth muscle (SM) proliferation 

and arterial remodeling (Matsuzawa et al. 2004). Besides having, a protective effect through 

antagonizing TNF-α action, adiponectin also seems to exert many beneficial effects on metabolism 

(Ouchi et al. 2000). It improves insulin sensitivity (Goldstein and Scalia 2004) and also regulates 

energy balance and both glucose and lipid metabolism through activating the AMP protein kinase 

(AMPK4). This activation stimulates both glucose utilization and fatty-acid oxidation (Yamauchi 

et al. 2002). 

                                                 
4 AMPK stimulates switches the cells from an anabolic state to a catabolic state 
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During obesity, adiponectin levels are decreased, particularly in individuals with abdominal 

obesity (Guenther et al. 2014). Moreover, low adiponectin plasma concentrations were associated 

with almost all the risk factors, constituting the metabolic syndrome (Santaniemi et al.  2006). 

Leptin 

Leptin is synthetized by the adipose tissue and plays a key role in regulating satiety and energy 

intake (Yoo 2014). Its receptors are expressed in different regions of the brain, i.e. hypothalamus 

and brain stem. Leptin exerts its effects, through activating these receptors. Its functions involve 

controlling appetite, energy expenditure (through thermogenesis) and other neuroendocrine 

functions (Hutley and Prins 2005). Leptin also acts directly on peripheral tissues such as muscle, 

where it promotes glucose uptake. Obesity often leads to elevated levels of leptin and eventually 

to a leptin resistance state during which all the beneficial effect of leptin are counteracted.  For 

instance, hyperleptinemia becomes not able to suppress appetite, which explains the hyperphagia 

often seen in individuals with overweight and obesity (Morton and Schwartz 2011). In addition, 

leptin is able to induce hypertension through multiple mechanisms5.  

 

 

Figure 1: Role of visceral obesity in the development of metabolic syndrome.  

                                                 
5 More details in hypertension section chapter 1. 
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CRP: C-reactive protein, FFAs: free fatty acids, PAI-1: plasminogen activator inhibitor-1, TNF-α: tumor necrosis factor-α. Inspired 

by Huang (2009). 

There is substantial evidence that the MetS is associated with increased SNS activity. Central 

obesity seem to be one of the main metabolic alterations linking these two together (Tune et al. 

2017). Animal and human studies have shown that overeating increases the sympathetic activity 

as an adaptive physiologic response aiming to stabilize body weight through increased 

thermogenesis and energy expenditure (Landsberg 2001). Even though this response is beneficial 

in physiologic states, during prolonged overfeeding, chronic thermogenesis leads to sustained β-

adrenergic activation in peripheral/resistance vessels and kidneys. The latter, induces a secondary 

rise in blood pressure and hypertension via sodium retention, glomerular hyperfiltration and renin 

release (G. W. Lambert et al. 2010). Moreover, it was found that body fat distribution directly 

affects the degree of overactivity, which is greater in individuals with central obesity rather than 

subcutaneous obesity (Straznicky et al. 2008). Leptin exerts its effects, i.e. appetite reduction and 

energy expenditure increase via sympathetic activation. Thus, the chronic hyperleptinemia 

encountered during obesity, leads to leptin receptors desensitization, which is translated by a 

decrease in its anorexigenic effect with preserved sympathoexcitation (Mark et al. 2002; Morton 

and Schwartz 2011). 

1.5.2. Insulin resistance 

IR is one of the main and essential components of the MetS. It is described as an 

unresponsiveness of insulin-sensitive tissues to the effect of insulin (Kaur 2014). In an attempt to 

counterbalance this state, insulin secretion is increased leading to a state of hyperinsulinemia 

(Liese et al. 1998). Generally, from a biological standpoint of view, it is well documented that IR 

is characterized by increased levels of insulin (hyperinsulinemia), hyperglycemia and an impaired 

homeostatic model assessment of IR (HOMA-IR) (Beilby 2004). 

Most agree that both abdominal obesity and IR are at the center of the MetS and its remaining 

components (Cornier et al. 2008; Gallagher, Leroith, and Karnieli 2010). Moreover, it seems that 

FFAs and inflammatory cytokines, not only, play a central role in the development of IR but are 

also the link between visceral obesity and IR (S. E. Kahn et al. 2006) (Figure 3). However, it is to 

be noted that some obese individuals are metabolically normal with normal insulin sensitivity; 

meanwhile, IR can be present in non-obese subjects (Ruderman et al. 1998; Karelis et al. 2005). 
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Furthermore, metabolically obese individuals but with normal weight are described as a category 

of individuals that in addition to exhibiting an impaired insulin sensitivity, display higher risks of 

developing T2DM, CVD and mortality (S. H. Lee et al. 2015). 

Metabolic and hemodynamic effects of insulin 

Insulin production by the pancreas is stimulated by hyperglycemia. In fact, its role is to 

maintain glucose homeostasis. It keeps glucose levels in tight control, through glucose usage and 

storage, in several organs, including, adipose tissue, skeletal muscle and the liver. In purpose of 

removing glucose from the circulation, insulin stimulates glucose uptake through the translocation 

of the glucose transporter (GLUT4) to the cell surface, in both skeletal muscle and adipose tissue, 

where it also inhibits lipolysis. In the skeletal muscle and liver, insulin prevents more glucose 

influx by stimulating glucose storage as glycogen and inhibiting glycogenolysis (Figures 2&3). 

Meanwhile insulin also inhibits hepatic gluconeogenesis. Insulin may also regulate glucose levels 

by activating insulin-signaling pathway in the hypothalamus where it exerts anorexigenic effects 

by inhibiting neuropeptide Y (NPY) (Kaur 2014). 

Under physiologic state, Both insulin’s vasodilatory and metabolic effect require signaling 

through insulin receptor substrate 1 (IRS-1)-phosphoinositide 3-kinase (PI3K)-protein kinase B 

(Akt) pathway (IRS1-PI3K-Akt) (Eringa et al. 2002). Thus, it is believed that insulin, by increasing 

blood flow is able to control its own access and that of other molecules i.e. glucose (Vincent et al. 

2005). Insulin exerts its function by binding to its enzyme-receptor on the cell, through activating 

two parallel pathways, the IRS1-PI3K-Akt and the Ras protein (RAS)-mitogen-activated protein 

kinase (Ras-MAPK) pathways (Kim et al. 2006) (Figure 2). The activation of the former leads to 

the metabolic and vasodilatory effects of insulin via endothelial NO synthase (eNOS) and thereby 

NO production (Clark et al. 2003; Muniyappa et al. 2008). Meanwhile the activation of the latter 

leads to vasoconstriction via endothelin-16 (ET-1) production, expression of adhesion molecules 

and mitogenic effects on vascular smooth muscle cells (SMCs) (Muniyappa et al. 2008; 

Muniyappa and Sowers 2013).  Akt kinase activates eNOS in endothelial cells and stimulates the 

translocation of GLUT 4 to the cells surface in both skeletal muscle and adipose tissue (J.-A. Kim 

                                                 
6 A strong vasoconstrictor 
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et al. 2006), thereby stimulating glucose uptake, and then it activates downstream pathways of 

glucose metabolism (Shulman 2004) (Figures 2&4).  

1.5.2.1. General mechanisms of insulin resistance 

In states of IR, all insulin sensitive tissues become non-responsive to the effect of insulin 

leading to maintained hyperglycemia and to increased orexigenic effects (Kaur 2014). During IR, 

only the IRS1-PI3K-Akt-NO signaling pathway is reduced, meanwhile the Ras-MAPK-ET1 

signaling pathway either remains intact or becomes heightened. This imbalance between both 

pathways leads to ED due to decreased NO synthesis with unaffected production levels of ET-1 in 

addition to expression of vascular cell adhesion molecules and vascular SMCs proliferation 

(Muniyappa and Sowers 2013). In addition, GLUT4 translocation is reduced leading to decreased 

fat and muscle glucose uptake (Kim et al. 2006) (Figures 2,3&4).  

Both metabolic and hemodynamic actions of insulin seem to be complementary. Since, in 

addition to its vasodilatory action7 via eNOS activation and the subsequent NO production, insulin 

enhances glucose delivery to target tissue through capillary recruitment8 (Barrett et al. 2011). 

During IR, insulin-mediated vasodilation is compromised leading to decreased delivery of glucose 

and insulin to their target organs. Moreover, the impaired intracellular insulin-mediated glucose 

and lipid metabolism leads to increased levels of reactive oxygen species (ROS) and reactive 

nitrogen species (RNS) resulting in greater NO consumption, and then a further decrease in NO 

availability (Cersosimo and DeFronzo 2006). IR is characterized by metabolic abnormalities that 

include glucotoxicity, lipotoxicity, contributing to vascular damage and inflammatory response 

induction (adhesion of monocytes/lymphocytes to endothelial cells)(Janus et al. 2016) and leading 

to ED (Kim et al. 2006).  

During IR, hyperinsulinemia leads to suppressed inhibition of NPY neurons and thereby 

promotes orexigenic effects via liver sympathetic overactivation, further inducing hepatic IR and 

glucose production (J. Wang et al. 2001). Hyperinsulinemia also increases sodium reabsorption in 

                                                 
7 Dilation of larger-resistance vessels increases overall perfusion. 
8 Capillary recruitments occurs within minutes. 
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response to increased activation of nephron sodium transporters and thereby contributes to 

increased intravascular volume through fluid retention (Demarco, Aroor, and Sowers 2014).  

 

Figure 2: A diagram representing the consequences on an imbalance between, IRS-PI3K-Akt and the Ras protein-

mitogen-activated protein kinase (Ras-MAPK) pathways, encountered  during insulin resistance.  

Akt: protein kinase B, eNOS: endothelial nitric oxide synthase, ET-1 : endothelin 1, GLUT4: glucose transporter 4, IRS1: insulin 

receptor substrate 1,  PDK-1: phosphoinositide dependent-kinase-1, PI3K : phosphoinositide 3-kinase, MAP-Kinase: mitogen-

activated protein kinase, NO: nitric oxide, Ras: Ras protein.  Modified from (Kim et al. 2006). 

1.5.2.2.Role of free fatty acids and inflammatory cytokines in the development of insulin 

resistance 

As mentioned earlier,9 it is believed that the excessive release of FFAs into the circulation, 

observed during obesity is an underlying cause of IR. Moreover, high levels of inflammatory 

cytokines are also thought to participate in the development of IR during MetS  (S. E. Kahn et al.  

2006; Cornier et al. 2008). 

                                                 
9 In the abdominal obesity (chapter 1.5.1) 
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During IR in adipose tissue, levels of FFA are increased. In fact, besides the enlargement and 

expansion of adipose tissue that results in increased FFA levels, insulin is unable to suppress the 

release of FFAs through lipolysis, resulting in further increases in FFA liberation into the plasma  

(Ginsberg 2000)(B. B. Kahn and Flier 2000; Eckel et al.  2005). However, not only IR increases 

FFA levels but it also seems that FFAs in addition to excessive pro-inflammatory cytokines induce 

IR and ED (J.-A. Kim et al. 2006). When released from adipocytes these cytokines affect the 

insulin action in adipose tissue, in a local paracrine manner, and in both skeletal muscle and liver 

via systemic circulation (i.e. endocrine mechanism) (Cornier et al. 2008) (Figure 3).  

Hepatic insulin action is impaired in response to increases in FFA flux (Bergman et al. 2007). 

In fact, the increased levels of circulating FAs reduces insulin signaling in liver through an 

increased serine phosphorylation of the insulin receptor substrate (IRS-1). When this occurs, the 

PI3-k’s activation is decreased leading to decreased glycogenesis and increased gluconeogenesis 

in the liver (Copps and White 2012). Moreover, Increased FFAs in the liver stimulates increased 

hepatic glucose and TG production and release leading to states of hyperglycemia and atherogenic 

dyslipidemia 10, respectively (Lewis and Steiner 1996; Fujimoto 2000; Ginsberg et al. 2005). 

Acute rises in plasma FFAs increase the intramyocellular fatty acid metabolites11 levels in 

skeletal muscle (Kirk and Klein 2009). These metabolites inhibit insulin’s ability to activate PI3-

k’s activity by phosphorylating IRS-1 at the serine/threonine sites, thereby decreasing downstream 

events, including glucose uptake (GLUT4 translocation) (Boden et al. 2001; Itani et al. 2002; 

Copps and White 2012). Another responsible mechanism is a defective skeletal muscle 

mitochondrial function, during which, mitochondrial fatty acid oxidation is impaired. This leads 

to an intracellular fatty acids accumulation, thereby contributing to the impairment of insulin 

action (Petersen et al. 2004). Moreover, increased levels of  intracellular fatty acids leads to over-

production of ROS, leading to the activation of the pro-inflammatory nuclear factor kappa B 

(NFκB) pathway, further increasing IR (Jonk et al. 2007) (Figure 3). (see also endothelial 

dysfunction in chapter 3.1). 

                                                 
10 Development of atherogenic dyslipidemia is detailed in the dyslipidemia section (chapter 1.5.3.). 
11 These include, long-chain fatty acyl-CoA and diacylglycerol. 
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Figure 3: This schematic represents normal insulin signaling (on the left) and parallel impairment in insulin-

signaling pathways (in endothelium, adipose tissue and skeletal muscle) under the action of FFA (i.e. increased 

adiposity) leading to synergistic occurrence of insulin resistance and endothelial dysfunction. 

1.5.2.3. Late stage of insulin resistance: hyperglycemia 

Clinical hyperglycemia is considered when basal glycemic levels exceeds 120 mg/dl. Increased 

levels of FFAs stimulates glucose production and release from the liver and impairs glucose uptake 

by the skeletal muscles (Stumvoll et al.  2005; S. E. Kahn et al.  2006). Taken together both these 

actions lead to elevated levels of fasting glucose, which is also an important component of MetS 

(Kurotani et al. 2017). However, clinical hyperglycemia is not encountered before IR reaches an 

advanced level that is characterized by a decline in pancreatic β-cells function (Stumvoll et al. 

2005). During early stages of IR, a state of insulin insensitivity occurs with a maintenance of 

normal glucose levels. Whereas, increased basal glycaemia only occurs when pancreatic β-cells 

lose their capacity to secrete insulin (Stumvoll et al.  2005; S. E. Kahn et al.  2006; Ferrannini 

2006). Whenever, insulin insensitivity is combined with β-cell failure to secrete insulin  in 

response to glucose, Type 2 diabetes mellitus (T2DM) develops (Goldstein 2002). 
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Figure 4: Role of insulin resistance in the pathogenesis of the metabolic syndrome.. 

Akt: protein kinase B, eNOS: endothelial nitric oxide, ET-1: endothelin-1, FFA: free fatty acids, GLUT4: glucose transporter 4, 

MAP-kinase: mitogen-activated protein kinase, NO: nitric oxide, PI3-kinase: phosphoinositide 3-kinase. Inspired from a study by 

Huang (2009). 

1.5.3. Dyslipidemia  

Dyslipidemia is characterized by an increase in plasma TG levels and in small dense LDL-C 

and a decrease in HDL-C levels (Grundy 2006). It has been well established that both IR and 

visceral obesity are associated with atherogenic dyslipidemia (Giannini et al. 2011; Hwang et al. 

2016). Under physiological conditions, insulin decreases VLDL triglyceride and apolipoprotein B 

(apoB) production and secretion and also enhances apoB degradation (Gonzalez-Baró et al.  2007; 

Sparks et al.  2012).  

In normal states, insulin alters apoB through PI3K-dependent pathways and regulates the 

activity of lipoprotein lipase, leading to decreased production and increased clearance of VLDL, 

respectively. Since during IR, insulin is unable to perform its effects, both these actions are 

counteracted, leading to an increase in VLDL levels. Moreover, in states of IR, impaired insulin-

signaling results in increased lipolysis and in a subsequent increase in FFA levels (Kaur 2014).  

Whether resulting from IR itself or from visceral adipose tissue enlargement, increased FFAs flux 

to the liver leads to increased TG production and storage; meanwhile, excess TG is packaged with 

the apoB and secreted as VLDL (Lewis et al. 1995; Lewis and Steiner 1996; Ginsberg et al.  2005). 
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In reverse cholesterol transport, cholesteryl ester transport protein (CETP) stimulates the transfer 

of TGs from VLDL to HDL in exchange for cholesteryl esters. Thus, Increased TG and VLDL 

levels result in TG-enriched HDL and cholesteryl ester-enriched VLDL particles (Ginsberg et al. 

2005). TG-enriched HDL particles are better substrates for hepatic lipase, which means that they 

are more subject to clearance. These particles are, then, rapidly cleared from the circulation, 

leading to decreased HDL plasma concentrations and thereby to atherogenic dyslipidemia  

(Lamarche et al. 1999; Kaur 2014). In fact, HDL-C is well known for both its anti-atherosclerotic 

and anti-inflammatory properties (Weverling-Rijnsburger et al. 2003; Sanossian et al. 2007). Thus, 

its decreased levels are associated with increased cardiovascular risk. Furthermore, even though 

LDL levels are sometimes unchanged, the fact that TG-enriched LDL particles are small and dense, 

this facilitates their penetration to the endothelial wall and makes them more susceptible to 

oxidation, further increasing atherogenecity and cardiovascular risk (Lamarche et al. 1998; Hulthe 

et al. 2000; Cornier et al. 2008) (Figure 5).  

 

 

Figure 5: Atherogenic dyslipidemia in the metabolic syndrome.  
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ApoB: Apolipoprotein B, CE: cholesteryl ester, CETP, cholesteryl ester transfer protein, FFA: free fatty acid, HDL-C: high density 

lipoprotein–cholesterol, TG: triglyceride, VLDL-TG: very low density lipoprotein-triglyceride. Inspired from a study by Huang 

(2009). 

1.5.4. Arterial hypertension 

In clinical diagnosis, an individual is considered hypertensive when systolic blood pressure 

and/or diastolic blood pressure exceed 140 mmHg and 90 mmHg, respectively (Unger et al. 2020). 

Hypertension is a classical feature of the MetS. It has been reported that up to 1/3 of 

hypertensive patients have the MetS (Schillaci et al. 2004; Cuspidi et al. 2004). Increased arterial 

blood pressure (ABP) during MetS seems to be strongly associated with increased visceral 

adiposity and IR (Ferrannini et al. 1997; Yanai et al. 2008). Multiple mechanisms underlie the 

development of hypertension in the MetS, such as activation of renin angiotensin aldosterone 

(RAAS) and the SNS activity. Moreover, the hypertrophic visceral adipose tissue is responsible 

for the production and secretion of multiple numbers of adipocytokines, such as TNF-α, IL-6, 

angiotensinogen, leptin and FFA. These molecules participate in increasing ABP through different 

pathways (Katagiri et al. 2007) (Figure 6). 

One of the main mechanisms responsible for the development of hypertension is the activation 

of RAAS. In obesity, adipocytes-derived angiotensinogen leads to an increase in blood pressure 

through the RAAS. Angiotensinogen is converted to angiotensin I, in presence of kidney-secreted 

renin, to later be hydrolyzed into its active form angiotensin II (Ang II), under the action of 

angiotensin converting enzyme (ACE). Besides its direct effect on blood pressure through 

vasoconstriction, Ang II also stimulates the release of aldosterone, which further increases ABP 

through water and sodium retention. The latter is responsible for increased intravascular fluid 

which is often seen in obese individuals and which leads to increases in ABP (Flack et al. 2007). 

The RAAS also seems to be activated during IR states. Hyperinsulinemia increases the expression 

of angiotensinogen, Ang II and the type 1 angiotensin (AT1) receptor, thereby contributing to the 

development of hypertension (Malhotra et al. 2001; Kaur 2014). On the other hand, Ang II inhibits 

insulin-mediated PI3K pathway activation, thereby impairing endothelial NO production and Glut-

4 translocation in insulin-sensitive tissues, which results in vascular and systemic IR, respectively 

(Zhou et al. 2012) (Figure 6). 
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Insulin is also known for its ability to directly stimulate renal sodium re-absorption. Thus, 

increased insulin levels in IR also might lead to increased ABP through favoring expansion of 

extracellular fluid volume (Mendizábal et al. 2013; Demarco et al. 2014). Insulin might also 

stimulate ET-1 leading to increased vasoconstriction (Pantelis A et al.  2007). While on the other 

hand, the impairment of PI3K-dependent signaling, in insulin-resistant individuals, causes an 

imbalance between production of NO and secretion of ET-1, leading to ED (Figure 6).  The latter 

results from both decreased vasodilation and increased vasoconstriction further inducing 

hypertension (J.-A. Kim et al. 2006). Moreover, both leptin and FFA levels are increased in insulin 

resistance states and are suspected to augment SNS activation in the MetS (Egan 2003; Florian 

and Pawelczyk 2010). 

The other mechanism responsible for increased ABP levels is the sympathetic overactivity due 

to the increased release of adipocytokines encountered during obesity.  Leptin increases ABP, 

directly, through activation of the SNS in the hypothalamus and indirectly by increasing renal 

sympathetic activity, which leads to increased renin release and sodium retention, further inducing 

hypertension (Carlyle et al. 2002; Eikelis et al. 2003; Kaur 2014) (Figure 7).  IL-6 might lead to 

increased ABP either through stimulation of the central and SNS or through inducing an increase 

in plasma angiotensinogen and Ang II (Takano et al. 1993; Papanicolaou et al. 1996) (Figure 6). 

Meanwhile, TNF-α in addition to increasing the SNS activity, also stimulates the production of 

angiotensinogen and ET-1, further increasing ABP (Brasier et al. 1996; Kahaleh and Fan 1997) 

(Figure 6). In addition, FFAs were found to increase ABP through stimulating α1-AR-induced 

vasoconstriction, ED and increase in oxidant stress (Sarafidis and Bakris 2007). In fact, increased 

oxidative stress also seems to play a role in inducing hypertension, through altering endothelial 

function (Roberts et al. 2005a). The responsible mechanisms will be thoroughly reviewed later in 

the manuscript. Furthermore, high-sensitivity C-reactive protein (hsCRP), a clinical criterion of 

MetS was found to be positively correlated to hypertension (Sesso et al. 2003). 

In normal states, baroreceptors located in the carotid sinus and aortic arch, are able to control 

blood pressure through their sensitivity towards changes in vessel wall stretch. During increased 

arterial pressure, baroreflex activity is blunted due to reduced arterial distensibility resulting in a 

chronic stimulation in peripheral sympathetic outflow (Grassi et al. 2005). Arterial baroreflex 
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activity also seems to be impaired during other components of the metabolic syndrome, including 

visceral obesity, insulin resistance and prediabetes (Skrapari et al. 2007; Straznicky et al. 2009). 

 

Figure 6: A schematic that represents mechanisms involved in the development of hypertension in the metabolic 

syndrome.  

FFAs: free fatty acids, ET-1: endothelin-1, Il-6: interleukin 6, NO: nitric oxide, TNF-α: tumor necrosis factor-α. Inspired by Yanai 

et al. (2008). 
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Figure 7: A schematic that recapitulates the etiology, main risk factors and mechanisms involved in the 

pathophysiology of the metabolic syndrome.  

     Edited from  Dipla et al. (2020) 
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2. Nitric oxide-soluble guanylyl cyclase- cyclic guanosine 

monophosphate- protein kinase G signaling pathway: an overview 

The NO-cGMP-Protein Kinase G (PKG) is one of the main pathways governing cardiac and 

vascular functions. This pathway plays a pivotal role in the cardiovascular homeostasis by 

regulating the vascular tone and cardiac function. It mainly promotes vasodilation, inhibits platelet 

aggregation (thrombosis), vascular smooth muscle cell growth/and migration and leukocyte 

endothelial adhesion (inflammation), and also regulates myocardial function and provides 

cardioprotection (Evgenov et al. 2008; Kadowitz and Nossaman 2013; M. Park at el. 2018).  

2.1. Nitric oxide production 

2.1.1.  Nitric oxide synthases 

NO is generated in a vast number of cell types by three different isoforms of NO synthase. The 

first two, Neuronal NOS (nNOS) and endothelial NOS (eNOS) are both constitutively expressed 

and continuously produce small amounts of NO. Whereas the third isoform, inducible NOS (iNOS) 

is highly expressed in inflammatory states and produces large amount of NO. eNOS is typically 

expressed in the vascular (including coronary) and cardiac endothelium, while nNOS is mainly 

located in cardiomyocytes. These NOSs catalyze the oxidation of L-arginine to NO, which plays 

a central role in the regulation of vascular tone and the maintenance of endothelial integrity. 

2.1.2. Calcium-dependent nitric oxide production in endothelial cells 

In the endothelial cells, eNOS can be activated (phosphorylated) in a calcium/calmodulin-

dependent manner, which is induced by receptor-bound agonists, like acetylcholine and β3-

agonists. Its binding to the membrane-bound muscarinic receptors increases intracellular levels of 

calcium that activate calmodulin, which then binds eNOS, leading to its phosphorylation (Nathan 

and Xie 1994). One of the major agonists is acetylcholine. This binding facilitates electron flow 

from nicotinamide adenine dinucleotide phosphate (NADPH) in the reductase domain of eNOS to 

the heme in the oxygenase domain to flavin adenine dinucleotide (FAD) and flavin 

mononucleotide (FMN) (Abu-Soud and Stuehr 1993). eNOS uses the amino acid L-arginine as a 

precursor together with several cofactors, including NADPH and tetrahydrobiopterin (BH4), in a 

complex oxygen-dependent reaction to generate equimolar amounts of NO and L-citruline (Fö 

Rstermann and Sessa 2012). In fact, BH4 is a key redox-dependent cofactor that regulates eNOS 
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activity by promoting and stabilizing eNOS dimerization (active form of eNOS) as well as the 

binding of L-arginine to its catalytic heme (Levine and Levine 2013). The Akt-mediated 

phosphorylation of eNOS at serine 1177, which the key regulatory site, enhances its activity. While 

the activation of the enzyme is further promoted by its interaction with heat shock protein 90 

(Pritchard et al. 2001). Once synthetized, NO diffuses to the smooth muscle cells, in a paracrine 

manner. There, it stimulates the sGC yielding increased levels of  cGMP, its downstream effector, 

leading to vasodilation (Figure 8).  

 

Figure 8: Calcium-dependent NO production and vasorelaxation. 

Ach: acetylcholine, β3-AR: β3-adrenoceptor, BH4: tetrahydrobiopterin, CAM: calmodulin, cGMP: cyclic guanosine 

monophosphate, eNOS: endothelial nitric oxide synthase, FAD: flavin adenine dinucleotide FMN: flavin mononucleotide, GTP: 

guanosine triphosphate, i[Ca2+]: intracellular calcium, NADPH: nicotinamide adenine dinucleotide phosphate, sGC: soluble 

guanylyl cyclase. Inspired by (Polovina et al. 2014). 

 

2.1.3. Calcium-independent nitric oxide production in endothelial cells 

2.1.3.1.Shear stress-mediated vasorelaxation 

Shear stress induces calcium-independent receptor-independent eNOS phosphorylation via 

activating the src kinase/PI3k/Akt (also known as protein kinase B) pathway, leading to NO-sGC-

cGMP mediated vasodilation (Figure 9).  
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2.1.3.2.Insulin-mediated vasorelaxation 

eNOS activity can also be modulated in a calcium-independent receptor-dependent way, 

through Insulin. The latter activates its receptor, located on the endothelial membrane. When 

activated, insulin receptor phosphorylates a number of substrates.  Phosphorylation of IRS1 

induces the activation of PI3K. This leads to the conversion of phosphatidylinositol(3,4)-

biphosphate(PIP2) to the second messenger phosphatidylinositol(3,4,5)-triphosphate(PIP3) which 

activates Akt via phosphoinositide dependent-kinase-1 (PDK-1). In turn, Akt induces the 

phosphorylation of eNOS and the subsequent conversion of L-arginine to L-citruline and NO. The 

release of another endothelium-derived relaxing factor was also found to be stimulated by insulin 

i.e. PGI2 (Baron 1994) (Figure 9). 

 

Figure 9: Calcium-independent vasorelaxation. 

Akt: protein kinase B, cGMP: cyclic guanosine monophosphate, eNOS: endothelial nitric oxide synthase, GTP: guanosine 

triphosphate, NO: nitric oxide, IRS1: insulin receptor substrate 1, PI3k: phosphatidylinositol 3-Kinase, sGC: soluble guanylyl 

cyclase, Src: Src kinase. Inspired by (Auger et al. 2014) 

2.2.  Nitric oxide in vascular cells 

2.2.1. Vascular function of nitric oxide 

Besides its major role in maintaining the basal vascular tone through vascular smooth muscle 

cell vasodilation. Functions of NO also involve restraining thrombosis by inhibiting platelet 

secretion, activation, adhesion and aggregation, and by promoting platelet disaggregation. NO is 
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also involved in hindering leukocyte adhesion to the endothelium and thus in reducing 

inflammation. Finally, NO also inhibits smooth muscle cell migration and proliferation.  

Besides all of its previously mentioned functions, NO may also have  antioxidant properties 

through increasing the expression of the extracellular SOD in a cGMP-dependent manner, 

inhibiting low-density lipoprotein (LDL) oxidation and lowering the production of ROS (Levine 

and Levine 2013). 

2.2.2. Nitric oxide signaling in vascular cells 

NO diffuses in a paracrine manner from endothelial cells to the vascular smooth muscle cells 

(SMCs) where it binds to the reduced heme (Fe2+) moiety of the sGC enzyme, leading to its 

activation (Evgenov et al. 2006). In fact sGC is a target for gaseous ligands such as NO and is a 

heterodimer, composed of a larger α-subunit and a smaller heme-binding β-subunit (Kamisaki et 

al. 1986). sGCα1β1 seems to be the most prevalent sGC isoform (Bork and Nikolaev 2018).  sGC 

activation induces the conversion of GTP to cGMP, a second messenger that in addition to 

vasodilation. The vasodilatory effect of cGMP is achieved through several mechanisms that 

decrease the intracellular Ca2+ concentrations (i[Ca2+]) in the SMC. These mechanisms mainly 

involve the inhibition of IP3-mediated calcium release and of extracellular Ca2+ influx through 

voltage-gated Ca2+ channels (Tsai and Kass 2009). 

Besides causing vasodilation, cGMP generation activates several downstream effector 

molecules, with cGMP-dependent protein kinases (PKG or cGK) and cGMP-regulated 

phosphodiesterases (PDEs) predominating in the cardiovascular system.  

Once activated, cGMP-dependent PKG phosphorylates several intracellular key target proteins 

that are involved in controlling i[Ca2+]. In fact, the phosphorylation of these proteins further 

reduces i[Ca2+] and thus results in smooth muscle relaxation. PKGI seems to be the primary kinase 

in the cardiovascular system. 

 As mentioned earlier cGMP is essential for various functions. Thus, its intracellular 

concentration needs to be kept in tight control. This is the role of PDEs, which are responsible for 

cyclic nucleotides (i.e. cGMP and cAMP ) hydrolization (Friebe et al. 2020) . These enzymes 

control both the duration and the amplitude of the cyclic nucleotides signaling thereby regulating 

the NO-sGC-cGMP pathway. PDEs are divided into 11 families (PDE1-PDE11), of which some 
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are specific to cGMP (e.g. PDE3 & PDE5), some to cAMP and others have dual actions (Takimoto 

2012).  

It is to be noted that, in addition to the sGC there exists particulate GC (pGC) (also known as 

Natriuretic Peptide Receptors) that also stimulate cGMP in vascular smooth muscle cells. In 

contrast to the free cytosolic sGC, these are membrane-bound protein receptors that are activated 

by natriuretic peptides. However, the NP/pGC/cGMP pathway does not seem to be the 

predominating signaling pathway involved in smooth muscle cell relaxation (Bork and Nikolaev 

2018) (Figure 10).   

 

Figure 10: cGMP compartmentation in smooth muscle cells. 

CNP: C-type natriuretic peptide, cGMP: cyclic guanosine monophosphate, eNOS: endothelial nitric oxide synthase , GTP: 

guanosine triphosphate, NO: nitric oxide, NOS: nitric oxide synthase, PDE: phosphodiesterase, pGC: particulate guanylyl cyclase, 

PKG: protein kinase G. Inspired by Bork et al. (2018). 

2.3. Endothelium-derived factors/mediators beyond nitric oxide 

The most important endothelium-derived mediators are divided into vasodilatory and 

vasoconstrictor molecules. Besides NO also known as the endothelial-derived relaxing factor, 
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other vasodilating prostanoids (prostacyclin (PGI2) & prostaglandin E2 (PGE2), endothelial-

derived hyperpolarizing factor (EDHF), bradykinin (BK) are secreted (Figure 11). Endothelium-

derived vasoconstrictors  include endothelin1 (ET1), Ang II and vasoconstricting prostanoids e.g. 

thromboxane (TxA2). The rest of endothelium-derived factors comprise antithrombotic and 

prothrombotic factors as well as mediators of inflammatory immune response (P. M. Vanhoutte et 

al. 2017).  

2.4. Endothelial function beyond nitric oxide 

PGI2 is produced from arachidonic acid (AA) (produced by the phospholipase A2 (PLA2)) 

under the action of cyclooxygenase system (COX). PGI2 migrates to the vascular SMC, in a 

paracrine manner, where it binds to its membrane receptor leading to the activation of soluble 

adenylate cyclase (sAC) leading to vasodilation through increased cyclic adenosine 

monophosphate cAMP levels. PGI2’s major role seems to be the inhibition of platelet aggregation 

and adhesion rather than vasodilation (Moncada and Vane 1978; Pellegrin et al. 2009) (Figure 

11).  

Endothelial derived hyperpolarizing factor (EDHF)  induces vascular SMC relaxation and 

vasodilation by activating potassium (K+) current through small and intermediate-conductance 

calcium (Ca2+)-activated K+ channels, causing endothelial cell hyperpolarization. Endothelial 

membrane potential hyperpolarization is then transmitted to the vascular SMC through 

myoendothelial gap junctions. This leads to decreased calcium entry through voltage dependent 

calcium channels and consequently to vasodilation. The activation of Ca2+- activated K+ channels 

may also decrease the endothelial  intracellular Ca2+ leading to vasorelaxation through the 

activation of NOS and PLA2 (Ledoux et al. 2006; Auger and Schini-Kerth 2014).  In cases of 

decreased NO bioavailability, it seems that EDHF is able to compensate for the loss of NO-induced 

vasodilation, particularly in the microcirculation (Deanfield et al. 2007) (Figure 11). 
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Figure 11: A schematic representing vasorelaxation beyond NO (right and left) and NO-induced vasorelaxation 

(center).. 

AA: arachidonic acid, ATP: adenosine triphosphate, BK: bradykinin, CAM: calmodulin, cAMP: cyclic adenosine monophosphate, 

cGMP: cyclic guanosine monophosphate , COX: cyclooxygenase, EDHF: endothelium-derived hyperpolarizing factor, eNOS: 

endothelial nitric oxide synthase, GTP: guanosine triphosphate, i[Ca2+]: intracellular calcium, IKca & SKca : calcium activated-

potassium channels, PGI2: prostacyclin, sAC: soluble adenylate cyclase, sGC: soluble guanylyl cyclase. Inspired by (Auger et al. 

2014). 

2.5. Nitric oxide in the myocardium  

2.5.1. Cardiac function of nitric oxide 

NO is derived from eNOS and nNOS in cardiomyocytes. Its major role includes regulating 

myocardial function and conferring cardioprotection. This is achieved by reducing the contractile 

frequency of cardiomyocytes, attenuating cardiac contractility, accelerating relaxation and 

increasing distensibility of cardiomyocytes, and finally by improving the efficiency of myocardial 

oxygen consumption. All these effects occur through a cascade of signaling events, involving 

cGMP and PKG (Fö Rstermann and Sessa 2012). 

2.5.2. Nitric oxide signaling in cardiac myocytes  

In cardiac myocytes (CMs), cGMP signaling is involved in the regulation of contractility.  As 

in endothelial cells, both the NP-pGC and NO-sGC lead to cGMP generation. However here the 

former seems to be predominating.  There exists three types of NPs. ANP and BNP are secreted in 
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the heart, by the atria and ventricles, respectively. Whereas the third, CNP is derived primarily 

from endothelial cells. These natriuretic peptides exert their biological effects by binding to the 

cell-membrane localized pGC. Meanwhile, the NO-sGC-cGMP pool is controlled by the β3-AR at 

the cell surface caveolae (Figure 12). In fact, the β-adrenergic system, an important regulator of 

myocardial contraction and relaxation. β-adrenergic receptors (β-AR) are important regulators of 

normal and pathologic cardiac function. The three subtypes of β-ARs are β1-AR, β2-AR and β3-

AR, with β1 and β2-ARs the most expressed and studied (Cannavo and Koch 2016). 

 

 

Figure 12: cGMP compartmentation in cardiomyocytes. 

ANP: atrial natriuretic peptide, BNP: brain natriuretic peptide, pGC: particulate guanylyl cyclase, NO: nitric oxide, GTP: guanosine 

triphosphate, cGMP: cyclic guanosine monophosphate, PDE: phosphodiesterase, NOS: nitric oxide synthase, eNOS: endothelial 

nitric oxide synthase, PKG: protein kinase G, β3-AR: β3-adrenergic receptor. Inspired by  Tsai and Kass (2009) Bork et al. (2018) 

& Friebe et al. (2020). 

Contraction of cardiac myocytes is induced by catecholamine-β-AR stimulation. ARs are 

coupled to stimulatory G (sG) proteins, which activate adenylate cyclases (ACs), catalyzing the 

formation of cyclic adenosine monophosphate (cAMP). This leads to the activation of PKA 



   

 

33 
 

subsequently causing the phosphorylation of multiple proteins involved in excitation-contraction 

coupling. Phosphorylation of L-type calcium channels (LTCC) and ryanodine receptor (RyR), 

respectively, increase the calcium influx and calcium release from the sarcoplasmic reticulum 

(SR). Both mechanisms lead to increased intracellular calcium levels and contractile force of 

cardiomyocytes.  

 

Figure 13: Simplified diagram of the mechanism involved in β3-AR-dependent cardiomyocyte relaxation. 

AC: adenylate cyclase, β1/2/3-AR: β1/2/3-adrenergic receptor, cAMP: cyclic adenosine monophosphate, cGMP: cyclic guanosine 

monophosphate, eNOS: endothelial nitric oxide synthase, Gs: stimulatory G-protein, GI/0: inhibitory G-protein, NO: nitric oxide, 

GTP: guanosine triphosphate, LTCC: L-type calcium channels, nNOS: neuronal nitric oxide synthase, PDE: phosphodiesterase, 

PLN: phospholamban, PKA: protein kinase A, PKG: protein kinase G, SR: sarcoplasmic reticulum, SERCA: sarco-endoplasmic 

reticulum Ca2+-ATPase pump, Tn: troponin. Inspired by (Imbrogno et al. 2015). 

Whereas, in cardiac myocyte relaxation, PKA phosphorylates the phospholamban (PLN or 

PLB) which stimulates the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) pump leading to 

increased Ca2+ re-uptake into the SR. PKA also phosphorylates troponin I (TnI) reducing the 

sensitivity of the contractile apparatus to calcium subsequently accelerating the relaxation. The 

β3-AR plays an important role in relaxation. In fact, stimulation of β3-ARs leads to increased 

endothelial eNOS or nNOS activation, increasing NO generation, which then leads to activation 
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of sGC and  to a subsequent production of cGMP and finally to cGMP-dependent protein kinase 

G (PKG) activation. Activation of β3AR/NO-cGMP/PKG signaling pathway exerts a 

cardioprotective mechanism that can be beneficial in failing myocardium (Cannavo and Koch 

2016). Then via PKG, cGMP causes negative inotropism through phosphorylation of LTCC (Yang 

et al. 2007) and troponin I (Lee et al. 2010) and positive lusitropism through phosphorylation of 

titin (Balligand 2016) (Figure 13). 
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3. Circulatory alterations in relation with the Metabolic Syndrome 

The MetS is an independent risk factor for CVD. When combined together, these risk factors 

increase the rate and severity of CVD (Tune et al. 2017). These include vascular and cardiac 

changes. 

3.1. Vascular changes 

3.1.1. Micro- and macro-vascular alterations 

Vascular alterations encountered during the MetS involve both micro- and macrovascular 

blood vessels. These alteration mainly involve ED, a hallmark of MetS-induced vascular 

complications (Tune et al. 2017). The term ED might be used to describe any alteration in the 

normal endothelial function. This may involve either its anti-inflammatory, anticoagulant or 

modulation of vascular growth and remodeling properties. However, this term is generally used to 

refer to an impairment in endothelium-dependent vasorelaxation caused by decreased NO 

bioavailability or bioactivity (Cai and Harrison 2000)(Aoqui et al. 2014). 

Oxidative stress is an imbalance between production and accumulation of ROS in cells and the 

antioxidant defenses of the body, that leads to tissue damage (Pizzino et al. 2017). However, in 

normal states, low levels of ROS participate in several essential and beneficial mechanisms such 

as intracellular signaling and cytoprotection. However, their levels should be kept in tight control 

and should not exceed a certain limit. In fact, an antioxidant defense system maintains the balance 

between the physiological and pathophysiological roles of ROS. The defense against ROS includes 

endogenous antioxidant enzymes (e.g. superoxide dismutase, SOD), vitamins and minerals and is 

mainly based on enzymatic inactivation (Levine and Levine 2013). Major sources of ROS are 

NADPH oxidase (NOX), xanthine oxidase (XO), eNOS uncoupling, and mitochondrial electron 

transport chain. As much as increased levels of ROS might result from increased NOX, the main 

ROS-generating pathway, it might also originate from a decrease in ROS-scavenging pathways 

such as SOD (Labazi and Trask 2017). The mechanisms implicated in oxidative stress causing ED 

are multifactorial and may differ from one situation to another. ROS might affect eNOS expression 

and activity while on the other hand it might impair NO bioavailability and signaling. For instance, 

eNOS activity is diminished during reductions in its phophorylation at Serine 1177. In addition, 

ROS increase the inhibition of NOS by increasing the plasma levels of asymmetric dimethyl-

arginine (ADMA), a competitive inhibitor of NOS, leading to ED (Cooke 2000). FAD, FMN, BH4 
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and NADPH are all essential eNOS cofactors. During oxidative stress, NOX is activated, leading 

to an augmentation of ROS levels in the vasculature. Increased ROS levels then leads to the 

uncoupling of BH412 from eNOS, which results in O2
− formation (instead of NO), and thereby to 

a decrease in NO bioavailability (Schiffrin 2008). On the other hand, NO is subject to scavenging 

by superoxide anion (O2
−) and other reactive oxygen species (ROS). Therefore, increased levels 

of superoxide (O2
−) whether resulting from NOX or from uncoupled eNOS, enhances NO 

scavenging leading to increased peroxynitrite (ONOO−) formation which results in decreased NO 

activation and bioavailability (Cai 2005). Moreover, ONOO− is a potent pro‐oxidant that inhibits 

eNOS bioactivity and thus leads to a further reduction in NO bioavailability and increase in ROS 

(Endemann and Schiffrin 2004). Furthermore, both O2
− and ONOO− potently inhibit sGC, 

interfering with the eNOS-NO-cGMP signaling pathway (Münzel et al. 2003) (Figure 14).  

 

 

Figure 14: A simplified diagram on the role of oxidative stress in endothelial dysfunction. 

ADMA: asymmetric dimethyl-arginine, BH2: dihydrobiopterin, BH4: tetrahydrobiopterin, CaM: calmodulin, cGMP: 

cyclic guanosine monophosphate, eNOS: endothelial nitric oxide synthase, Fad, flavin adenine dinucleotide, FMN: 

flavin mononucleotide, NADPH : nicotinamide adenine dinucleotide phosphate, NF-κB: nuclear factor-κB, NOX: 

nicotinamide adenine dinucleotide phosphate oxidase, O2
-: superoxide anion, ROS: reactive oxygen species, sGC: 

soluble guanylate cyclase, SOD:  superoxide dismutase, XO: xanthine oxidase.  

                                                 
12 BH4, exhibits antioxidant properties against ROS of which O2

-. Thus, Oxidative stress can lead to excessive 

oxidation and depletion of BH4 causing eNOS ‘uncoupling’.  
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3.1.1.1. Endothelial dysfunction in Metabolic Syndrome 

The mechanisms of ED, associated with the constituents of the MetS, mainly involve decreased 

production of NO or an imbalance in the homeostasis due to downregulation endothelium-derived 

relaxing (e.g., NO, PGI2, EDHF) and  upregulation of contracting factors (e.g., prostaglandin H2, 

thromboxane A2, and endothelin-1) (Lerman and Zeiher 2005).  Decreased NO might be caused 

by reduced expression of the eNOS, a lack of substrate or cofactors for eNOS (eNOS uncoupling) 

and increased/accelerated NO degradation by ROS during oxidative stress (Cai and Harrison 

2000). Nevertheless, ED is not only associated with decreased NO but might also involve increased 

vascular sensitivity or production of endothelial-dependent vasoconstricting factors (Tune et al. 

2017). During the metabolic syndrome, the endothelium switches from a functional to a 

dysfunctional state. This involves the promotion of pro-inflammatory and oxidative stress 

pathways, via a number of active changes within the vasculature, that are mainly related to ROS 

production (Deanfield et al.  2007; Aoqui et al. 2014).  

 

During hyperglycemia, an impairment of endothelium-dependent vasodilatation occurs in 

small and large arteries i.e. coronary arterioles, aorta, and mesenteric arteries. This impairment is 

mainly related to increased O2
− production and to activation of immune responses that results in 

decreases in both endothelium-dependent relaxing factors function and insulin regulation (Tran et 

al. 2020). As much as ED might be a consequence of IR, it also impairs insulin signaling further 

reducing insulin sensitivity and thereby inducing a vicious cycle in the MetS. For instance, in obese 

zucker rats, the alteration of insulin signaling (PI3K-Akt-eNOS) impairs the vasodilatation of 

resistance arteries due to decreased insulin-mediated NO synthesis. The mechanism behind this 

insulin resistance-induced impairment involves ROS that lead to a degradation of eNOS’s 

precursor, BH4, resulting in decreased NO production and thus, to the alteration of NO-dependent 

vasodilation (Eringa et al. 2007). In addition, oxidation of BH4 results in decreased interaction 

between eNOS and BH4 leading to eNOS uncoupling and thereby to O2
− production instead of NO 

(Heitzer et al. 2000). In this state eNOS itself becomes a ROS generator, creating a vicious cycle 

(Mudau et al. 2012). On the other hand, ED impairs insulin action by altering the transcapillary 

passage of insulin to insulin-sensitive tissues. The decrease in capillary network expansion, 

accompanied with a compromized microcirculatory blood flow, contributes to the impairment of 
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insulin-induced glucose uptake and lipid metabolism in metabolically active tissue (Vykoukal and 

Davies 2011). 

Furthermore, advanced Glycation End Products (AGEs) are lipids or proteins that become 

glycated as a result of exposure to sugars.  During hyperglycemia, AGEs are increased, leading to 

ED in multiple ways. First AGEs might increase the rate of eNOS mRNA degradation (Eringa et 

al. 2007). AGEs produce ROS and increases oxidative stress either by activating NOX through 

RAGEs (specific receptors for AGE) or 1,2-diacylglycerol (DAG)/protein kinase C (PKC) 

pathway (Wautier et al. 2001; Picchi 2010).  Another mechanism by which AGE induces ROS 

generation through direct glycation and inactivation of the antioxidant enzyme, superoxide 

dismutase (SOD) (Picchi 2010).  

All of the above-mentioned mechanisms involve an ED originating from decreased 

vasodilation. However, it was found that acute hyperglycemia might also promotes 

vasoconstricting-prostanoid production and thereby to increased  vascular SMC contractility and 

vascular tone leading to ED (Bagi et al.  2003; Okon et al. 2003). 

 

In dyslipidemia, endothelial-dependent relaxation is impaired through multiple and sometimes 

selective pathways. For instance, in hypercholesterolemia, ach-induced vasorelaxation is reduced 

while BK-induced vasorelaxation remains intact meaning that the alteration of vasorelaxation 

pathways is selective in response to increased cholesterol levels (Matsumoto et al. 2004; Gendron 

et al. 2007). In addition, during dyslipidemia, an increase in oxidized LDL (oxLDL) alters the 

endothelial function. This occurs through attenuation of NO production either by acting on 

receptors that decrease L-arginine availability or by decreasing eNOS expression (Saraswathi and 

Hasty 2006; Shi et al. 2014). Moreover, it was found that in dyslipidemia, pro-inflammatory 

cytokines i.e. Tκα may reduce eNOS activity and thereby impair vasorelaxation through interfering 

with eNOS mRNA levels (degradation) (Yoshizumi et al. 1993). ADMA, are increased during 

hypercholesterolemia, leading to decreased NO bioavailability (Sibal et al. 2010).  

 

In obesity, the degree of visceral adipose tissue strongly affects the severity of ED, through 

multiple mechanisms of which, adipocyte hypertrophy, hypoxia and macrophage infiltration 

(Lobato et al. 2012). Increased visceral adiposity leads to eNOS uncoupling through increasing 

oxidative stress and changing the pro-inflammatory adipokine profiles. This change involves an 
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increase of adipokines that are known for having harmful effects and a decrease in those that exert 

protective effects such as plasminogen activator inhibitor-1 (PAI-1) and adiponectin, respectively 

(Q. Li et al.  2015). During obesity, NOX is upregulated leading to increased ROS production and 

thereby to ED in the aorta (Serpillon et al. 2009; Jiang et al. 2011). 

 

MetS is characterized by an obesity-linked state of chronic low-grade inflammation. During 

this state, levels of circulating inflammatory markers including CRP, TNF-α and IL-6 are elevated. 

These markers might lead to ED through increasing ROS generation and decreasing NO (NO) 

bioavailability (Labazi and Trask 2017). The activation of the nuclear factor-κB (NF-κB)-induced 

pro-inflammatory pathways (production of cytokines and adhesion molecules) also seems to play 

an important role in the impairment of endothelial-dependent relaxation through increasing ROS 

and reducing NO production  (De Martin et al. 2000; Kobayasi et al. 2010). TNF-α, in particular 

was found play a major role in ED through inhibiting endothelium-dependent vasorelaxation 

(Greenberg et al. 1993). In fact, increased levels of TNF-α leads to decreased NO bioavailability 

through multiple mechanisms. It might reduce NO production either by direct inhibition of eNOS 

expression and activity or by stimulation of the endogenous NOS inhibitor ADMA (Yoshizumi et 

al. 1993; Ito et al. 1999; Valerio et al. 2006). TNF-α may also increase the NOX activity in 

endothelial cells and smooth muscle cells, stimulating  O2
−  production and the subsequent NO 

removal (Griendling et al. 2000)(Didion et al. 2002).  Moreover, it was found that TNF-α inhibits 

the kinase activity in the insulin signaling pathway of insulin-sensitive tissues such as skeletal 

muscle and adipocytes, leading to decreased NO production (Del Aguila et al. 1999; F. Kim et al.  

2001). 

ED is not always associated with impaired vasodilation, but might as well be related to 

increased vasoconstriction. For example, in both the thoracic aorta and the carotid artery vascular 

dysfunction was found to result from increased thromboxane gene expression and vasoconstrictor 

prostanoids (Traupe et al. 2002). Moreover, in another study obesity increased ET-1-induced 

vasoconstriction (Mundy et al. 2007).   

 

A strong link between ED and hypertension has been established. On the other hand, a 

sustained increase in blood pressure has been strongly associated with decreased levels of NO and 

increased ROS in the vasculature (Konukoglu and Uzun 2016). Thus, Oxidative stress seems to 
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play a major role in the pathophysiology of hypertension-induced ED. In fact, besides the fact that 

ROS are able to directly stimulate vasoconstriction and to impair antioxidant production, they 

decrease NO bioavailability thereby leading to ED (Santilli et al.  2015). The decrease in NO levels 

in this case might be related to increased NO scavenging to form ONOO− which leads to eNOS 

uncoupling. In addition, angiotensin II-induced hypertension was found to increase NOX activity, 

which then increases superoxide, triggering eNOS uncoupling thereby leading to impaired 

NO/cGMP signaling and to ED (Mollnau et al. 2002; Y. H. Zhang 2017). Moreover, as in 

hypercholesterolemia, ADMA levels are increased during hypertension leading to decreased NO 

bioavailability (Sibal et al. 2010). Moreover, in cases of hypertension, levels of Arginase, a 

competitor of NOS for the substrate L-arginine, are increased resulting in decreased NO 

production (Toque et al. 2013).  

During hypertension, rodents may show increased prostanoids-induced vasoconstriction. 

However, in humans, the main underlying cause of vascular dysfunction in hypertension 

is  impaired endothelium-dependent vasodilation (Paul M et al. 2008; Paul M et al. 2005). 

3.2. Cardiac changes 

3.2.1. Functional alterations 

Myocardial function has been shown to be impaired in models of MetS. Among the main 

factors that have been suggested to be responsible for cardiac abnormalities during MetS are 

alterations in the NO pathway and the β-adrenergic system. Alterations in the β-adrenergic system, 

may occur at both the receptor or post-receptor intracellular signaling level, i.e. calcium (Ca²⁺) 

handling proteins (J. F. Carroll et al. 2002; Lima-Leopoldo et al. 2011). Moreover, myocardial 

metabolism also seems to be dysregulated during the MetS 

3.2.1.1. Alterations in β-adrenergic system 

 β-adrenergic alteration at the receptor level 

Decreases in β-ARs affinity and/or density, also known as β-ARs desensitization, leads to loss 

of the receptor’s activity (Cros 1985). This decrease is associated with catecholamine-induced 

overstimulation, often originating from chronic SNS activation, encountered during the MetS 

(Tune et al. 2017). To avoid the deleterious effects of excessive and prolonged sympathetic 
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stimulation, two types of compensatory mechanisms might be initiated, homologous and 

heterologous desensitization.  

The homologous desensitization requires the fixation of a ligand on the β–AR, changing the 

receptor’s conformation and thereby leading to its phosphorylation at the C-terminal level by G 

protein coupled receptor kinase GRK (Walther and Ferguson 2013). This phosphorylation then 

allows the recruitment of β-arrestin to the membrane where it binds to the receptor, decreasing its 

affinity to G proteins, subsequently leading to their uncoupling from one another (Kelly et al. 

2008).  In addition, β-arrestin is essential for the formation of endocytic vesicles, it allows the 

receptor internalization and its degradation and/or recycling thereby leading to its downregulation 

(Kohout and Lefkowitz 2003; Violin et al. 2014).  

 In contrast to the latter, heterologous desensitization does not require the binding of a ligand 

and even desensitizes the receptor to other ligands; it involves phosphorylation of the receptor at 

the C-terminal level of the β–AR via the PKA. This phosphorylation causes rapid uncoupling of 

the G protein from β–AR. Among all the three β–AR subtypes, only β3-AR has low tendency to 

homologous and heterologous desensitization, since it lacks potential phosphorylation sites, which 

makes it insensitive to GRK and PKA mediated desensitization, respectively (Rozec and Gauthier 

2006) 

 β-adrenergic alteration at the intracellular signaling level 

Alterations in one or more components of the β-receptor–Gs protein–adenylate cyclase–cAMP 

pathway have been implicated in the reduced contractile response (Joan F. Carroll et al. 1997; J. 

F. Carroll, Kyser, and Martin 2002). In the intracellular myocardial domain, both cardiac 

Ca2+ channel/ryanodine receptor (RyR2) and SERCA pump play a key role in the modulation of 

cardiac excitation–contraction coupling (ECC). The former via Ca2+release and the latter via 

Ca2+ uptake into internal stores (Fernández-Miranda et al. 2019). Many researchers suggested that 

the molecular pathways linking the MetS to myocardial dysfunction involve myocardial Ca2+ 

mishandling and altered signaling due to alteration in sarcoplasmic reticulum function via changes 

in the functional expression of SERCA pump and ryanodine (RyR2) receptors (Dincer 2011; 

Okatan, Durak, and Turan 2016). In fact, in a study done by Fernandez et al, They demonstrated 

that Ca2+ mishandling in MetS heart is due to a decreased functionally active RyRs and to reduced 
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SERCA pump activity through decreased Ser2814 and Thr17-PLN phosphorylation, respectively 

(Fernández-Miranda et al. 2019). 

As mentioned earlier, during MetS, the SNS is overactivated leading to an increase in circulating 

catecholamine levels. However, increased exposure to CAs can become harmful through a β-ARs 

signaling dysfunction, that results in a decreased cardiac function and inotropic reserve due to 

decreased cardiac β-ARs responsiveness (Lymperopoulos, Rengo, and Koch 2013). 

3.2.1.2. Alterations in nitric oxide pathway 

In the heart, impaired NO availability and its signalling seems to be associated with many risk 

factors including those constituting the metabolic syndrome and others (Pechánová et al. 2015). 

These risk factors include: hyperlipidemia/atheroclerosis, high blood pressure/hypertension, an 

unbalanced diet, sedentary lifestyle and diabetes (Lundberg et al.  2015).  

The pathological remodelling, that occurs during hypertension, seems to be related to an 

imbalance between vasoconstrictor and proliferative activities on one hand and vasodilating and 

anti-proliferative effects on the other hand. The former mainly involves Ang II, aldosterone or ET-

1 meanwhile the latter includes NO, PGI2, BK, or ANP (Pechánová et al. 2015). In fact, in normal 

states, NO not only antagonizes the effects of Ang II (on vascular tone and renal sodium excretion) 

but also downregulates the synthesis of AT1 receptor and ACE. Thus during hypertension, Ang II 

increases oxidative stress thereby leading to a decrease in NO bioavailability and thereby 

counteracting the NO antagonistic effects (Tirziu and Simons 2008). 

As mentioned earlier ROS production is not always harmful as it stimulates the anti-oxidant 

defense activities and improves NO signaling thus maintaining an equilibrium between oxidative 

stress and the NO pathway (Dröge 2002). However, in obesity related hypertension, ROS might 

favor the activation of the pro-inflammatory NF-κB-dependent pathways. This results in increased 

levels of inflammatory cytokines e.g. TNF-α and IL-6 which leads to a decrease in NOS activity 

and eventually in NO bioavailability (Belin de Chantemele and Stepp 2012). Moreover, NO-sGC-

cGMP is impaired during hypertension. This seems to be related to prolonged ROS formation that 

leads to eNOS/iNOS uncoupling (J. P. Stasch et al. 2011; Evgenov et al. 2006). 

Leptin is an adipocyte-derived hormone that plays an important role in regulating energy 

balance and metabolism. During obesity, disrupted leptin signaling was found to be linked to 
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nitroso-redox imbalance. The latter involves decreased cardiac expression of nNOS and NO 

production, with a parallel increase in XO activity and oxidative stress (Saraiva et al., 2007).  

In addition, a link between decreased cardiac β3-AR expression and function and leptin 

deficiency has been established. Hyperleptinemia might be closely associated with obesity, 

however it should be noted that it coexists with leptin resistance mimicking leptin deficiency states. 

This explains leptin’s role in obesity-related cardiac hypertrophy and heart failure (Larson et al., 

2012). It was also suggested that leptin might impair myocyte function through an upregulation of 

iNOS that generates large amounts of NO thereby inducing nitrosative/nitrative stress.  

Cardiac lipotoxicity related to obesity has been described to be related to impaired NO 

signaling . For instance, elevation of ceramides levels seem to activate NOX promoting oxidative 

stress in cardiomyocytes (Zhang et al., 2003). In cardiomyocytes eNOS and caveolin-3’s 

colocalization falicitates both eNOS activation and NO release. Increased ceramide levels in 

obesity may inhibit eNOS activity by decreasing caveolin-3 expression proteins (Knowles et al., 

2013). 

Cardiac NO metabolism seem to be strongly affected by hypercholesterolemia. Many have 

reported that besides decreasing NO cardiac levels, increased cholesterol levels blunt the NO 

signaling through lowering the PKG activity. Some have also found decreased phosphorylated 

levels of eNOS in the myocardium.  However, results regarding eNOS are controversial, since 

others suggested that decreased levels of NO during hypercholesterolemia are related to increased 

NO clearance rather than decreased eNOS activity. NO elimination seems to be the result of 

increased oxidative stress markers i.e. O2
- originating from elevated XO and NOX activities. 

Moreover, Increased XO activity was found to be associated with myocardial and coronary ED, in 

cholesterol-enriched diet-fed guinea pigs. In another study, performed on genetically 

hypercholesterolemic mice, positive chronotropic effect of atropine was lost. While decreased 

cardiac contractility and eNOS expression was reported to be decreased in another 

hypercholesterolemic mice model. Furthermore, besides decreased NO bioavailability, NO-sGC 

signaling also seems to be impaired during atherosclerosis (Pechánová et al. 2015). 

In health, the myocardium uses both glucose and fatty acids (FAs) as main sources of energy 

to sustain a continuous contractile activity. During MetS, the myocardial metabolism is 

dysregulated due to substrate imbalance. The latter results from an excessive reliance on FA, 

rather than glucose, as a source of energy. In fact, that chronic fuel shift towards FFAs as substrate 
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appears to be linked to cardiac dysfunction and increased susceptibility to heart failure (Tune et 

al. 2017).  

In obesity and IR, the myocardium exhibits abnormally increased rates of fatty acid uptake 

and oxidation (Rider et al. 2013). The impaired ability to shift away from this increased FA 

utilization leads to decreased glycolysis and glucose oxidation (Lopaschuk 2016). Since FFAs 

require more oxygen for each ATP mole generated, an over-reliance on FA oxidation as a source 

of energy increases oxygen consumption for contractility (How et al. 2005). In support of this, is 

that stimulating glucose oxidation and inhibiting fatty acid oxidation increases the cardiac 

efficiency during heart failure (Lopaschuk et al. 2010).  

3.2.2. Structural alterations 

3.2.2.1. Cardiac remodeling  

Cardiac remodeling is associated with MetS. It is considered as an adaptive response from 

heart to stress related physiological and pathological conditions i.e. changes in the volume and 

pressure loads or even metabolic changes (Ferron et al. 2018). Cardiac remodeling encountered 

during the MetS mainly involves left ventricular (LV) remodeling that might be eccentric or 

concentric (Grossman 2009). An increase in volume, results in an eccentric LV hypertrophy 

(LVH) characterized by dilatation of the LV chamber, as a reactive mechanism to compensate for 

volume overload. Whereas, an increase in pressure, results in a concentric LV hypertrophy 

characterized by increased LV wall thickness, as a reactive mechanism to compensate for pressure 

overload (Müller and Dhalla 2013). The increased metabolic demand resulting from increased 

adiposity and augmented mass in obesity leads to an elevated blood volume and subsequently to 

an increase in preload (Vasan 2003). In addition, not only hyperadiposity but also 

hyperinsulinemia, encountered during IR increases sodium reabsorption in response to increased 

activation of nephron sodium transporters and thereby contributes to intravascular volume 

expansion, through fluid retention, also leading to increased preload  (Demarco et al. 2014). 

Moreover, afterload is also elevated in individuals with MetS, e.g. in obese and/or in 

hypertensive, due to both augmented peripheral resistance and increased conduit artery stiffness 

(Vasan 2003; Grossman 2009). LVH has also been reported in rabbits (Joan F. Carroll et al. 1999). 

In a Multi-Ethnic Study of Atherosclerosis (MESA), IR and waist-to-hip ratio were found to be 

associated with concentric LVH independent of BMI (Shah et al. 2013; Ferron et al. 2018) found 
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that, rat animal models of diet-induced dyslipidemia/MetS, developed cardiac remodeling 

characterized by LV hypertrophy. In their study (Panchal et al. 2011) showed ventricular dilation, 

increased systolic volume and increased estimated left ventricular mass in rat models of diet 

induced MetS.  

Whether cardiac changes are structural (LVH) or functional (subclinical impairment of LV 

systolic and diastolic function), they are believed to be precursors to cardiac dysfunction and heart 

failure (Abel et al. 2008). 
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4. Management of the Metabolic Syndrome 

4.1. Non-pharmacological interventions 

4.1.1. Nutrition 

One of the main underlying causes of the MetS is an imbalance between energy intake  and 

energy expenditure that eventually leads to an excessive weight gain (Drenowatz 2015). Therefore, 

weight control and reduction are considered as the cornerstones in prevention and treatment of the 

metabolic syndrome (Magkos et al. 2009). Weight reduction could be achieved, either through 

lowering energy intake or through increasing energy expenditure (Hill, Wyatt, and Peters 2012). 

The former is often accomplished by consuming a healthier reduced calorie diet meanwhile the 

latter involves engaging in physical activities and exercise (Strasser 2013). In a prospective study 

done by Hasegawa et al., it was shown that even modest weight reduction of  5 % can substantially 

lower blood pressure, improve blood lipid profile, insulin sensitivity and glucose tolerance 

(Hasegawa et al. 2019). 

Eating a healthier diet also has a great impact on the health outcomes. In their prospective 

cohort study, Wang et al., found that healthy diet interventions promote weight loss and prevent 

metabolic syndrome, even in individuals with elevated genetic risk for obesity (T. Wang et al. 

2018).  Healthy diets consist of diets low in saturated fat, high in protein and fiber, rich in fruits 

and vegetables, and with a low glycemic index (Skerrett and Willett 2010). This type of diet, e.g. 

Mediterranean diet,  is associated with decreased risk of metabolic syndrome, T2DM as well as 

CVD morbidity and mortality  (Sleiman et al. 2015; Estruch et al. 2018; Pallazola et al. 2019). 

Moreover, in a randomized controlled trial done by babio et al., it was found that Mediterranean 

diet was associated with reversion of the MetS (Babio et al. 2014). Other types of diets have also 

been found to be effective in the management of the MetS e.g. vegetarian and Dietary Approaches 

to Stop Hypertension (DASH) diets. The former has been associated with lower risk of MetS (N. 

S. Rizzo et al. 2011);  meanwhile, the latter has proven to be effective in controlling ABP and 

improving the lipid profile, glucose metabolism, and other cardiovascular risk factors (Saneei et 

al. 2013). 

There also exists pattern of diets such as intermittent fasting diet that has recently emerged as 

a beneficial approach in the management of MetS. In their clinical study Wilkinson et al., were 



   

 

48 
 

able to show that time restricted feeding (10 hours/day) intervention improves cardiometabolic 

health for patients with metabolic syndrome (M. J. Wilkinson et al. 2020).  

4.1.2. Physical activity 

Weight loss (decreases in body mass) is often associated with a decline in metabolism, 

especially when not associated with physical activity. This often leads to a lack of success in long-

term weight loss and maintenance. Therefore, the state of negative energy balance (calorie deficit), 

needed for weight loss is better achieved through energy expenditure exceeding energy intake, 

which is reached through increased physical activity (Hill, Wyatt, and Peters 2012).  

Physical activity is associated with reduced risk of obesity, T2DM and CVD. There is 

substantial evidence from several studies that exercise is effective in the treatment of the metabolic 

syndrome (Misra et al. 2008; Ilanne-Parikka et al. 2010; Conceição et al. 2013; He et al. 2014).  

Generally, the beneficial effects of exercise include regulating fat and glucose metabolism, 

improving insulin sensitivity and lowering ABP (Golbidi et al. 2012). The recommendation is 

around 30–60 min of moderate intensity exercise, including aerobic and work-related activity and 

muscle strengthening (as tolerated), five days a week but preferably all days of the week (Grundy 

et al. 2005; Pérez-Martínez et al. 2017). Aerobic exercise, resistance training, and their 

combination have been reported to be effective in improving hyperglycemia, reducing ABP and  

upregulating skeletal muscle oxidative capacity (Dipla et al. 2020). 

Anderssen et al., found that the Association of  both diet and exercise is significantly more 

effective than either approach alone for the treatment of metabolic syndrome (Anderssen et al. 

2007).  

4.2. Pharmacological intervention 

4.2.1. Anti-obesity agents 

Weight loss can be achieved through phramacotherapeutic agents. These either limit the 

absorption of food either suppress appetite and thus reduce food intake or increase energy 

expenditure. 

4.2.1.1. Agents that limit food absorption 

One of the most used is, Orlistat a Food and Drug Administration (FDA) approved medication 

for the treatment of obesity. It acts by inhibiting gastric and pancreatic lipase leading to decreased 
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free fatty acid and cholesterol absorption. It can reduce fat absorption by up to 30%. Orlistat should 

be combined with diet, exercise, and behavior modification to significantly improve weight 

management.  However, Orlistat is associated with gastrointestinal side effects (Furman 2007; G. 

W. Kim et al. 2014). 

4.2.1.2. Agents that reduce the appetite 

The hypothalamus, contains two key populations of neurons that stimulate (e.g. NPY) or 

inhibit (e.g. POMC) food intake (Suzuki et al. 2010). Agents that reduce appetite (anorectic) act 

by targeting the hypothalamic appetite pathways either through direct stimulation or via 

dopaminergic or serotoninergic signaling (Jones and Bloom 2015).  

Liraglutide is a glucagon-like peptide-1 (GLP-1) mimetic also known as incretin mimetic. 

This medication is used as an anti-obesity and anti-diabetic agent. GLP-1 directly interacts with 

the hypothalamic POMC neurons leading to decreased food intake. Several clinical trials have 

demonstrated that, when adjunct to diet and exercise, liraglutide was associated with reduced body 

weight (Wadden et al. 2013; Pi-Sunyer et al. 2015; Ard et al. 2016).  

These agents might be successful in reducing weight, however care should be taken since their 

side effects sometimes exceeds their beneficial effects such as in the case of Lorcaserin. This 

medication is a serotonin receptor agonist that decreases appetite and reduces food intake through 

stimulation of the anorexogenic POMC neurons (Jones and Bloom 2015). It was withdrawn from 

the market in 2020 at the request of the FDA, after a clinical trial showed an increased occurrence 

of cancers including pancreatic, colorectal and lung cancer  (“FDA Requests the Withdrawal of 

the Weight-Loss Drug Belviq, Belviq XR (Lorcaserin) from the Market | FDA” 2020) 

Bupropion/Naltrexone bupropion is a dopamine/norepinephrine reuptake inhibitor is used in 

combination with naltrexone, an opioid receptor antagonist. Combining these two agents leads to 

reduced appetite the former, stimulates POMC neurons whereas the latter counteracts the 

autoinhibitory effects of endogenous opioids (Jones and Bloom 2015). In a phase 3 trial, 

combination of naltrexone/bupropion lead to up to 6.1% of weight loss (Greenway et al. 2010). In 

another study conducted by Hollander et al., it was shown that naltrexone/bupropion combination 

leads to more than 5% weight loss, decreases HbA1c and also improves TG and HDL-C levels 

(Hollander et al. 2013).  This combination has been reported to increase blood pressure and 

suicidality (Jones and Bloom 2015). 
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4.2.1.3. Agents that increase energy expenditure  

Increased energy expenditure (EE) mainly occurs through increased thermogenesis, the 

dissipation of energy in form of heat. The main organs responsible for adaptive thermogenesis are 

skeletal muscle, brown adipose tissue (BAT), and white adipose tissue (WAT) (K. Y. Chen et al. 

2020). 

Sympathomimetic drugs such as ephedrine have been used to increase EE in rodents and 

humans. Ephedrine is thought to directly activate the β-ARs and to increase EE through activation 

of skeletal muscle rather than BAT and was also found to decrease appetite. A meta-analysis of 20 

clinical trials has found that ephedrine treatment was associated with many adverse effects e.g. 

cardiovascular side effects as well as other risks. Other agents also exist such as caffeine and 

nicotine (K. Y. Chen et al. 2020). Combination of phentermine and topiramate  has been shown to 

be efficacious in inducing and maintaining negative energy balance in addition to improved lipid 

profile and blood pressure (Jordan et al. 2014; Jones and Bloom 2015). These long-term effects 

suggest an increase in metabolic rate with no effects on BAT thermogenesis. 

Activators of brown adipose tissue activity has been described as a target for the treatment 

of obesity/insulin resistance (Poher et al. 2015). BAT expresses high levels of uncoupling protein-

1 (UCP-1), which uncouples mitochondrial substrate utilization from ATP production, leading to 

energy dissipation as heat (thermogenesis) (Dehvari et al. 2018). BAT is also able to utilize both 

glucose and fatty acids from TG in mitochondrial metabolism (Townsend and Tseng 2012) and 

has been postulated to also use cholesterol (Worthmann et al. 2017), thereby releasing the resulting 

energy in form of heat.  Pharmacological activation of β3-AR expressed on WAT and BAT has 

proven to be possible (Szentirmai and Kapas 2017a). One of the most promising β3-AR agonists 

is Mirabegron. It is currently under investigation as an anti-obesity and anti-diabetic agent 

(O’Mara et al. 2020; Finlin et al. 2020).  

 

4.2.2. Anti-diabetic drugs  

4.2.2.1.Glucagon-like peptide-1 mimetics  

GLP-1 mimetic such as Liraglutide not only stimulates satiety (anorectic) but also enhances 

postprandial glucose-stimulated insulin release by pancreatic β cells (Murphy and Bloom 2006). 

GLP-1 is also suspected of stimulating energy utilization via BAT (Beiroa et al. 2014). In their 
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study, Wadden et al., they showed that Liraglutide, prescribed as 3.0 mg per day, not only leads to 

weight loss of 6 % but also helps in maintaining weight loss and improves CVD-risk factors 

(Wadden et al. 2013). Liraglutide has demonstrated improvements in glycaemic control of  T2DM 

patients, associated with amelioration in both β cell function and insulin resistance (Ferdinand et 

al. 2014).  

Despite their success as both anti-obesity and anti-diabetic agents, GLP-1 receptor agonists 

have been associated with a possible risk of medullary thyroid cancer in mice (Rosol 2013).  

4.2.2.2. Antihyperglycaemic drug 

Metformin is an oral antidiabetic drug commonly used as a first-line treatment for T2DM. It 

is also considered as an insulin sensitizer.  This medication has been shown to reduce excessive 

rates hepatic glucose production, decreases intestinal absorption of glucose, and improves insulin 

sensitivity by increasing extrahepatic peripheral glucose uptake and utilization (Binesh Marvasti 

and Adeli 2010) (Rena et al. 2017). Metformin was also reported to stimulate glucagon-like 

peptide 1 (GLP-1) secretion likely leading to prevention of weight gain  (Rena et al. 2017). 

Metformin does not only exhibit anti-hyperglycemic properties but has also proven to be 

effective in weight loss and  in improving endothelial function, insulin resistance, lipid profiles, 

and  decreased visceral fat  (Reinehr et al. 2004; Rojas and Gomes 2013).   

4.2.2.3. Insulin-sensitizing agents 

Rosiglitazone is PPAR-gamma (peroxisome- proliferator-activated receptor gamma) 

stimulator used as second-line treatment for T2DM. It does not only exhibit hypoglycaemic effects 

but also plays an important role in the regulation of cardiovascular functions (Binesh Marvasti and 

Adeli 2010).  

The combination of rosiglitazone and metformin have proven to be very effective in the 

treatment of T2DM. In a randomized double-blind controlled trial, Zinman et al., were able to 

show that a low-dose combination therapy of rosiglitazone and metformin prevented the 

occurrence of T2DM in patients with impaired glucose tolerance with little or no adverse effects 

(Zinman et al. 2010).  
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4.2.3. Anti-dyslipidaemic agents 

4.2.3.1. Cholesterol lowering agents  

Statins are a class of drugs that inhibit HMG-CoA reductase, the enzyme responsible for 

catalyzing cholesterol biosynthesis pathway. Statins are very effective in the treatment of 

hypercholesterolemia through reducing both the plasma levels of cholesterol and apoB-containing 

lipoproteins. They act by upregulating the LDL-receptor expression (increased cholesterol uptake) 

and by regulating apoB. They either reduce translocation of apoB across the endoplasmic 

reticulum (ER) membrane or increase their intracellular degradation, leading to diminished 

lipoprotein assembly. Statins were also found to be effective in reducing plasma TG levels. The 

most common statins are atrovastatin, simvastatin, and rosuvastatin.  Besides their ability to 

decrease cholesterol and LDL-C levels, these molecules can have additional beneficial effects 

(Binesh Marvasti and Adeli 2010).  

Atrovastatin 

In a study conducted, on an animal model of IR (the fructose-fed Syrian golden hamster) 

treatment with atorvastatin, not only reduced the LDL-C levels, but also ameliorated lipoprotein 

overproduction and improved hepatic insulin sensitivity and signaling (Binesh Marvasti and Adeli 

2010).  

Simvastatin 

Simvastatin treatment was shown to acutely increase synthesis and secretion of apoA, a major 

Apo-lipoprotein of HDL particles (Gratl et al. 2002).  Even though other statins were also shown 

to increase HDL levels, simvastatin was the most effective in raising plasma HDL concentrations 

(Binesh Marvasti and Adeli 2010).  

Rosuvastatin 

Amongst the statin family rosuvastatin was found to have the highest therapeutic efficacy in 

reducing LDL-C (Hu and Tomlinson 2013) due to higher interaction with Hydroxymethylglutaryl- 

coenzyme A (HMG-CoA) reductase (Binesh Marvasti and Adeli 2010). In a randomized trial study 

by Park et.al, rosuvastatin (10 mg) was found to be more effective than atorvastatin (10 mg) in 

attaining the NCEP ATP III LDL-C goals. Greater reductions in total cholesterol, HDL-C and 

apoB levels were observed with rosuvastatin treatment in MetS patients (J. S. Park et al. 2010). 

Napels et al., also reported an improvement of insulin sensitivity via improved cellular insulin 
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signal transduction in response to rosuvastatin treatment (Naples et al. 2008). In a recent systematic 

review and network meta-analyses of 50 Randomized Controlled Trials, rosuvastatin ranked 1st in 

LDL-C- and ApoB-lowering efficacy and ApoA1-increasing efficacy (Zhang et al. 2020).  

Two other statins exist on the market, such as lovastatin that was reported to have a high 

efficacy in  TC- and TG-lowering efficacy and fluvastatin that showed a high efficacy in increasing  

HDL-C (X. Zhang et al. 2020).  

4.2.3.2. Cholesterol absorption inhibitors  

Cholesterol absorption inhibitors are a class of medication that decrease the absorption of 

cholesterol in the small intestine leading to decreased cholesterol delivery to the liver and enhanced 

cholesterol clearance.  

Ezetimib  

Ezetimib is one of the most widely used subclasses. It inhibits the intestinal absorption of 

dietary and biliary cholesterol by binding to the  transport protein (NPC1L1) leading to decreased 

LDL-C levels. It is often combined with statins. Ezetimibe’s potency in decreasing LDL-C and 

apoB substantially increases in combination with statins, leading to a total LDL-C lowering of 34–

61% (Vavlukis and Vavlukis 2020). In a double-blind, placebo-controlled trial, conducted by, 

Pearson et al., it was reported that the combination ezetimibe and statin is more efficient in  

reducing  LDL concentration compared to treatment with statin monotherapy (Pearson et al. 2005). 

Moreover, In a meta-ananlysis study, Yu et al., found that the addition of ezetimibe to statin is 

more effective on reducing LDL-C and TC concentrations than using a double dose of statin (Yu 

et al. 2020).  

4.2.3.3. Triglyceride lowering agents 

Fibrates or fenofibrates are mainly used to treat high triglyceridemia. They act by both 

enhancing VLDL-TG catabolism and reducing VLDL-TG production but are also associated with 

a modest decrease in LDL-C and an increase in HDL-C levels (Staels et al. 1998). These molecules 

stimulate peroxisome proliferator activated receptor-α (PPARα), a transcription factor that controls 

the expression of genes mediating triglyceride metabolism. This leads to decreased fatty acids and 

TG synthesis resulting in decreased hepatic VLDL-TG prodcuction. Fibrates also increase 



   

 

54 
 

lipoprotein lipase activation and apo-A1 synthesis promoting TG catabolism (decreased VLDL 

production) and HDL production, respectively, via PPARα  (Simons and Sullivan 2005; N. H. Kim 

and Kim 2020). Fibrates are often associated with statins  (M. Elam et al.  2011; M. B. Elam et al. 

2017; Zhu et al. 2020). In a cohort study performed on Mets patients, kim et al., showed that the 

risk of major cardiovascular events was significantly lower with fenofibrate as add-on to statin 

treatment than with statin treatment alone in adults with metabolic syndrome (N. H. Kim et al. 

2019). 

4.2.4. Anti-oxidants agents 

Antioxidants are agents that can be benificial due to their direct effect on oxidative stress. An 

imbalance between ROS production (increased) and antioxidant defense system (decreased) 

leading to a state of oxidative stress, has been associated with the MetS (Bilbis et al. 2014). 

Antioxidants are now being considered in the management of MetS due to potential beneficial 

effects on constituants of the MetS, diabetes and cardiovascular dysfunctions (Bilbis et al. 2014; 

Martins Gregório et al. 2016). Antioxidants are either found in a wide range of foods or available 

as supplements. Antioxidants that might be beneficial in the Mets context include flavonoids, 

arginine, vitamin C, vitamin E, carotenoids, resveratrol and selenium (Martins Gregório et al. 

2016). Data from many experimental and clinical studies, performed on animals and humans, 

indicate that these aformentioned antioxidants have potential benefits against diabetes, insulin 

resistance, dyslipidemia, obesity, and cardiovascular dysfunctions. Nevertheles, conflicting data 

have been reported, since some studies found no beneficial effects of antioxidant supplementation. 

In their study bilbis et al., investigated the effects of vitamins A, C, and E in the management 

of metabolic syndrome in rats. They found a significant reduction in blood pressure, total 

cholesterol, TG, LDL-C, and VLDL-C and an increase in both HDL-C and total antioxidant status 

compared to the unterated group (Bilbis et al. 2012).  Salonen et al., found that supplementation 

vitamin E and vitamin C slowed down atherosclerotic progression in hypercholesterolemic patients 

(Salonen et al. 2003). Whereas in a randomized, double-blind, placebo-controlled trial (HOPE), 

performed on 55 years-old patients with diabetes and vascular disease, Lonn et al. failed to show 

any improvement in cardiovascular outcomes (Lonn et al. 2005).  
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4.2.5. Anti-hypertensive agents 

First-line pharmacological treatment of hypertension include diuretics, ACE inhibitors or 

angiotensin receptor blockers (ARBs), beta-blockers, and calcium channel blockers (CCBs). A 

combination of two antihypertensive medications is commonly used to achieve a certain ABP 

target and/or to minimize side effects (Nguyen et al. 2010).  

Antihypertensive drugs might significantly interfere with glycaemic control, insulin resistance, 

lipid metabolism, and electrolyte balance (Studyštefan et al. 2017). Therefore, care is taken when 

choosing an antihypertensive treatment in patients with MetS. On the other hand, some of these 

molecules, in addition to their effect on ABP, have beneficial cardiometabolic effects and are even 

recommended during MetS. For instance, ACE inhibitors, are well known for their 

nephroprotective, angioprotective, cardioprotective and metabolic effects (improve IR) (Israili et 

al. 2007; Studyštefan et al. 2017). Long-acting CCBs also improve IR. The ARBs are both 

renoprotective and cardioprotective. The combination of β-blockers to a diuretic to treat 

hypertension, has been reported to have favorable effect in terms of glucose tolerance and IR in 

MetS patients (Israili et al. 2007).  

4.2.5.1. Diuretics 

Diuretics can be divided into 3 groups: thiazides, loop, and potassium-sparing diuretics. 

Thiazides’ mechanism of action involves inhibiting the absorption of Na and Cl in the distal 

convoluted tubule (Nguyen et al. 2010). Generally, thiazides are the most preferred class of 

diuretics and were reported as the most commonly used for treatment of MetS (Katsimardou et al. 

2019) . Nevertheless, diuretic might induce hypokalemia, leading to hyperglycemia due to an 

indirect reduction in insulin secretion. Therefore, thiazide diuretics should be used in combination 

with potassium-sparing diuretics or with potassium supplements (Zillich et al. 2006).  

4.2.5.2. Renin-angiotensin system (RAS) inhibitors 

ACE inhibitors and ARBs, both result in the blockage of the RAS. A correlation between 

RAS and IR has been well established (Katsimardou et al. 2019). The mechanism behind this 

correlation is believed to be related to a state of vasoconstriction induced by the activation of the 

system, that affects the delivery of glucose and insulin to the skeletal muscle cells and leads to IR. 
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Therefore, RAS inhibitors not only have positive effect on hypertension but also on glucose 

metabolism (Henriksen and Prasannarong 2013). In addition, RAS inhibitors are associated with 

cardioprotection. In a prospective cohort study, conducted by Zreikat et al., it was found that ACE 

inhibitor/ARB use was associated with a lower risk of cardiovascular events in old hypertensive 

patients with MetS (Zreikat et al. 2014). In their study by Kintscher et al., showed that treatment 

with an ARB improved in blood pressure and metabolic risk factors (Kintscher et al. 2007). Takagi 

et al., also found improvement of metabolic parameters in patients with metabolic syndrome, in 

response to treatment with an ARB (Takagi et al. 2013).  In a meta-analysis by Y. Wang et al., an 

ARB was found to improves insulin resistance (Yan Wang et al. 2018).  

4.2.5.3. Beta blockers 

Overactivation of the SNS has been proposed as a key pathophysiologic mechanism, in the 

pathogenesis of hypertension in MetS (Thorp and Schlaich 2015). Therefore, inhibition of the 

sympathetic system is expected to be beneficial in the treatment of hypertension. However, some 

conventional β-blockers were found to induce negative metabolic effects, such as weight gain, 

glucose intolerance and dyslipidemia in addition to an onset of diabetes (Sharma et al. 2001; 

Mancia et al. 2006). These adverse effect seem to be mainly related to β2-AR blockade is associated 

with inhibition of insulin release (Philipson 2002; Studyštefan et al. 2017) and to vasoconstriction. 

In contrast, β-blockers, with a simultaneous alpha-adrenergic receptor blocking (vasodilating) 

effect seem to be associated with a better metabolic profile compared to traditional agents 

(Katsimardou et al. 2019). In the a prospective, open-label study (YESTONO) study that included 

hypertensive patients with T2DM three months of treatment with nebivolol improved the 

metabolic status (fasting blood glucose, HbA1c, total cholesterol, LDL-C, TG, HDL-C)(Bell, 

Bakris, and McGill 2009). In another study, after 6 months of treatment, in contrast to metoprolol, 

nebivolol reduced insulin resistance and oxidative stress in patients with hypertension (Celik et al. 

2006).  

4.2.5.4. Calcium channel blockers. 

CCBs are considered safe in the treatment of MetS. They are often used in combination with 

another antihypertensive medication. CCBs, were found to be associated with a lower incidence 

of diabetes and resulted in better metabolic and anti-inflammatory effects, when combined to a 
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ARB, than when combined to a diuretic in  hypertensive patients with MetS (Martinez-Martin et 

al. 2011). In a randomized controlled trial study, conducted by Zanchetti et al., treatment with a 

CCBs lead to a lower progression of carotid atherosclerosis as well as a lower incidence of new 

MetS, compared to treatment with a β-blocker (Zanchetti et al. 2007). 

4.2.6. Investigational agents (repurposable) 

Signaling through the NO-sGC-cGMP-PKG cascade has gained a lot of attention from 

researchers (M. Park, Sandner, and Krieg 2018) and has emerged as an attractive target in the 

treatment of metabolic and CVD. This is mainly due to a growing body of evidence that have 

proven that modulation of the NO-cGMP signaling, by pharmacological tools, could be effective, 

notably, in metabolic and CVD contexts (J.-P. Stasch et al. 2002; Mitschke et al. 2013; Nossaman 

and Kadowitz 2013; Pfeifer et al. 2013; Ramirez et al. 2015; M. Park et al. 2018). NO-cGMP 

signaling is not only a regulator of vascular tone and insulin action but is also a key player in the 

regulation of energy and fuel homeostasis (Ayala et al. 2007). For instance, sildenafil citrate a PDE 

5 inhibitor that leads to increased cGMP levels was proven to be effective in reducing weight, 

improving glucose tolerance, insulin sensitivity and lipid profiles and reversing ED (Ayala et al. 

2007; Behr-Roussel et al. 2008; Salih Sahib et al. 2014; Ramirez et al. 2015). Moreover, what 

makes activation of the NO-cGMP axis, an appealing target is the fact that it promotes lipolysis 

and stimulates thermogenic pathways, leading to decreased WAT-mediated fat storage and to 

increased BAT-mediated energy expenditure (EE), respectively  (Cypess and Kahn 2010; G. W. 

Kim et al. 2014). Pharmacological strategies to increase cGMP include mainly increasing NO, 

activating soluble guanylate cyclase directly, or decreasing the degradation of cGMP by using a 

PDE 5 inhibitor (Ramirez et al. 2015).  
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Figure 15: Activation of NO-sGC-cGMP pathway can occur at different levels. 

β3-adrenoceptor agonist stimulate the production of nitric oxide (NO) though activation of nitric oxide synthase 

(NOS). NO donors, stimulate soluble guanylyl cyclase (sGC).  sGC stimulators and activators increase the activity of 

sGC. Activated sGC stimulates production of cyclic guanosine 3’,5’-monophosphate (cGMP). Phosphodiesterases 

(PDEs) inhibitors, inhibit the break down of cGMP. Inspired by (Kadowitz and Nossaman 2013) .   

4.2.6.1. Mirabegron  

Mirabegron has been classified as a (β3-AR) agonist and has been FDA approved for the 

treatment of overactive bladder (Chapple et al. 2014; Warren et al. 2016; Dehvari et al. 2018). β3-

ARs are expressed in endothelial cells, smooth muscle cells, cardiac myocytes and adipocytes of 

brown and white adipocytes as well as in other tissues  (Cannavo and Koch 2016; Michel and 

Balligand 2017).  

β3-ARs can activate signaling pathways that may protect the heart, facing myocardial stress 

(Michel and Balligand 2017). One of the proposed mechanism is that β3-ARs can act as a brake to 

prevent β1 and β2-ARs overactivation, due to their coupling to Gαi which leads to activation of 

eNOS/nNOS-NO-sGC- cGMP- PKG pathway. In addition, β3-ARs stimulation improves cardiac 

and vascular muscle relaxation by activating the NOS-NO-sGC-cGMP-PKG pathway in the 

cardiovascular system (Balligand 2016).  

β3-ARs activation is currently one of the best known pharmacological approach for stimulating 

brown and beige fat (Finlin et al. 2020). The rediscovery of BAT in adult humans in 2009 led to 

an increased interest in its targeting (Symonds et al. 2018; Alcalá et al. 2019; Kiranmayi and 

Bhargav 2019). β3-ARs stimulation leads to activation of mitochondrial protein uncoupling-

protein 1 (UCP1) of BAT and of the cAMP-PKA axis of WAT, triggering non-shivering 

thermogenesis (increased energy expenditure) and lipolysis (reduce fat stores), respectively 
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(Himms-Hagen et al. 1994; Collins 2012; Cypess et al. 2015; Szentirmai and Kapas 2017a; 

Clookey et al. 2019). β3-AR agonism has also been proven to decrease food consumption and 

weight, to improve glucose tolerance and insulin sensitivity and to even induce browning also 

known as beiging of WAT (Grujic et al. 1997; Diaz et al. 2014; Cero et al. 2018; Finlin et al. 2020; 

O’Mara et al. 2020).  

4.2.6.2. BAY 41-2272 

BAY 41-2272 belongs to a class of drugs called sGC modulators. It is an NO-independent 

heme-dependent sGC stimulator that directly activate sGC but does so synergistically with NO, 

potentiating the effect of low levels of NO and elevating the maximal catalytic rate of sGC (Tsai 

and Kass 2009). Compounds that belong to the same class of drugs are mainly used for the 

treatment of pulmonary arterial hypertension (PAH), i.e. Riociguat was approved for  the treatment 

of PAH in 2013 (Sandner et al. 2017). sGC activation was proven effective in lowering blood 

pressure, conferring vasoprotective actions and decreasing cardiac hypertrophy in several animal 

models. In addition, direct sGC stimulation was reported to be beneficial in thrombogenic and 

inflammatory disorders, including atherosclerosis (Stasch et al. 2011).  

 

Figure 16: Therapeutic effect of mirabegron and BAY 41-2272 through activation of the NO-cGMP axis in adipose 

tissue, heart and vessels. 
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Mirabegron and BAY 41-2272 activate the β3 adrenergic receptors and sGC-cGMP in adipocytes, respectively (left), 

resulting in increased lipolysis (WAT), energy expenditure (increased lipolysis and thermogenesis in BAT), adipocyte 

beiging and browning, and peripheral insulin sensitivity (through transcapillary passage of insulin to target tissues; in 

cardiac myocytes (center), resulting in antioxidant and cGMP‐mediated protective effects against remodeling and 

improved relaxation; and  in endothelial cells of the vasculature (right; including coronary resistance arteries), thereby 

increasing endothelium‐dependent vasodilatation and myocardial perfusion. Inspired by (Balligand 2016) (Pouleur et 

al. 2018).  

4.3. Other interventions 

4.3.1. Bariatric surgery  

Bariatric surgery is being increasingly used to aid weight loss in patients with severe obesity 

and to help improve their metabolic status (Frühbeck 2015). In addition, Sjöström et al., showed 

that  bariatric surgery was associated with lower incidence of  cardiovascular events in obese adults 

and reduced number of cardiovascular deaths (Sjöström et al. 2012).  Weight regain is not 

uncommon after conventional weight loss programs especially in severely obese individuals, 

which is probably due to a lowering of resting EE with weight loss (loss of muscle mass) (K. Y. 

Chen et al. 2020). Therefore, bariatric surgery might represent a potential procedure that leads to 

sustained weight loss and long-term health benefits (Jones and Bloom 2015). However, weight-

loss surgery is not without risk (Benotti et al. 2014). Therefore, it is often used as the last resort, 

when behavioral interventions or even pharmacotherapy is unsuccessful or even sometimes not 

possible. Specific criteria such as BMI (kg/m2) >40 and of 35-40 for patients with comorbid 

conditions, have been established to select patients for such intervention (Frühbeck 2015). 

Metabolic complications have been reported. These include protein malnutrition, metabolic bone 

disease, and deficiency of iron, calcium, and vitamins (e.g. A, B12, D, E, and K). The indication 

of this surgery requires that the benefits exceed the high risks of obesity-related complications. 

Thus surgeons remain reluctant in performing these procedures (Mallare et al. 2005).  
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II. Objectives of the study  

MetS is considered a health and economic burden to society due to its association to increased 

risk of T2DM and CVD. Therefore, scientific investigation to improve therapeutic and preventive 

measures has become essential. 

Growing body of evidence have proven that modulation of the NO-cGMP signaling, by 

pharmacological tools, could be effective, notably, in metabolic and CVD contexts (J.-P. Stasch et 

al. 2002; Mitschke et al. 2013; Nossaman and Kadowitz 2013; Pfeifer et al. 2013; Ramirez et al. 

2015; M. Park et al. 2018). We hypothesized that chronic pharmacological activation of the NO-

sGC-cGMP pathway might represent a promising pharmacological modality for managing the 

combination of two major components of the MetS, dyslipidemia and IR. 

Our first aim was to develop and characterize an experimental animal model of diet-induced 

MetS with dyslipidemia and IR as main factors. 

Our second aim was to investigate the efficacy of a β3-AR agonist (mirabegron) and a sGC 

stimulator (BAY 41-2272) in attenuating the metabolic disturbances associated with the 

dyslipidemia-IR combination, and thereby in preventing the development of metabolic and 

cardiovascular changes/consequences of the MetS. 

In this regard, we worked on WHHL rabbits, animal models of FH and spontaneous 

dyslipidemia due to a genetic defect in their LDLr. We used a HFFD in order induce IR. Our 

experimental protocol lasted for 12 weeks, and included four groups of WHHL rabbits: control, 

HFFD, HFFD with BAY 41-2272 and HFFD with mirabegron.  
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III. Experimental study   
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5. Materials and methods  

5.1. Animals  

Watanabe Heritable Hyperlipidemic Rabbits (male and female) weighing 2.8-3.5 kg were used 

in all experiments. They were randomly divided into four groups: Control (n=9), HFFD (n=12), 

HFFD+BAY (n=9) and HFFD+MIR (n=9). These groups respectively received a standard chow 

diet (3410.PS.S10; SERLAB, France), a high-fructose and high-fat diet13 (HFFD, modified 

3410.PS.S10; SERLAB, France), a HFFD along with BAY 41-2272 (n=9) and a HFFD along with 

MIRABEGRON (n=9). The pharmacological treatments were orally administrated. The purpose 

of our study was to induce insulin resistance rather than obesity14. Thus, we used a HFFD which, 

compared to a standard chow diet, is rich in sugar and fat but contains less protein and fibers (Ning 

et al. 2015). This avoids excessive body weight gain.  

5.2. Ethical care of animals 

Animals were housed in individual cages, located in a room that was maintained at constant 

temperature (21°C) and humidity (>45%), under a 12h dark/light cycle with Ad libitum access to 

food and water. Temperature and humidity were constantly checked to make sure that the animals 

were always in normal environmental conditions.  

To promote animal welfare, a toy, a small tunnel, and a small stick to chew on were placed in 

each cage. An acclimation period of one week was always respected in order to give animals time 

to stabilize in their new environment. A food transition was applied at the arrival of the animals to 

prevent sudden environmental change and diarrhea.  

A veterinarian frequently examined animals for any possible concomitant disease. Weight was 

used as strong indicator of animal health.  Thus, animals were constantly weighed. Animals were 

fasted for maximum 12 hours when blood withdrawal and a glucose tolerance test needed to be 

performed. An anesthetic cream was applied prior to ear catheterization to prevent animals from 

feeling pain and distress. The amount of blood withdrawn did not exceed 10% of the animal’s total 

                                                 
13 A 30 % fructose, 10 % coconut oil enriched chow diet. 
14 Might be a confounding factor during results analysis 



   

 

66 
 

blood volemia. If another blood withdrawal needed to be performed, an interval of two weeks was 

respected. 

All procedures were performed in accordance with the National Institute of Health Guide for 

the Use and Care of Laboratory Animals guidelines and they are all conducted with the approval 

of ONIRIS Ethics Committee of Pays de la Loire (APAFIS n° 10722). 

5.3. Study design 
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5.4. Blood withdrawal and Intravenous glucose tolerance test  

Blood withdrawal and intravenous glucose tolerance test (IVGTT) procedures were performed 

at baseline and at the end of the protocol. Animals were fasted overnight. 

The auricular artery was cannulated (24 G, Vasofix), 15 min after the topical anesthetic 

(EMLATM cream; 2.5% lidocaine, 2.5 prilocaine) was applied. Blood was withdrawn in 

heparinized tubes. Then, the catheter was fixed to be used during the next two hours. Small blood 

amounts were drawn at baseline and after 15, 30, 45, 60, 90 and 120 min glucose loading. Samples 

were collected on ice and later centrifuged (10000g, 15 minutes, 4°C). The plasma was then stored 

at -80°C for later plasma insulin quantification.  

Another 24 G catheter was used to cannulate the anesthetized (with EMLATM cream) auricular 

vein of the other ear. Rabbits were intravenously injected with a bolus of glucose solution (0.6 

g/kg body weight). Then the catheter was disposed.  One drop of whole blood, obtained from the 

other marginal ear vein, was used to measure glycaemia. This was performed, using a glucose 

meter (ONETOUCHVERIO;  2012 LifeScan, Inc.), at baseline and 15, 30, 45, 60, 90 and 120 

min after the glucose injection (Dimitrova et al. 2008)(Ning et al. 2015).  

Two different area under the curve (AUC) were calculated, that of the IVGTT (AUC-GTT) 

and that of insulin curves (AUC-Insulin). They were calculated by the trapezoidal method15 using 

GraphPad PRISM® software (version 8.1) (Antunes et al. 2016).  

Homeostasis Model Assessment of basal Insulin Resistance (HOMA-IR) was calculated 

using the following equation: [(fasting plasma glucose (mmol/l) x fasting plasma insulin 

(µU/ml))/22.5] (Matthews et al. 1985)  (Antunes et al. 2016). 

 

  

                                                 
15 Consists in multiplying the cumulative mean height of glucose (mg.dL-1 or g/L) by the time (in hours or min) 
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Table 2: Li.st of pharmacological substances used in our experiments. 

Pharmacological  

molecule (Supplier) 

Pharmacological properties Concentration/ 

Solvent 

Phenylephrine 

hydrochloride 

(Sigma-Aldrich) 

α1-adrenoceptor agonist 

 

10-9M to 3.10-5M/ 

Distilled water 

Acetylcholine chloride  

(Sigma-Aldrich) 

Muscarinic and nicotinic receptor 

agonist 

10-9M to 3.10-5M/ 

Distilled water 

Sodium nitroprusside 

(Sigma-Aldrich) 

Nitric-oxide (NO) donor 10-10M to 3.10-6M / 

Distilled water 

Human insulin 

(Sigma-Aldrich) 

Insulin receptor agonist 10-9M to 3.10-6M/ 

Hydrochloric acid (0.01 

M) 

Isoprenaline  

hydrocholride 

(Sigma-Aldrich) 

Non-selective β-adrenoceptor  

agonist (inodilator) 

10-9M to 10-6M/ 

Distilled water + 

ascorbic acid 1% 

 

5.5. Isolated heart 

5.5.1. Generalities   

The isolated heart model represents a highly significant tool widely used in cardiovascular 

research. The Langendorff technique is one type of many isolated perfused heart preparations that 

serve for investigating physiological and pharmaceutical parameters (Olejnickova, Novakova, and 

Provaznik 2015). Like any isolated organ experiment, the advantage of the Langendorff isolated 

heart is that measurements can be achieved without hormonal and neuronal interferences 

originating from outside of the heart. This allows the investigators to explore specific cardiac drug 

responses (Dhein 2005).  



   

 

69 
 

5.5.2. The Langendorff heart principle 

There exists two different setups of the Langendorff isolated heart preparations, one is pressure 

constant while the other is flow constant. The Langendorff technique involves perfusing the heart 

via an aortic cannula inserted into the ascending aorta. The cannula delivers the oxygenated 

perfusion solution to the heart in a retrograde manner, either at a constant pressure or at a constant 

flow. A constant pressure rate is achieved by controlling the hydrostatic pressure while a constant 

flow rate is attained by using a peristaltic (roler) pump. During diastole, the perfusion solution 

flows retrogradely within the aorta and then orthogradely within the coronaries. The retrograde 

perfusion pressure closes the aortic valve, and thus shunts the perfusate into the coronary ostia at 

the aortic root. Consequently, the coronary vasculature is perfused and the viability of the heart 

muscle is maintained.  Then, the perfusate enters the right atrium via the coronary sinus and flows 

out of the heart via the right ventricle and the severed pulmonary artery (Liao et al. 2012)  

(Skrzypiec-Spring et al. 2007). 

5.5.2.1. The Langendorff apparatus  

The Langendorff apparatus (Figure 17) is a water-jacketed system filled with de-ionized water 

to help keep all its parts at a physiological temperature 37-38°C. It consists of: 

 A perfusion solution bottle/reservoir that contains the perfusion solution (1). 

 A heart chamber that covers the heart, avoiding heat loss and evaporation and thus protects 

and maintains the heart at 37-38°C (2). 

 A peristaltic pump that is used to transport the perfusate from the reservoir to the heart (3). 

 A bubble trapper that eliminates all the bubbles that might be circulating in the system, 

thus protecting the heart from embolism (4). 

 A thermal circulating pump that pumps the heated de-ionized water throughout the water 

jacket of the system. Thus, warming and maintaining the system at constant temperature. 

 An oxygenation system that involves using fritted glass fused to a glass pipe connected to 

a carbogen gas tank with a reduction valve and placed in the perfusion solution bottle where 

it oxygenates the perfusate. 
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Figure 17: Isolated heart apparatus 

5.5.2.2. Perfusion  

The perfusion solution (blood, Tyrode, Locke or Krebs-Henseleit) should be propererly 

oxygeneted using carbogen and kept at a physiological temperature. Carbogen consists of a 95% 

O2 and 5% CO2 gas mixture. The former is required for oxygenation while the latter is required 

for correct adjustment of the pH=7.4. The perfusate used in our lab is a krebs solution (table) that 

was filtered using a bottle top vacuum filtration system with a 0.2 m PES membrane (VWR).  To 

achieve proper oxygenation and pH the perfusion solution was constantly bubbled with carbogen. 

This establishes an equilibrium between bicarbonate buffer contained in the solution and the CO2 

1 
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and allows the stabilization of PCO2 and pH. The perfusion was performed at a constant flow-rate 

mode (Dhein 2005). The coronary flow was calculated using the following equation: CF = 7.43 × 

HW0.56  (Döring and Dehnert 1988)(Döring 1990). We estimated the heart weight according to 

the animal’s weight. 

Table 3: Composition of krebs solution, with all components needed to simulate the physiological conditions. 

Molecule Concentration 

(mM) 

Major role 

NaCl 118.3 Plays a role in osmolarity & in maintaining the membrane 

potential through a high Na+ & Cl- extracellular concentration. 

KCl 4.7 Maintains the membrane potential through a high K+ intracellular 

concentration. K+ regulates the potassium channels, affecting the 

contractile state of small arteries. 

MgSO47H2O 1.2 The Mg2+ ion is an important enzyme cofactor. 

NaHCO3
16 20.0 Acid-base buffer. It is the main physiological pH buffer in plasma. 

KH2PO4 1.2 Acid-base buffer. 

Glucose 11.1 Energy source. 

EDTA 0.016 Chelates metal ions. 

CaCl2 2.5 Ca2+  is an important enzyme cofactor & 

Also plays a central role in the molecular mechanism of 

contraction. 

 

5.5.3. Practical approach 

The animal was first anesthetized with an intravenous injection of Sodium Pentobarbital17 (40 

mg/kg). Second, after the nociceptive reflex activity was lost, a thoracotomy was performed and 

                                                 
16 The bicarbonate ions establish equilibrium with CO2 in the solution & thus control PCO2 & pH  
17 One of the anesthetics that are usually washed out during perfusion & thus do not impair measurements. 
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the animal was exsanguinated at the abdominal aorta level. Next, the diaphragm was incised and 

the thorax was opened by cutting both, left and right side. Then, the heart was rapidly freed from 

the pericardium, excised and transferred into ice-cold filtered Krebs’ solution18 (Lou et al. 2011; 

L. Wang et al. 2015). The solution was filtered in order to eliminate all the particles and impurities 

that might either be deleterious to the coronary circulation or falsify the signal (Dhein 2005).  

Afterwards, the ex-vivo retrograde heart was connected to an aortic 4 mm cannula 

(ADInstruments) and perfused at a constant flow-rate (22-28 mL/min) using a peristaltic pump. 

The freshly prepared and filtered 37-38°C Krebs solution residing in the perfusate reservoir was 

constantly bubbled with carbogen using a fritted glass pipe. Once, attached to the cannula, the 

double-walled thermostatic heart chamber was moved upward. A de-ionized water-filled latex 

balloon connected to a pressure transducer was inserted through the mitral valve into the left 

ventricle to allow isovolumetric contractions and to continuously record the developed force of the 

left ventricular pressure (LVP) as an index of cardiac contractility. Then the balloon’s volume was 

adjusted using a water-filled syringe so that the desired end-diastolic pressure (8-10 mmHg) is 

achieved. The balloon size had to fit the size of the left ventricular cavity.  Thus, it was estimated 

according to the animal’s weight.  Another pressure transducer located above the aorta recorded 

the perfusion pressure (PP), an index of coronary vascular tone (Dhein 2005). The heart was 

allowed to stabilize for 20 minutes before it was infused with different Isoproterenol 

concentrations (10-10 to 10-5 M), with a 10-12 minutes wash between every two consecutive 

infusions. We wanted to simulate physical exercise and observe how the heart responds to 

increased exercise intensity. This is why we used increasing concentrations of isoprenaline or 

isopoterenol, which is a potent nonselective β-AR agonist. It is a cardiac positive inotrope, 

chronotrope and lusitrope as well as a vasodilator. The heart responds to this molecule similarly 

to the way its responds to exercise. This is also called pharmacologic cardiac stress test.   

  

                                                 
18 The cold solution induces cardioplagia, reducing the heart’s energy consumption. 
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5.5.3.1. Recorded parameters  

Data acquisition and recording were achieved using Powerlab 8/35 LabChart® Pro 

(ADInstruments, France) Software. Five pharmacodynamic endpoints were studied in order to 

assess contractility (inotropy), relaxation (lusitropy), heart rate (chronotropy) and coronary 

vasodilation: 

 Inotropy: 

 LVDP (mmHg): The left ventricular developed pressure is the difference 

between the maximum pressure in systole and the minimum pressure in 

diastole.  

 dP/dTmax (mmHg/s): The first derivate of the left ventricular pressure in systole. 

It reflects the contraction velocity of the left ventricle. 

 Chronotropy: 

 Heart rate (bpm) 

 Lusitropy: 

 dP/dTmin (mmHg/s): The first derivate of the left ventricular pressure in diastole. 

It reflects the relaxation velocity of the left ventricle.  

 Coronary vasodilation: 

 Coronary perfusion pressure. 
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Figure 18: An example of the monitered parameters, recorded during the Langendorff experiment. 

 

5.6. Pulse wave velocity 

5.6.1. Generalities 

Also known as vitesse d’onde de pouls. Measuring the pulse wave velocity (PWV) is 

considered to be the in vivo gold standard method for assessing arterial stiffness, given the fact 

that PWV is a marker of arterial elasticity (Laurent et al. 2001). It is known to be a non-invasive, 

reproducible and inexpensive procedure, that is readily used in both experimental and clinical 

settings (Gajdova et al. 2017). In addition, it was shown that measuring the PWV is a very useful 

technique that is of great clinical importance in the evaluation of cardiovascular risk and thus in 

the prediction of future cardiovascular events (Barseghian et al. 2019; Mitchell 2009). 

5.6.2. Pulse wave velocity principle  

The PWV measurement technique allows the study of the arterial wall viscoelasticity. It is 

based on the following physical principle: the pressure wave propagation in a solid medium is 

directly proportional to the rigidity of this latter. To put it another way, the arterial pulse wave 

diffuses along the arteries at a speed that is inversely proportional to the distensibility of the arterial 

wall. Thus, studying the wave propagation through an arterial segment allows us to indirectly 
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Intraventricular pressure 

Perfusion pressure 

Heart rate 

dP/dT max 

max 
dP/dT min 



   

 

75 
 

assess the vascular rigidity of this latter (Greenwald 2002). The pulse pressure wave consists of 

two components, a forward (incident) wave and a reflected wave (Figure 19) at any point along 

the arterial system. The left ventricle generates the incident wave during systole. Then the reflected 

wave travels back from the periphery to left ventricle during diastole. When the arterial wall 

elasticity decreases, the artery loses its distensibility as well as its cushioning function that usually 

absorbs most of the blood flow pulsatility. This decreased elasticity/increased stiffness, causes the 

incident wave to travel faster leading to earlier return of the reflected wave (Safar and Frohlich 

1995). This is practically perceived, as a decrease in the time interval (∆t) between the two waves 

and consequently an increase in the PWV value (Gkaliagkousi and Douma 2009). Therefore, this 

technique allows us to assess the viscoelastic properties of the arteries.  

5.6.3. Practical approach 

Two sets of PWV measurements were performed: one at the beginning of the protocol and 

another at the end of the protocol. Animals were kept conscious throughout the experiment and 

were wrapped in a towel to prevent their movements and to decrease their stress (Figure 20). Two 

piezoelectric sensors (ADInstruments) were placed, one on the auricular artery and another on the 

caudal one. Recordings of pulse waves were made during 10 min with the software 

(ADInstruments LabChart v8.1.5). The measurement point (the foot of each pulse wave) was 

determined using the second derivative of the pulse wave signal. Both the distance between the 

two sensors and that between the auricular artery 

and the sternal manubrium, were noted each time. 

Then, the ∆x was calculated by substracting the 

two distances. The time interval (∆t) between the 

foot of the auricular waveform and that of the 

caudal waveform was measured by the software.  

The PWV is calculated using the formula PWV 

(m.s-1) = ∆x/∆t (Figure 19) (Tissier et al. 2016a).  

 

Figure 19: Measurement of PWV between the foot of 

each pulse wave. 
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Figure 20: A rabbit during PWV measurement. 

 

                                       Figure 21: An example of the recordings made during PWV measurement. 

    Caudal artery pulse wave 

  Auricular artery pulse wave 

             Heart rate  
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5.7. Histochemical and Immuno-histochemical analysis 

Immediately after the animal was sacrificed, we evaluated the effect of HFFD on the 

development and evolution of atherosclerosis in Watanabe rabbits. The cranial thoracic aorta, 

specifically the area preceding the aortic arch was removed and sampled. These samples were 

fixed by immersion in neutrally buffered 10% formalin followed by dehydration and paraffin 

embedding. Then, serial 4µm thick sections were routinely cut and stained. 

For histological analysis of thoracic aorta, sections were stained with hematoxylin and eosin, 

safranin (HES).  Green Masson’s trichrome and Orcein stains were used to assess collagen and 

elastic fibers, respectively. Quality of the lesion was evaluated under light microscope.  

Immunohistochemistry: In order to study the cellular components of the thoracic aorta, 

automated immunohistochemistry (Benchmark XT, Ventana Medical Systems, Roche 

Diagnostics) was performed. The detection systems were the iView DAB detection kit (Ventana 

Medical Systems, Roche Diagnostics, 760-091) (Other sections were immunohistochemically 

stained with macrophage antibody (clone RAM11, mouse monoclonal, 1:1200 dilution, Dako 

Corp, USA) and  muscle actin antibody  (clone HHF35, mouse monoclonal, 1:50 dilution, Dako 

Corp, USA), two monoclonal antibodies that detect macrophages and smooth muscle cells 

(SMCs), respectively. 

Using an image analysis system (FIJI), the extent of atherosclerotic lesions in the aorta was 

expressed as a percentage of the lesion area and the degree of intimal thickening. For determination 

of average intima thickening, the following equation was used: area of intimal lesion/length of 

media. The same software was also used for the quantification of elastin fibers, macrophages and 

SMCs, which was performed by calculating the percentage of immunostaining in lesion area. 

Finally, an algorithm could not be used for the collagen contents (fibrosis). The latter was graded 

by a certified veterinary pathologist.  
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Figure 22: Histochemical and immuno-histochemical methods atheroma lesions grading. 

5.8. Vascular reactivity on isolated carotid artery 

5.8.1. Generalities 

The isolated vessel method is a classical approach that allows investigating the vessel segments 

function, i.e. of their reactions to the application of vasoactive substances. Under in vivo 

conditions, vessel responses depend on complex interactions between different cell types19and 

factors20.  In terms of mechanistic experimental findings, this limits the possibility of appropriate 

interpretation. Therefore, this in vitro method allows controlling all the confounding factors that 

might interfere with data interpretation (Schubert 2005). 

5.8.2. Principle of isolated vessel approach 

The segments are mounted between a triangular steel hook support (fixed) and a triangular 

movable steel hook (Figure 24). The movable hook holding the upper part of the ring segment is 

                                                 
19 Smooth muscle cells, endothelial cells and various cells in the adventitia 
20 Factors released from nerve endings, metabolites originating from the surrounding tissue, hormones transported by 

the blood flow, mechanical factors like shear stress and transmural pressure and also the behavior of proximal and 

distal vessel segments. 
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attached to a force transducer allowing wall force to be measured. The principle of this method is 

that whenever a vasoactive substance induces tension variations, a transducer records these 

changes. These preparations can be investigated either under isotonic21 or isometric conditions. In 

our experiment we used the isometric conditions preparation, where the vessel circumference stays 

constant and where only changes in force are recorded when pharmacological agents take action. 

 

Figure 23: EMKA apparatus used for the vascular reactivity experiment (on the left). A 10ml organ bath with a 

mounted carotid artery ring and Krebs solution (on the right). 

 

 

 

 

 

 

 

 

                                                 
21 The circumference is adjusted during changes in activation in order to achieve a constant force. 

Triangular Steel hook support 

Triangular movable steel hook 

Carbogen 

Krebs solution 
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Figure 24: A schematic representation of an organ bath. 
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5.8.3. Practical approach 

Immediately after the heart’s excision, a skin incision adjacent (0.5-1cm) to the trachea, 

showing the underlying fascia and fat tissue, was made. The carotid artery and vagus nerve were 

exposed through a dissection of the medial side of the internal jugular vein. The carotid artery was 

removed and placed in ice-cold Krebs’solution (Table 2). After being dissected, free of fat and 

connective tissue the artery was cut into 3-5mm ring segments. These segments were mounted 

between the two hooks and then suspended in 10-mL organ baths, containing Krebs’ solution. To 

simulate the physiological environment this solution was maintained at 37°C, and constantly 

gassed with Carbogen. Care was taken not to injure the endothelium during the preparation.  The 

segments were gradually loaded to an initial tension of 2g22 and allowed to equilibrate for 1 hour. 

During the equilibration phase the rings were washed four times (one wash every 15 min). 

Then, to evaluate the viability of the vessels, the segments were contracted with two different 

80 mM KCl injections, separated by a 15 min  interval. The maximum tension value reached after 

the second KCl injection was later used in data analysis.  Afterwards, the endothelial integrity was 

verified by adding Ach23 (10-6 M) to the Phe24 (3.10-6 M) pre-contracted rings.  Later, the rings 

were washed until their resting tension of 2g is reached again. The rings with less than 60% 

relaxation were considered non-reliant and were later excluded from our data during results 

analysis.  

Next, to asses vascular contractility, cumulative concentration-response curves to Phe (10-9 to 

3.10-5 M) were constructed. The concentration that induced a 70-80% of maximal contraction was 

later used to induce a pre-contraction before starting the relaxation curves. Again, the rings were 

washed until their basal tension level of 2g is reached. 

Finally, to assess the vascular relaxation, cumulative concentration-relaxation curves 

(CCRCs), on Phe pre-contracted rings, to four different molecules, were built:  

 SNP (10-10 to 3.10-5 M) to evaluate endothelium-independent relaxation. 

                                                 
22 A pilot study, using 80mM KCl, was conducted to determine the preload that should be used for the carotid artery 

of rabbits 
23 A  M3 muscarinic receptor agonist in the endothelium. 
24 An AR-α1 agonist. 
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 Ach (10-9 to 3.10-5 M) and insulin (Ins, 10-9 to 3.10-6 M) to evaluate endothelium-

dependent relaxation. 

 

Figure 25: An example of CCRC to phenylephrine and acetylcholine 

5.8.3.1. Data acquisition and analysis  

Tension was continuously measured with the use of a computerized, automated isometric 

transducer system (EMKAbath4, EMKA technologies, France) and recorded using a data 

acquisition software (iox2 version 2.9.5.20). The percentage of contraction and relaxation were 

calculated relative to the maximal contraction produced by KCl and Phe, respectively. The 

following equations were used to calculate the percentage of contraction and relaxation, 

respectively: 

Percentage of contraction (%): (
𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑟𝑒𝑎𝑐ℎ𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛−𝑏𝑎𝑠𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 (2𝑔)

𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 2𝑛𝑑 𝐾𝐶𝑙 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛−𝑏𝑎𝑠𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 (2𝑔)
) × 100 

Percentage of relaxation (%): (
𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑃ℎ𝑒 𝑝𝑟𝑒𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛− 𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑟𝑒𝑎𝑐ℎ𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑃ℎ𝑒 𝑝𝑟𝑒𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛−𝑏𝑎𝑠𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛(2𝑔)
) × 100 

5.9. Echocardiography 

To assess the left ventricular (LF) global systolic function, transthoracic echocardiography 

(TTE) was performed at the baseline and at the end of the three months protocol. Conscious 

animals were restrained in prone (ventral) position without being detained on the table25.  Since 

animals were not anaesthetized, this strategy gave the operator an easier access to the 

                                                 
25 Rabbits were immobilized by being held tight to the chest of the person, with whom animals were familiar.  
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echocardiographic windows. The Electrocardiographic (ECG) signal recording was obtained by 

placing three different electrode sensors26 at different locations on the animal’s skin.  

5.9.1. Right parasternal approach 

5.9.1.1.Two-dimensional (2D) imaging  

The echocardiographic examination started with a long axis four-chamber cross-sectional right 

parasternal view, the linear ultrasound transducer (probe/beam) was held slightly in an oblique 

position at the 3rd - 4th intercostal space level. It allowed a general evaluation of the heart i.e. 

visualization of the four chambers, the atrio-ventricular vales, the interventricular and interatrial 

septa. 

5.9.1.2. 2D-guided Motion mode (M-mode) imaging 

Then, for a short axis trans-ventricular cross-sectional view also called mushroom view, the 

ultrasound beam was rotated 90° towards the animal’s elbow. For time-motion, recording the M-

mode cursor was placed exactly perpendicular to both the interventricular septum and the left 

ventricular free wall and crossing through the center of the left ventricular cavity. The ECG chart 

served as a landmark for the measurement of the left ventricular dimensions27 during systole and 

diastole. The software automatically calculated both the left ventricular fractional shortening 

(LVFS) and ejection fraction (LVEF). Two consecutive heart cycles were measured and the 

average was used for analysis. 

LVFS = 
 LVIDd – LVIDs 

LVIDd
 × 100%   

Where, LVIDd = LV internal diameter at end diastole & LVIDs = LV internal diameter at end 

systole. 

LVEF = 
 LVEDV – LVESV

LVEDV
 × 100%  

                                                 
26 The red one, the black one and the yellow one were placed on the lower right side of the thoracic cavity, on the right 

hind limb and on the lower right of the thoracic cavity, respectively 
27 The measurement of LV dimension when the time cursor is placed at or immediately before the peak of the R-wave 

in QRS complex is considered as LVIDd. The LV dimension at the end of T-wave in electrocardiogram (ECG) is 

taken for LVIDs. 
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Where, LVEDV = LV end-diastolic volume & LVESV = LV end-systolic volume. 

5.9.1.3. Doppler imaging: color-flow mapping mode  

A short axis modified trans-aortic right parasternal approach was used for the pulmonary flux 

evaluation. A sectorial probe was used for this part of the examination. The ultrasound probe was 

kept in same angle position as in the TM mode but was oriented towards the base of the heart. This 

allowed assessment of the pulmonary artery flow pattern. Since the flow towards the transducer is 

red, and the one away from the transducer is blue, the pulmonary flux is perceived in blue in color-

flow mapping mode. Spectral pulsed-wave Doppler was used to determine the velocity of the 

pulmonary flow. 

5.9.2. Left parasternal approach 

5.9.2.1. Doppler imaging: color-flow mapping (CFM) mode  

The echocardiographic examination ended with an aortic flux assessment, a long axis five 

chambers cross-sectional view was used. This allowed the measurements of aortic blood flow 

direction and velocity. Same, the aortic flux is also perceived in blue. 

5.10. Biochemical analysis 

5.10.1.  Plasma lipid quantification 

For the quantitative determination of total cholesterol (TC), triglycerides (TG), free fatty acids 

(FFA) and HDL-C plasma levels, we used an enzymatic colorimetric method. The dosages and the 

concentration’s determination were performed according to the supplier’s instructions (DiaSys 

enzymatic commercial kits).  Meanwhile, low density lipoproteins (LDL-C) levels were calculated 

using the friedwald’s equation. Samples were deposited in a 96-well microplate. Then, after the 

reagents were added, plate were incubated at 37°C, for 10 min. The absorbance was read at 490 

nm using a microplate reader. 

5.10.2.  Plasma insulin quantification 

For the quantitative determination of insulin plasma levels, we used a sensitive Enzyme Linked 

ImmunoSorbent assay (ELISA) sandwich assay (Rabbit insulin ELISA kit, Crystal Chem High 

Performance Assays, USA). The latter is based on three main reactions. The first occurs when the 

samples are deposited in the 96-well microplate. Insulin in the samples bind to the guinea pig anti-
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insulin antibody coated on the microplate wells. Then the second reaction occurs when horseradish 

peroxidase (HRP) (POD)-conjugated anti-insulin antibody is bound to the guinea pig anti-insulin 

antibody/rabbit insulin complexes immobilized to the microplate wells. Finally, the third reaction 

which is an enzymatic reaction occurs when bound POD conjugate in the microplate well is 

detected by the addition of the 3, 3’, 5, 5’-tetramethylbenzidine (TMB) substrate solution. The 

absorbance was read at 450 nm and 630 nm using a microplate reader. The insulin concentration 

was determined via interpolation using the standard curve generated by plotting absorbance 

(A450-A630) versus the corresponding concentration of rabbit insulin standard. 

5.10.3.  Plasma tumor necrosis factor-α and interleukin-6 quantification 

For the determination of plasma TNF-α and IL-6 plasma levels we used, sandwich ELISA 

assays (DuoSet® ELISA, R&D Systems Europe, Ltd). In these kits, the primary antibody is 

deposited in a 96-well microplate and blocked, before the rest of the steps are carried out. The first 

step is to add plasma samples and standards, once the plate is ready. The latter is washed 

thoroughly. The second step is to add the detection (secondary) antibody. Another wash is 

performed at this stage. Then the third step involves adding streptavidin conjugated to HRP. Again 

another wash is performed, before a color reagent is deposited in the plate. Finally, a stop solution 

is added.  To determine the optical density of each well, the microplate was read at both 450nm 

and 540nm. Then readings were subtracted (A450-A540) to correct optical imperfections in the plate.  

5.10.4.  Tissue cGMP quantification 

cGMP was quantified in thoracic aorta rings, heart tissue and epididymal/ovarian fat. 

Immediately after animal sacrifice, these tissue samples were collected, immerged in liquid 

nitrogen and then stored at -80°C. The day of analysis, samples were thawed, ground and 

homogenized in a cold solution of 6% trichloroacetic acid (TCA) and then centrifuged at 1500 g 

for 10 min at 4 ° C. Then, the supernatant fractions were washed three times with a water saturated 

diethyl ether solution (5 volumes of diethyl ether per 1 volume of supernatant) for the extraction 

of TCA. The residual diethyl ether was then evaporated by heating the samples at 70 ° C for 5 min. 

Later, the dried extract was dissolved in an adequate volume of assay buffer. The cGMP 

concentrations of each sample was measured by using a colorimetric enzyme immunoassay kit 

(Cayman Chemical Company). The absorbance of each sample was read at 405 nm using a 

microplate reader.  The cGMP value was calculated related to the total cell protein concentrations 
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previously measured using a protein assay reagent kit (micro-BCA, Pierce Biotechnology, 

Rockford , USA). 

Table 4: List of kits used for biochemical analysis. 

kit Supplier Method 

Rabbit insulin ELISA kit Crystal Chem High 

Performance Assays, USA 

Sandwich ELISA 

DuoSet® ELISA kit, TNF-α R&D Systems Europe Ltd Sandwich ELISA 

DuoSet® ELISA kit, IL-6 R&D Systems Europe Ltd Sandwich ELISA 

Total Cholesterol FS Kit  Diasys France SAS colorimetric detection and 

quantification of Total 

Cholesterol  

Triglyceride FS Kit  Diasys France SAS colorimetric detection and 

quantification of Triglyceride  

NEFA FS (Non-esterified 

fatty acids) Kit 

Diasys France SAS colorimetric detection and 

quantification of free fatty 

acids 

HDL-C  Diasys France SAS colorimetric detection and 

quantification of free fatty 

acids 

TAS kit Randox laboratories Ltd colorimetric detection and 

quantification of Total 

antioxidant status 

Micro BCA protein assay 

kit 

Pierce Biotechnology, 

Rockford , USA 

colorimetric detection and 

quantification of total protein 

cGMP kit Cayman Chemical Company colorimetric detection and 

quantification of cGMP 
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Abstract: The metabolic syndrome (MetS) had become a global public health burden 

due to its link to cardiovascular disease and diabetes mellitus. The present study was 

designed to characterize the metabolic and cardiovascular disturbances, as well as 

changes in gut microbiota associated with high-fructose high-fat diet-induced (HFFD) 

MetS in Watanabe heritable hyperlipidemic (WHHL) rabbits. Twenty-one Watanabe 

rabbits were assigned to a control (n=9) and HFFD (n=12) groups, receiving a chow 

diet and a HFFD, respectively. During a 12-week protocol, morphological parameters 

were monitored; plasma fasting levels of lipids, glucose and insulin were measured 

and a glucose tolerance test (GTT) was performed. HOMA-IR was calculated. Cardiac 

function and vascular reactivity were evaluated using the Langendorff isolated heart 

and isolated carotid arteries methods, respectively. 16S rRNA sequencing of stool 

samples was used to determine gut microbial composition and abundance. HFFD-fed 

Watanabe rabbits exhibited increased fasting insulin, HOMA-IR, area under the curve 

(GTT), triglycerides, TC, LDL-C and shifts in intestinal microbial composition and 

diversity. Our results suggest that HFFD induces insulin resistance and gut 

microbiota dysbiosis and accentuates dyslipidemia; and that, when subjected to 

HFFD, Watanabe rabbits might become a potential diet-induced MetS animal models 

with two main features, dyslipidemia and insulin resistance. 

Keywords: Cardiovascular disease, Metabolic Syndrome, Dyslipidemia, Insulin 

resistance, Watanabe rabbits, High-Fructose High-Fat Diet, Gut dysbiosis. 
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                                                    Introduction 

 

The metabolic syndrome (MetS) includes abdominal (central/visceral) 

adiposity, insulin resistance (IR), impaired glucose tolerance, arterial 

hypertension, and dyslipidemia [1]. It has been associated with increased 

risks of type 2 diabetes and cardiovascular disease. The MetS has become the 

major global health hazard of the modern world due to a worldwide shift 

towards a western lifestyle [2,3]. It is estimated that over 1 billion people 

worldwide are affected by this syndrome [2]. The continuous and rapid rise 

in the global prevalence of MetS are attributed to increased consumption of 

food and beverages that are rich in energy, fat, and added sugar, on one hand 

and to decreased physical activity/sedentary lifestyle, on the other hand [2–

5]. It has been demonstrated that chronic consumption of a western diet, rich 

in sugar and saturated fat, increases the risk of developing IR [6,7], 

dyslipidemia and obesity [8,9], three main components of MetS [10,11].  

 

The gut microbiota plays an important role in the regulation of host 

metabolic functions and in the control of energy homeostasis through 

modulating energy absorption, gut motility, appetite, glucose and lipid 

metabolism, as well as hepatic fatty storage [12,13]. However, available 

evidence from both human and animal models studies also suggest that gut 

microbiota exerts a significant role in the pathogenesis of the MetS i.e. 

obesity, glucose intolerance, IR, dyslipidemia and arterial hypertension [13–

16]. It is believed that the link between intestinal microbiota and the 

development of the MetS is related to its involvement in host metabolism 

[12]. Moreover, it was found that germ-free animals are resistant to high-fat 

diet-induced obesity and IR indicating that gut microbiota likely participates 

in the development of the MetS [17]. Nevertheless, the exact key mechanisms 

underlying the implication of gut microbiota dysbiosis in metabolic diseases 

are just yet starting to be delineated and are still to be thoroughly 

investigated. 

 

The pathogenesis of the MetS is not fully understood due to its 

complexity and to the interconnection between its components [18]. Working 

on suitable animal models that mimic human MetS is of utmost importance 

to gain a deeper insight into the development of this syndrome. Even though 

numerous animal models of MetS have been established, those combining 

dyslipidemia and IR without obesity as a main component, are scarce. 

Accordingly, data on the association between dyslipidemia and IR in the 

MetS are less available, and whether this association is independent of other 

components of the MetS, has not been reported. Similarly, to date most 

existing studies have linked the intestinal dysbiosis to obesity but few have 

investigated its association with IR and dyslipidemia. 

 

The aims of the present study were 1) to investigate the relationship 

between the combination IR-dyslipidemia and metabolic and cardiovascular 

disturbances and 2) to explore gut microbiota compositional changes that are 

associated with this combination, independently from other components of 

the MetS, i.e. obesity. 
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                                                   Materials and methods 

                                                       Animals and diets  

 

Twenty-one Watanabe heritable hyperlipidemic (WHHL) rabbits (male 

and female) weighing 3.0-3.5 kg (at the end of the protocol) were used in all 

experiments. Rabbits (CEGAV, France) were housed individually in a room 

maintained at constant temperature of 21°C and humidity (>45%), under a 

12h dark/light cycle with free access to water and food. Rabbits were 

randomly divided into two groups, a control group (n=9) fed a standard chow 

diet (3410.PS.S10; SERLAB, France) and a HFFD group (n=12) fed a chow diet 

that is supplemented with 30 % fructose and 10 % coconut oil (91% saturated 

fatty acids) (SERLAB, France). In order to avoid the excessive weight gain, 

we used a diet that is rich in sugar and fat but with less protein and fibers, 

compared to a standard chow [19]. 

 

Morphological parameters  

Weight and abdominal circumference were weekly measured to monitor 

the animal’s weight gain and growth. 

 

Measurement of plasma lipids, glucose and insulin levels 

After an overnight fasting, cannulation of the auricular artery (24 G, 

Vasofix) and blood withdrawal were performed under local anesthesia 

(EMLA cream; 2.5% lidocaine, 2.5% prilocaine) at the beginning and end of 

the protocol. Samples were centrifuged (10000g, 15 minutes, 4°C) and the 

plasma was stored at -80°C. We used an enzymatic colorimetric method for 

the quantitative determination of total cholesterol (TC), triglycerides (TG), 

free fatty acids (FFA) and high-density lipoprotein cholesterol (HDL-C) 

plasma levels. The dosages were performed according to the supplier’s 

instructions (DiaSys enzymatic commercial kits). Meanwhile, low-density 

lipoprotein (LDL-C) levels were calculated using the Friedewald’s equation, 

LDL cholesterol (g/L) = Total cholesterol – HDL-cholesterol – 

(Triglycerides/5) [20]. We used a sensitive rabbit insulin ELISA kit sandwich 

assay (Crystal Chem High Performance Assays, USA) for the quantitative 

determination of insulin plasma levels. 

 

 Intravenous glucose tolerance test  

To examine the effects of HFFD on glucose metabolism and insulin 

response, an intravenous glucose tolerance test (IVGTT) was performed, at 

the beginning and end of the protocol. After an overnight fasting, cannulation 

of the auricular vein (24 G, Vasofix) was performed under local anesthesia 

(EMLA cream; 2.5% lidocaine, 2.5 prilocaine). An intravenous glucose 

solution (0.6 g/kg body weight) was then injected. Blood samples were taken 

and glucose was measured at 0, 15, 30, 45, 60, 90 and 120 min, post glucose 

injection. Blood glucose levels were measured using one drop of whole blood, 

from the marginal ear vein via a glucose meter (ONETOUCHVERIO;  

2012 LifeScan, Inc.). Samples were stored on ice and centrifuged (10000g, 15 

minutes, 4°C) to later measure plasma insulin concentrations using rabbit 

insulin ELISA kit (Crystal Chem High Performance Assays, USA). The area 

under the curves (AUCGlu and AUCIns) were calculated using GraphPad 
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PRISM® software (version 8.1). Meanwhile, Homeostasis Model Assessment 

of basal Insulin Resistance (HOMA-IR) was calculated using the following 

equation: [(fasting plasma glucose (mmol/l) x fasting plasma insulin 

(µU/ml))/22.5] [21].  

 

Gut microbiota analysis  

Fecal samples were collected at the beginning and end of the protocol. 

Upon their collection, samples were immediately immerged in liquid 

nitrogen and were then stored at -80°C. The genomic DNA (gDNA) was 

extracted from the samples. The V3-V4 region of the purified DNA was 

amplified during 30 amplification cycles, at 65°C, using the forward primer 

F343 (CTTTCCCTACACGACGCTCTTCCGATCTACGGRAGGCAGCAG) 

and the reverse primer R784 

(GGAGTTCAGACGTGTGCTCTTCCGATATTACCACC). The 510 bp 

amplicons were, then purified and all non-specific primers were removed. A 

second 12 cycles PCR was performed by adding a home-made 6 bp index to 

the reverse primer R784 

(AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC) 

and by using a modified reverse primer 

(CAAGCAGAAGACGGCATACGAGAT-index-

GTGACTGGAGTTCAGACGTGT) via the IlluminaMiseq® technology. The 

purification and loading of the resulting products onto the Illumina MiSeq 

cartridge were performed  according to the manufacturer’s instructions. PhiX 

was used to check the quality of the run.  

 

Isolated Langendorff heart preparation 

After the animal was anesthetized using an intravenous Sodium 

Pentobarbital injection (40 mg/kg), the thorax was cut and opened. The 

animal was sacrificed by exsanguinating the abdominal aorta. The heart was 

rapidly excised and transferred into ice-cold filtered (using a filter funnel) 

Krebs’ solution, containing (mM): NaCl 118.3, NaHCO3 20.0, KCl 4.7, 

MgSO47H2O 1.2, KH2PO4 1.2, glucose 11.1, EDTA 0.016 and CaCl2 2.5. 

Afterwards, the heart was cannulated (4 mm aortic cannula, ADinstruments) 

and perfused at a constant flow-rate (22-28 mL/min) with a Krebs solution 

that was constantly bubbled with 95% O2 and 5% CO2 at 37 °C. A pressure 

transducer located above the aorta recorded the perfusion pressure (PP), 

considered as an index of coronary vasodilation. Then a de-ionized water-

filled latex balloon connected to another pressure transducer was inserted 

through the mitral valve into the left ventricle to record the left ventricular 

pressure (LVP) as an index of cardiac contractility. The heart was allowed to 

stabilize for 20 minutes before performing non-cumulative concentration-

response curves (non-CCRCs) to isoproterenol (10-9 to 10-6 M), a nonselective 

β-adrenergic agonist. Data acquisition and recording was achieved using 

Powerlab 8/35 and LabChart 7.0 software (ADInstruments). The left 

ventricular pressure (LVP) and coronary perfusion pressure (PP) were 

continuously measured during the experiment. The left ventricular 

developed pressure (LVDevP) was calculated as follows: LV systolic pressure 

- LV end-diastolic pressure.  
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Vascular reactivity 

Immediately after the animal was sacrificed by exsanguination, the 

carotid artery was removed and dissected free of fat and connective tissue 

and placed in a cold Krebs’ solution (see composition above). The artery was 

cut into 4-5mm ring segments, that were then mounted and suspended in 10 

mL organ baths containing Krebs’ solution, upheld at 37°C and constantly 

bubbled with carbogen (95% O2 and 5% CO2). The isometric tension was 

continuously measured using an automated isometric transducer system 

(EMKAbath4, EMKA technologies, France). Data were recorded using an 

acquisition software (iox version 2.9.5.20). The arterial rings were gradually 

loaded to an initial 2 g tension and allowed to equilibrate for 60 minutes. The 

viability of the vessels was evaluated using an 80 mM KCl solution. Then, the 

presence of intact endothelium was verified by adding acetylcholine (Ach, 10-

6 M) to phenylephrine(Phe, 3.10-6 M)-precontracted rings. The rings with less 

than 60% relaxation were considered non-reliant and thus, were eliminated. 

Cumulative concentration-response curves (CCRCs) to Phe, an α1-

adrenoceptor agonist (10-9 to 3.10-5 M) were constructed. CCRCs to Ach, a 

muscarinic receptor agonist (10-9 to 3.10-5 M) and to insulin (Ins, 10-9 to 3.10-6 

M) were built on Phe-precontracted rings. The contraction and relaxation 

percentages were calculated in relation to the maximal response from the 

precontraction produced by KCl- and Phe-precontractions, respectively. 

 

Histology and Immunohistochemistry 

We evaluated the effect of HFFD on the development and evolution of 

atherosclerosis in Watanabe rabbits. Immediately after animal sacrifice, the 

area preceding the aortic arch of the cranial thoracic aorta was removed and 

fixed in 10% neutrally buffered formalin. After fixation, samples were 

dehydrated, embedded in paraffin and cut into serial 4µm thick sections 

before they finally underwent staining. 

For histological analysis, sections were stained with hematoxylin and 

eosin safranin (HES) and with Green Masson’s trichrome and Orceine to 

detect collagen and elastic fibers, respectively. Other sections were 

immunohistochemically stained with macrophage antibody (clone RAM11, 

mouse monoclonal, 1:1200 dilution, Dako) and muscle actin antibody (clone 

HHF35, mouse monoclonal, 1:50 dilution, Dako) to detect macrophages (Mφ) 

and smooth muscle cells (SMCs), respectively. 

To determine the extent of atherosclerotic lesions both the percentage of 

the lesion area and the degree of intimal thickening were determined using 

an image analysis system (FIJI, Image J®). The average intima thickening was 

calculated as follows: the area of intimal lesion was divided by the length of 

media. Lesions were classified, by a certified veterinary pathologist, into 

different types (I, II, III, IV, V and VI ) according to the guidelines of the 

American Heart Association [22]. In order to compare the stage of lesions, 

type II and III plaques were classified as early lesions whereas type IV and V 

plaques were classified as advanced lesions.  

The FIJI software was also used to quantify elastin fibers, macrophages 

and SMCs, by calculating the percentage of immunostaining in lesion area. 

An algorithm could not be used for the collagen deposition (fibrosis). The 

latter was graded, by a veterinary pathologist, along with the presence of 
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extracellular lipid, fibrous cap, mineralization and lipid core. The grading 

was performed using a semi-quantitative scale from 0 to 4 in order to better 

characterize the different types of plaques as previously described [31]. 

 

Statistical analyses  

Data were expressed as a mean ± SEM. All graphs were performed using 

PRISM® software (version 8.0.1). We used repeated measures Two-way 

ANOVA for multiple group comparisons. Linear Mixed effect (LME) model 

was used to analyze data from non-CCRCs (isolated heart) and CCRCs to 

insulin. Meanwhile, Non-linear Mixed Effect model (NLME) was used to 

assess data from CCRCs to Phe and Ach [23]. Contraction and relaxation were 

expressed as the percentage relaxation of the KCl- and Phe-induced 

precontraction, respectively. The efficacy (Emax) and the potency (pD2), 

respectively, representing the maximum effects and the negative logarithm of 

the concentration producing 50% of the maximum effect were determined for 

each of the CCRCs.  

Mann Whitney statistical test with a p value correction according to the 

Benjamini and Hochberg was used to study the composition of the fecal 

microbiota. Comparative analysis of the microbial composition and 

abundance were performed at the phylum, family and genus levels.  

R software was used to evaluate data from CCRCs, non-CCRCs and 

from gut microbiota analyses. A p value of less than 0.05 was considered 

statistically significant for all results. 

 

                                                    Result 

 

                                                    Effect of HFFD on body weight and abdominal circumference  

 

After 12 weeks of HFFD-feeding, the body weight significantly 

increased in the both the control and HFFD groups when comparing 12th 

week values to baseline values (p < 0.0001 and p < 0.01, respectively). 

Whereas, at the 12th week of the protocol there was not any significant 

difference in body weight when comparing the two groups together. 

Similarly, after 12 weeks of the protocol, the increase in weight was 

significant in both the control and the HFFD groups when comparing 12th 

week values to baseline values (p < 0.0001 and p < 0.001, respectively) but not 

between the two groups (HFFD vs. Control) at the end of the protocol (12th 

week) (Table 1). 

 

                                                    Effect of HFFD on lipid profile 

 

We additionally examined lipid profile modifications (Table 1). Both TC 

and LDL-C significantly increased in the HFFD group but remained 

unchanged in the control group when comparing 12th week values to 

baseline values (p < 0.02). These levels also significantly increased when 

comparing the two groups together (HFFD vs. Control) at the end of the 

protocol (p < 0.01 for TC and p < 0.001 for LDL-C). TG levels significantly 

increased in the HFFD group, but not in the control group, when comparing 

12th week levels to baseline levels (12th week vs. Baseline, p < 0.05). 
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Meanwhile, no change was observed in terms of HDL and FFAs neither when 

comparing the 12th week levels to the baseline levels nor when comparing 

the two groups to each other at the end of the protocol. 

 

Table 1 Results of weight, abdominal circumference, glycaemia, insulin and 

plasma lipids. 

 

TC = total cholesterol, HDL-C = high-density lipoprotein, LDL-C = low-density lipoprotein, FFA = free fatty acids. Data 

are represented as mean ± SEM. $ p < 0.05, $$ p < 0.01, $$$ <0.001 and $$$$ p < 0.0001 vs. Baseline. ** p < 0.01, *** p < 

0.001 vs. Control. 

 

                                                         Effect of HFFD on glucose and insulin metabolism 
 

Fasting insulinemia significantly increased in the HFFD group (12th 

week vs. Baseline, p < 0.03) and almost significantly increased when 

comparing the two groups together at the end of the protocol (HFFD vs. 

Control, p = 0.0504). The HOMA-IR significantly increased amongst 

individuals of the HFFD group (12th week vs. Baseline, p < 0.02) and when 

comparing the two groups together at the end of the protocol (HFFD vs. 

Control, p < 0.03) (Figure 1E). Moreover, fasting plasma glucose levels did not 

show any significant change (Table 1). However, the AUCGlu from the 

IVGTT significantly increased when comparing the HFFD to the control 

group at the end of the protocol (p < 0.02) (Figure 1B). The Glycaemic levels 

obtained 2h after glucose injection also significantly increased in the HFFD 

group along time (12th week vs. Baseline, p < 0.05) and when comparing the 

HFFD to the control group at the end of the protocol (p < 0.02) (Figure 1D). In 

terms of AUCIns, no difference was found when comparing HFFD group to 

the control group (Figure 1C). 

Groups 

Measurements           Control (n=9)                       HFFD (n=12) 

    Baseline        12th week    Baseline          12th week 

Weight (Kg) 2 ± 0.1 2.97 ± 0.1 $$$$ 2.3 ± 0.05 2.7 ± 0.12 $$ 

Abdominal circumference 

(cm) 

31.78 ± 1.17 38.78 ± 0.76 $$$$ 31.81 ± 0.88 36.45 ± 0.62 $$$ 

Fasting glycaemia (mg/dl) 98 ± 1.88 96 ± 3.06 101 ± 6.6 106 ± 7.54 

Fasting insulinemia (ng/ml) 0.37 ± 0.08 0.31 ± 0.07 0.3 ± 0.04 1.15 ± 0.45$ 

Triglycerides(g/L) 1.4 ± 0.3 1.75 ± 0.35 1.76 ± 0.3 2.65 ± 0.39 $ 

TC (g/L) 6.72 ± 0.5 6.53 ± 0.8 7.4 ± 0.5 11.05 ± 0.88 $$ ** 

HDL-C (g/L) 0.21 ± 0.03 0.22 ± 0.03 0.19 ± 0.02 0.26 ± 0.03  

LDL-C (g/L) 6.23 ± 0.45 5.96 ± 0.7 6.87 ± 0.5 10.25 ± 0.85 $$ *** 

FFA (mmol/L) 0.83 ± 0.2 0.65 ± 0.1 1.02 ± 0.21 0.70 ± 0.11 
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Figure 1 Effect of HFFD feeding on glucose and insulin metabolism. Glucose metabolism was evaluated by: (A) an 

IVGTT, performed after 12 weeks of HFFD feeding. As described in the method, at the end of the protocol, rabbits were 

intravenously injected with a glucose bolus, then plasma (B) glucose and (C) insulin levels were evaluated. (B) The 

AUCGlu of each curve from the IVGTT was calculated to compare the differences between the two groups. (D) Changes 

in plasma glucose levels 2 hours after the bolus were determined. (E) Insulin metabolism was assessed by calculating 

the Homeostasis model assessment of insulin resistance (HOMA-IR). Data were expressed as the mean ± SEM. ** p < 

0.01 or * p < 0.05 HFFD vs. control group. $$ p < 0.01 or $ p <0.05 12th week vs. baseline (n=9 for control and n=12 for 

HFFD). 
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Cardiovascular function assessment 

 

 
Figure 2 Effects of ß-adrenoceptor stimulation on cardiac function. Cardiac parameters were assessed after ß-

adrenoceptor stimulation by building non-CCRCs to isoproterenol (10-9 to 10-6 M). The (A) LVDevP and (B) perfusion 

pressure, reflecting cardiac inotropy and coronary vasodilation, respectively, were evaluated. Data are represented as 

mean ± SEM and are analyzed using LME analysis (n=6 for Control and n=6 for HFFD). 
 

To determine the effects of ß-adrenoceptor stimulation on cardiac 

inotropy and coronary vasodilation, non-CCRCs to isoproterenol were 

constructed (Figure 2). Our results showed that isoproterenol-induced 

positive inotropy exhibited a strong decreasing trend in HFFD-fed rabbits (p 

= 0.08) compared to the control group (Figure 2A). In terms of coronary 

vasodilation, we observed no difference between groups (Figure 2B). 
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Figure 3 Effect of HFFD feeding on carotid vasoreactivity. CCRCs to (A) Phe, (B) Ach and (C) Ins were used to assess 

the vascular reactivity. (A) Carotid contractile response was evaluated using Phe (10-10 to 3.10-5). Meanwhile, relaxant 

responses were assessed by constructing CCRCs to: (B) Ach (10-9 to 3.10-5 M) and (C) Ins (10-9 to 3.10-6 M) on Phe-

precontracted carotid rings. The calculated contraction and relaxation percentages are relative to the maximal changes 

from KCl (contraction) and Phe (precontraction), respectively. Emax and pD2 represent the maximal contractile 

response and the potency, respectively. Data are expressed as mean ± SEM and analyzed using NLME for Phe and Ach 

and LME for Ins. * p < 0.05, ** p < 0.01 HFFD vs. Control (n=9 for Control and n=12 for HFFD). 

 

To assess the vascular reactivity (vasoconstriction and vasorelaxation), 

CCRCs were built (Figure 3). We observed no change in terms of Phe-induced 

contraction (Figure 3A). The endothelium-dependent Ins-induced 

vasorelaxation was significantly lower in the HFFD group (p < 0.01 vs. 

Control) (Figure 3C). On the other hand, we observed no difference neither 

in terms of Emax nor in terms of pD2 values, corresponding to endothelium-

dependent Ach-induced relaxation (Figure 3B) and endothelium-

independent relaxation response to SNP (10-10 to 3.10-5 M) (data not shown).  
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Aortic atheroma plaques evaluation  

 

 

 

 
 

Figure 4 Quantification of aortic atherosclerosis following 12 weeks of HFFD feeding. Positively immuno-stained area 

of: (A) SMCs (detected using an anti-HHF35 antibody), (B) Mφ (detected using an anti-RAM11 antibody) and (C) elastic 

fibers (detected using the Orceine stain), were quantified using an image analysis system as described in the method. 

The same image analysis system was used to determine, (D) the intimal lesion area. Whereas, (E) the thickening of 

intima was determined by dividing the area of intimal lesion by the length of media. (F) Plaques were classified into 

early (type II and III plaques) and advanced (type IV and V plaques) stage lesions. Data in all graphs are represented 

as the mean ± SEM except for the stage of lesions, which was expressed in percentages. Statistical analysis was 

performed using one-way Anova for all parameters except for stage of lesions, for which a Chi square test was used 

(n=9 for Control and n=12 for HFFD). 

 

We observed no change regarding the average thickening of the intima. 

The area of intimal lesion increased in the HFFD group compared to the 

control group; however, the increase was not significant. SMCs, Mφ and 

elastic fibers were not significantly different when comparing the HFFD to 
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the control group. We observed a clear trend towards advanced lesions in the 

HFFD (p = 0.0614 vs. Control) when evaluating the stage of lesions (Figure 4). 

 

Table 2 Classification of atheroma plaques.  

Histologic 

parameter 

evaluated 

Classification Control 

(n=9) 

HFFD (n=12) p value Control  

vs. HFFD  

 

Extracellular 

lipids 

Absence 3 (33.3%) 4 (33.3%) 0.0567 

Grade 1 5 (55.6%) 1 (8.3%) 

Grade 2 1 (11.1%) 3 (25.0%) 

Grade 3 0 4 (33.3%) 

Grade 4 0 0 

Fibrous cap Absence 7 (77.8%) 6 (50.0%) 0.0502 

Grade 1 2 (22.2%) 0 

Grade 2 0 5 (41.7%) 

Grade 3 0 1 (8.3%) 

Grade 4 0 0 

Mineralization Absence 8 (88.9%) 9 (75.0%) 0.43 

Grade 1 1 (11.1%) 3 (25.0%) 

Grade 2 0 0 

Grade 3 0 0 

Grade 4 0 0 

Lipid core Absence 6 (66.7%) 5 (41.7%) 0.2753 

Grade 1 2 (22.2%) 1 (8.3%) 

Grade 2 1 (11.1%) 4 (33.3%) 

Grade 3 0 2 (16.7%) 

Grade 4 0 0 

Collagen 

deposition 

Absence 1 (11.1%) 0 0.1888 

Grade 1 1 (11.1%) 0 

Grade 2 4 (44.4%) 2 (16.7%) 

Grade 3 2 (22.2%) 7 (58.3%) 
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Grade 4 1 (11.1%) 3 (25.0%) 

Type of plaque No plaque 1 (11.1%) 0 0.09 

Type II 4 (44.4%) 4 (33.3%) 

Type III 3 (33.3%) 2 (16.7%) 

Type IV 1 (11.1%) 0 

Type V 0 6 (50.0%) 

 

A semi-quantitative scale from 0 to 4 was used to grade the presence of extracellular lipid, fibrous cap, 

mineralization, lipid core in addition to collagen’s deposition (detected using green Masson’s trichrome 

stain). Types of plaques were classified according to the guidelines of the American Heart Association. The 

results were expressed as frequency and percentage.  Statistical analysis was performed using a Chi-square 

test. 

 

We found an almost significant increase in the presence of extracellular 

lipid deposition and fibrous cap (p = 0.0567 and p = 0.0502, respectively) in 

the HFFD group (vs. Control). Regarding the extent of mineralization, lipid 

core severity and collagen deposition, there was no statistically significant 

difference between the two groups. Nevertheless, we did frequently observe 

marked and severe collagen deposition in the HFFD group and rarely in the 

control group. In terms of plaques types, most of plaques observed in the 

control group were either classified as type II (4/9) or as type III (3/9) with 

none type V plaques. In contrast, 50% of the plaques (6/12) were classified as 

type V plaques in the HFFD group. In the current study, only type II, III, IV 

and V lesions were observed (absence of type I and VI) (Table 2).  

 

 

Gut microbiota analysis  

 

When comparing the UF and WUF distances between the two microbial 

communities of the control and HFFD groups, the differences were highly 

significant (p < 0.001 and p < 0.001, respectively). This means that samples 

from the same group of rabbits (control) clustered together and separately 

from samples belonging the other group of rabbits (HFFD) in the plot, 

indicating dissimilarities between communities belonging to the control and 

those belonging to the HFFD group (Figures 5A & 5B). The overall microbial 

composition analysis revealed a significant decrease of the alpha diversity in 

the HFFD group compared to the control group, as measured by the 

Observed, Shannon and Simpson indexes (p < 0.001, p < 0.0001 and p < 0.01, 

respectively) (Figure 5C). When we evaluated the microbial composition at 

the phylum level, three main phyla were present, with Firmicutes as the most 

abundant followed by Bacteroidetes and Actinobacteria (Data not shown). The 

abundance of Firmicutes, the dominant bacterial phylum, significantly 

increased (p < 0.01); whereas, the abundance of Bacteroidetes and that of 

Proteobacteria significantly decreased (p < 0.01 and p < 0.05, respectively) in 

the HFFD group compared to the control group (Figure 5D). We also 



 
 

 
 

101 

evaluated the microbial composition at the Family level. We found a 

significant decrease in the abundance of Rikenellaceae (p < 0.05) and 

bacteroidaceae (p < 0.05) on one hand; and a significant increase in 

Ruminococcaceae (p < 0.05), on the other hand (Figure 5E). At the genus level, 

Ruminococcus and Bacteroides significantly increased (p < 0.02) and decreased 

(p < 0.03) in the HFFD group compared to the control group, respectively 

(Figure 5F). 

 

A

 

B

 

C

 

D  

E  

 

 

 

 

 

F  

 

Figure 5 Gut bacterial community analysis by 16S rRNA gene high-throughput sequencing. Principle coordinate 

analysis (PCoA) based on A) Unifrac (UF) and B) weighted Unifrac (WUF) distance matrices, reveals useful information 

about the phylogenetic relationship and composition of bacterial microbiota in the different animal groups. C) Alpha 
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diversity, which takes into account the community richness and evenness, was measured by three different indexes: 

Observed number of OTUs, Shannon and Simpson. Abundance of bacterial taxa at the D) Phylum, E) Family and F) 

Genus levels. Data are represented as box plots. * p < 0.05, ** p < 0.01 and *** p < 0.001 (n=6 for Control and n=6 for HFFD 
                                                   Discussion 

 

In the current study, we explored the changes in metabolic and 

cardiovascular parameters, as well as in gut microbiota composition, related 

to a combination of two main factors of the metabolic syndrome, 

dyslipidemia and IR. To produce this combination, we subjected the 

Watanabe rabbit, an animal model of dyslipidemia and atherosclerosis, to a 

HFFD, known for its ability to induce IR; as performed by a previous study, 

by Ning et al., in which authors aimed at investigating the effect of diet-

induced IR on the development of atherosclerosis [19]. Since our purpose was 

to induce IR rather than obesity (which might be a confounding factor), the 

HFFD that we used contained the same amount of calories (isocaloric) as the 

control diet (normal chow). The latter is protein- and fiber-rich, whereas the 

HFFD is rich in sugar and fat, but reduced in protein and fibers.  

 

Consequently, we found no difference neither in terms of weight gain 

nor in terms of abdominal circumference, between control and HFFD 

individuals. Even though both the weight and abdominal circumference 

parameters significantly increased in both groups (12th week vs. Baseline), the 

increase was not higher in the HFFD compared to control. Thus, increases in 

these two parameters were probably age-dependent and not specifically 

related to the HFFD feeding.  

 

HFFD feeding significantly increased both the fasting plasma levels of 

insulin and HOMA-IR, two indicators of IR. These results along with the 

absence of increased weight and abdominal circumference are in consistence 

with several studies, that have demonstrated that consuming a normal 

number of calories, whether of a high fructose diet or of a high fructose-fat 

diet, induces IR without obesity in rabbit models [19,24]. In another study, 

Baena et al. demonstrated that development of IR in fructose-fed rats is 

specifically related to fructose feeding and not to the amount of calories 

ingested. In the same study they also found that fructose supplementation 

leads to an abnormal GTT [25]. These results are in accordance with our 

findings regarding the impaired glucose tolerance in our HFFD-fed rabbits. 

As shown in Figure 1, when challenged with a glucose bolus, HFFD-fed 

rabbits exhibited delayed capacity for clearing glucose from the circulation. 

This was confirmed by a significant increase in both the AUCGlu from the 

IVGTT and the glycaemic levels 2-hours post-glucose injection, compared to 

the standard chow diet-fed group. The HFFD-induced IR state is related to 

the fact that fructose is a highly lipogenic nutrient. It has been demonstrated 

that a high fructose level stimulates visceral adipose deposition leading to an 

increased FA flux and lipid accumulation in insulin sensitive tissues and 

thereby to impaired insulin signaling through the IRS1-PI3K-Akt (insulin 

receptor substrate 1-phosphoinositide 3-kinase-protein kinase B) pathway 

[7,26]. Then, the impaired insulin signaling results in decreased translocation 

of GLUT 4 to the cell surface and thereby to reduced glucose uptake, in 



 
 

 
 

103 

insulin sensitive tissues i.e. skeletal muscle and adipose tissue [25,27]. This 

explains our results regarding the decrease in glucose tolerance in the HFFD-

fed group. 

 

It has been shown that the exposure of the liver to high fructose 

concentrations leads to enhanced rate of de novo lipogenesis in animal 

models and humans [25]. A high fructose flux, to the liver, increases TG 

synthesis and/or decreases TG clearance ultimately leading to increased 

production of very low density lipoprotein (VLDL) particles (TG is packaged 

with Apo-B in the liver and secreted as VLDL) [28,29]. Moreover, not only 

fructose but also fat induces lipogenesis; the former stimulates endogenous 

lipogenesis, whereas the latter increases the availability of exogenous lipids 

[30]. This explains our results regarding the increased TG levels found in the 

HFFD group, in agreement with the findings of other studies [31]. The excess 

of VLDL secretion then delivers higher levels of FAs and TG to skeletal 

muscle and adipose tissue, further inducing IR [32], which in turn explains 

our results in regards to the decrease in insulin sensitivity (increased 

insulinemia and HOMA-IR).  

 

It has been described that, in states of obesity, fasting leads to 

mobilization of energy stores (TG) in adipose tissue via lipolysis, resulting in 

increased FFA levels [33] and that abdominal subcutaneous adipose tissue is 

the only significant site of FFA liberation; meanwhile, only a small and 

insignificant proportion arises from visceral adipose tissue [34]. Therefore, 

the stable unchanged FFA levels might be explained by the absence of both, 

excessive weight gain and increased abdominal circumference in the HFFD-

fed subjects. 

 

Even though control Watanabe rabbits spontaneously develop 

hypercholesterolemia due a mutation in their LDLr [35,36]; we still found that 

12 weeks of HFFD feeding leads to an extensive hypercholesterolemia, when 

compared to the control group. This might be explained by an increase in TG-

enriched VLDL production (as described above) due to the long-term HFFD-

feeding. These VLDL particles would then undergo lipolysis yielding higher 

levels of LDL-C particles and subsequently higher cholesterol levels in the 

circulation. It is highly probable that in Watanabe rabbits, the reduced 

clearance of lipoproteins (mutated LDLr) lead to a further increase in blood 

cholesterol levels.  

 

It has been well established that an individual is diagnosed with MetS 

when presenting three out of five risk factors: increased waist circumference 

(central or abdominal obesity), elevated triglyceride levels, reduced high-

density lipoprotein cholesterol (HDL-C), high blood pressure and elevated 

fasting glycaemia [37,38]. We found impaired glucose tolerance (increased 

AUCGlu and 2h glycaemia), hyperinsulinemia and increased HOMA-IR, all 

indicators of IR. Rabbits also exhibited increased TG levels and low HDL-C. 

These results point out that Watanabe rabbits developed MetS following 12 

weeks of HFFD feeding.  
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In general and unlike rodents, rabbits have a humanoid lipoprotein 

metabolism (higher LDL than HDL) and therefore represent the best 

candidates in terms of animal models for the study of lipid/lipoprotein 

metabolism and atherosclerosis [35,39,40]. Moreover, the WHHL rabbit, in 

particular, is an animal model of human familial hypercholesterolemia (FH) 

due to a genetic defect in its low-density lipoprotein receptor (LDLr); that 

leads to a delayed clearance of LDL particles from the circulation and 

consequently to hyperlipidemia and spontaneous atherosclerosis [35,36]. Our 

results combined together with the aforementioned findings, confirm the 

development of an animal model of MetS. 

 

 

Watanabe rabbits are well known for their ability to spontaneously 

develop atherosclerosis. Therefore, our aim was not to assess the effect of 

combined dyslipidemia-IR on the induction/establishment of atherosclerosis 

but rather on its progression under these conditions. Thus, we evaluated the 

evolution of aortic atherosclerotic plaques in terms of quality and quantity. 

We observed a qualitative amplification of atherosclerosis in individuals with 

combined dyslipidemia-IR that is likely due to increased 

hypercholesterolemia in the HFFD group. Moreover, IR, per se, has been 

found to increase plasma lipid levels [41]. Under physiological conditions, 

insulin decreases VLDL-TG and apo-lipoprotein B (apoB) production and 

enhances apoB degradation [42]. During IR states, insulin’s physiological 

effects are counteracted leading to increased production and secretion of 

lipids [43]. Hence, it is plausible that IR together with elevated plasma lipids 

exhibit combinational roles in the worsening of atherosclerosis by making the 

lesions become more vulnerable and more susceptible to complications, in 

HFFD-fed WHHL rabbits [19].  

 

It has been proposed that the hyperinsulinemia (encountered during IR) 

and dyslipidemia lead to sympathetic nervous system (SNS) overdrive 

[44,45]; which thereby leads to decreased myocardial contractile response to 

β-stimulation [46]. We evaluated the effects of β-adrenergic stimulation on 

cardiac inotropy and coronary vasodilation. As reported by Park et al. IR 

might lead to cardiac dysfunction and remodeling [47] and, as proven by 

Mazumder et al., cardiac IR reduces the metabolic efficiency of the heart, 

leading to contractile dysfunction in mice [48]. Our results showed a strong 

decreasing trend in the positive inotropy in HFFD-fed Watanabe rabbits, 

indicating a likelihood implication of IR and/or dyslipidemia. Our findings 

also suggest that the alteration mainly concerns β1-ARs and not β2-ARs 

[49,50] , since no change was observed in terms of coronary vasodilation. 

Alterations in the β-adrenergic system may occur either at the receptor or 

post-receptor intracellular signaling level, i.e. calcium (Ca²⁺) handling 

proteins [51–54]. Whether the prolonged HFFD-feeding induced-IR impaired 

cardiac contractility through modification in β-AR expression or β-ARs-

linked mechanisms remains to be determined.  

  

A strong link between IR and endothelial dysfunction (ED) has been 

well established [55]. Thus, we evaluated the reactivity of the carotid 
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artery. The HFFD did not affect relaxation to SNP (data not shown) nor to 

Ach, meaning that neither endothelium-independent nor Ach-induced 

endothelium-dependent vasorelaxation were affected. In contrast, other 

studies found that high fructose and/or high fat feeding leads to impaired 

Ach-induced vasorelaxation [56]. It has been found that westernized diet-

induced oxidative stress results in reduced NO production and/or increased 

NO sequestration and inactivation thereby leading to ED [56]. Meanwhile, 

our results showed that HFFD diminished insulin-mediated vasorelaxation, 

known to be mainly endothelium-dependent [57]. This is most probably 

related to a HFFD-induced IR state. Our results are in accordance with the 

findings of Kim et al. who found that diet-induced IR impaired insulin-

mediated vasodilation with no effect on Ach- or SNP-induced vasodilation 

[58]. In physiologic states, insulin stimulates NO release from the vascular 

endothelium through PI3K‐Akt‐mediated phosphorylation of eNOS, leading 

to vasorelaxation. During IR, signaling through this pathway is 

downregulated leading to a compromised vasorelaxant effect of insulin [59]. 

Moreover, vascular IR contributes to the impairment of overall insulin‐

stimulated glucose uptake, which explains our results regarding the 

decreased glucose tolerance. In fact vasodilatory actions of insulin are well 

known for their contribution to insulin delivery and glucose-uptake in 

skeletal muscle [60]. Then the decreased glucose-uptake, probably stimulated 

insulin production leading to a hyperinsulinemic state that further induced 

hepatic TG-rich VLDL production [43].  

 

Evidence from human and animal studies support a link between the 

gut microbiome and several components of the MetS [12,61]. Moreover, it is 

believed that changes in diet and activity patterns alter the gut microbiome 

composition/diversity, leading to changes in the metabolic profile of 

microbiota and thereby to the onset of disease e.g. MetS [5,62]. Thus, we 

explored the gut microbial changes that occurred following long term HFFD-

feeding to Watanabe rabbits. It is noteworthy that, so far, most of gut 

microbiota studies have been performed on rodents (mouse and rat models) 

and rarely on rabbits. 

Our results showed that 12 weeks of HFFD-feeding led to a shift in 

overall intestinal microbial composition, characterized by changes in 

abundance of dominant bacterial Phyla, and diversity (richness and 

evenness); indicating a strong impact of dietary fat and carbohydrates on the 

gut microbiota. In consistence with our results, it has been demonstrated that 

low richness in gut microbiota, reflecting a reduced microbial diversity 

correlates with several components of the MetS, namely, IR and dyslipidemia 

[63].  

In the current study, HFFD-fed rabbits exhibited an increased Firmicutes 

abundance and a decreased Bacteroidetes abundance. Similar changes in 

microbiota composition have been observed in mice fed a “Western” diet 

(high-fat/high-sugar), by Turnbaugh et al. [64]. In another study by the same 

authors, a decrease in Bacteroidetes abundance was reported, upon a dietary 

shift to a “Western” diet, in germfree mice colonized with human microbiota 

[65]. The Firmicutes to Bacteroidetes ratio, used as a relevant marker/hallmark 

of metabolic dysfunction [62,66], increased from R= 3.39 in the control group 
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to R= 28.24 in the HFFD group (data not shown). This is in agreement with a 

recent study by Horne et al., who found an increase in the 

Firmicutes/Bacteroidetes ratio in high-fructose/high-fat diet-fed hamsters [66]. 

Firmicutes were proposed as more effective in extracting energy from food 

than Bacteroidetes [67] which could have contributed to the state of IR in the 

HFFD-fed group. Even though no apparent/overall obesity was observed in 

individuals from the HFFD group, these rabbits still developed a state of IR 

indicating the presence of visceral obesity.  

Moreover, Bacteroidetes were suggested to have a protective or balancing 

role against metabolic impairment in rodents and human studies; and more 

specifically the Rikenellaceae Family, was found to point towards more 

healthy metabolic states [68]. furthermore, in another study decreased 

Rikenellaceae abundance was found to be associated with a negative metabolic 

outcome e.g. increased BMI [69]. In accordance with those studies, we found 

a decreased abundance of the Rikenellaceae Family in the HFFD group which 

is most likely related to the altered metabolic state in rabbits belonging to the 

HFFD group. Our results also showed that HFFD-feeding leads to decreased 

abundance in another Family belonging to Bacteroidetes Phylum, 

Bacteroidaceae which, according to Lippert et al., inversely correlates with 

visceral obesity [68]. As mentioned earlier, in the present study, rabbits from 

the HFFD group likely exhibited excessive visceral (rather than 

subcutaneous) fat accumulation, associated with the IR state that that 

occurred following 12 weeks of HFFD-feeding. On the other hand, Zeng et al 

reported a negative correlation between bacteroides genus and serum lipids 

(TC, LDL-C and TG levels) [70]. Accordingly, the decrease in the bacteroides 

genus (Family Bacteroidaceae), found in our study, might be explained by the 

significant increase in the aforementioned lipid levels in the HFFD group.  

In their study, Ciubotaru et al. found that Ruminococcaceae Family 

(Phylum Firmicutes) were significantly higher in subjects with dyslycaemia, 

i.e. impaired glucose tolerance and/or impaired fasting glycaemia. In the 

same study, Ruminococcus genus (Family Ruminococcaceae) was also found to 

correlate with dysglycemia [71]. Hence, in the current study, both the 

increased Ruminococcaceae and Ruminococcus abundances in individuals from 

the HFFD group are most likely related to the glucose intolerance/IR state. 

In contrast to our findings, consumption of diets rich in fat and sugars 

was found to increase the number of Proteobacteria Phylum [72,73]. 

Nonetheless, in another study it was reported that subjects with unfavorable 

lipid profiles/dyslipidemia, had low microbial diversity and lower 

abundance of many taxa from phyla Proteobacteria and Bacteroidetes. This is in 

line with our findings, in regards to the decreased microbial diversity and 

abundance of both these phyla [74], which is most probably related to the 

worsening of dyslipidemia in response to the 12-week HFFD feeding.  

 

                                                     Conclusions 

 

We demonstrated that long-term HFFD-feeding leads to the 

development of MetS by inducing an IR state and exacerbating dyslipidemia, 

and to a shift in overall intestinal microbial composition in WHHL rabbits. 

We also showed that, independently from obesity, combined IR-
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dyslipidemia exhibits atherogenic (worsened aortic atherosclerosis) and 

deleterious cardiovascular effects (decreased cardiac contractility and 

reduced insulin-mediated vasorelaxation) and induces gut microbiota 

dysbiosis. The current study confirms that (isocaloric) HFFD-fed WHHL 

rabbit represents a promising diet based and time efficient experimental 

model of MetS, without obesity as a main factor. This model can be further 

developed to explore new therapeutic strategies in the management of the 

MetS and its associated cardiovascular disorders.  
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Abstract  

Background and aim: Metabolic syndrome (MetS) is a global health and economic burden. 

Finding a suitable pharmacological approach for managing this syndrome is crucial. We explored 

the therapeutic potential of mirabegron (MIR), a β3-adrenoceptor (β3-AR) agonist, as a repurposed 

agent for the treatment of MetS and its cardiovascular consequences. 

Methods:  Thirty Watanabe heritable hyperlipidemic rabbits (WHHL) were randomly assigned to 

control, high-fructose high-fat diet (HFFD) and HFFD+MIR groups that, respectively, received a 

chow diet, HFFD and HFFD with MIR treatment. The protocol lasted for 12 weeks, during which 

weight and abdominal circumference were monitored; plasma fasting levels of lipids, glucose and 

insulin were measured and an intravenous glucose tolerance test (IVGTT) was performed. 

Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated. Cardiac function 

was evaluated using in-vivo and ex-vivo approaches. Vascular reactivity and arterial stiffness were 

assessed on isolated carotid arteries and by determining the pulse wave velocity, respectively.  

Results: HFFD-fed rabbits exhibited a significant increase in fasting insulin, HOMA-IR, area 

under the curve of the IVGTT, triglycerides (TGs), total cholesterol, LDL-C and α1-adrenoceptor 

sensitivity and a decrease in cardiac contractility compared to the control group. Treatment with 

MIR stabilized weight, abdominal circumference, fasting insulin, HOMA-IR and TG levels and 

significantly decreased α1-adrenoceptor sensitivity and increased cardiac inotropy and lusitropy 

compared to the HFFD group.   

Conclusion: Long-term treatment with MIR stabilized weight gain and TG levels, improved 

insulin sensitivity and enhanced cardiac and endothelial function of a rabbit animal model of 

combined dyslipidemia and IR.  

 

Keywords: Metabolic syndrome, insulin resistance, dyslipidemia, Watanabe heritable 

hyperlipidemic rabbit, high-fructose high-fat diet, mirabegron. 

 

Introduction 

The metabolic syndrome (MetS) has become a global public health and economic burden due to 

its increased incidence and prevalence rates [1],[2]. The MetS, also known as the cardiometabolic 

syndrome, is a cluster of several risk factors that when combined increase the risk of an individual 



   

 

117 
 

developing cardiovascular disease [3]. It includes abdominal obesity, insulin resistance (IR), 

impaired glucose tolerance, arterial hypertension, and dyslipidemia [4].  Targeting each risk factor 

individually could not always be an effective treatment due to the multifactorial nature of this 

syndrome. The main underlying etiology of this syndrome includes increased energy intake and/or 

lack of physical activity and to a lesser extent, genetic predisposition [5]. Even though behavioral 

interventions such as lifestyle changes might be beneficial, these haven’t always been successful, 

especially on a long-term basis [6]. Thus, a complementary suitable pharmacological approach 

should be implemented for best results in the prevention and or/curative management of this 

syndrome.  

Cell signaling through the nitric oxide-soluble guanylyl cyclase-cyclic guanosine monophosphate 

(NO-sGC-cGMP) cascade has emerged as an appealing target in the treatment of metabolic and 

cardiovascular disease. This is mainly due to a growing body of evidence that have proven that 

pharmacological modulation of the NO-cGMP signaling could be effective, notably, in metabolic 

and cardiovascular disease contexts [7]–[9]. Mirabegron (MIR) has been classified as a β3-AR 

agonist and has been food and drug administration (FDA)-approved for the treatment of overactive 

bladder [10]. In addition, β3-ARs stimulation activates NOS-NO-sGC-cGMP pathway in the 

cardiovascular system leading to improved cardiac and vascular muscle relaxation and reduced 

tissue remodeling [11]. β3-ARs agonism could also represent a novel potential strategy for 

treatment of metabolic diseases. This is mainly due to its ability to activate lipolysis in white 

adipocytes and thermogenesis in brown adipocytes and to improve insulin sensitivity and glucose 

tolerance in humans and rodents [12],[13]. Furthermore a selective β3‐AR agonist CL316,243 was 

shown to stimulate brown adipose tissue (BAT) activity, further preventing fat accumulation, 

improving dyslipidemia and attenuating the development of atherosclerosis [14].   

 

Therefore, we hypothesized that chronic treatment with mirabegron, a β3-AR agonist, might 

represent a promising pharmacological tool for treating the combination of two major components 

of the MetS, dyslipidemia and IR. Our aim was to investigate the ability of MIR to attenuate the 

metabolic disturbances associated with the dyslipidemia-IR combination, and thereby to prevent 

the development of metabolic and cardiovascular changes/consequences of the MetS. Our 

experimental protocol lasted for 12 weeks, during which Watanabe heritable hyperlipidemic 
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(WHHL) rabbits, animal model of spontaneous dyslipidemia, received a high-fructose high-fat 

diet (HFFD), known for its ability to induce IR [15]. 

Materials and methods  

Experimental design 

Thirty WHHL rabbits (male and female; 9-12 weeks of age) weighing 3.0-3.5 kg were used in all 

experiments. Rabbits were housed individually in a room maintained at constant temperature 

(21°C) and humidity (>45%), under a 12h dark/light cycle with free access to water and food. 

Rabbits were randomly divided into three groups: a control group (n=9), a HFFD group (n=12) 

and a HFFD+MIR group (n=9). These groups, respectively, received a standard chow diet 

(3410.PS.S10; SERLAB, France), a high-fructose high-fat diet (HFFD, SERLAB, France) and a 

HFFD along with oral administration of MIR (3mg/kg/d). The HFFD consisted of a chow diet, 

supplemented with 30 % fructose and 10 % coconut oil (91% saturated fatty acids). 

All procedures were performed in accordance with the National Institute of Health Guide for the 

Use and Care of Laboratory Animals guidelines and they are all conducted with the approval of 

the institutional ethics Committee of Pays de la Loire, France (APAFIS n° 10722).  

Morphological parameters  

Weight and abdominal circumference were measured every two weeks to monitor the animal’s 

weight gain and growth. 

Measurement of plasma lipids, glucose and insulin levels 

Blood withdrawal was performed after overnight fasting. Total cholesterol (TC), triglycerides 

(TG), free fatty acids (FFA) and high-density lipoprotein cholesterol (HDL-C) plasma levels were 

quantified, using enzymatic calorimetric kits, according to the supplier’s instructions (DiaSys).  

Meanwhile, low-density lipoprotein cholesterol (LDL-C) levels were calculated using the 

Friedewald’s equation [16]. For the quantitative determination of insulin plasma levels, we used a 

sensitive rabbit insulin ELISA kit sandwich assay (Crystal Chem High Performance Assays, 

USA). 
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Intravenous glucose tolerance test  

An IVGTT was performed at the beginning and the end of the protocol, as previously described 

[17]. After an overnight fasting, rabbits were injected with an intravenous glucose solution (0.6 

g/kg body weight). Then glucose measurements were performed before and 15, 30, 45, 60, 90 and 

120 min after the glucose loading. Blood glucose was measured via a glucose meter 

(ONETOUCHVERIO;  2012 LifeScan, Inc.), using one drop of whole blood. The area under 

the curve (AUC) was calculated using PRISM® software (version 8.0.1). Homeostasis Model 

Assessment of basal Insulin Resistance (HOMA-IR) was calculated using the following equation: 

[(fasting plasma glucose (mmol/l) x fasting plasma insulin (µU/ml))/22.5] [18]. 

Pulse wave velocity  

To assess the arterial stiffness, two sets of pulse wave velocity (PWV) measurements were 

performed, one at the beginning and another, at the 12th week of the protocol. Two piezoelectric 

sensors (ADInstruments) were placed, one on the auricular artery and another on the caudal one, 

of conscious animals. Recordings of pulse waves were made during 10 min with the software 

(ADInstruments LabChart v8.1.5). The measurement point (the foot of each pulse wave) was 

determined using the second derivative of the pulse wave signal. Both the distance between the 

two sensors and that between the auricular artery and the sternal manubrium, were noted each time. 

Then, the ∆x was calculated by substracting the two distances. The time interval (∆t) between the 

foot of the auricular waveform and that of the caudal waveform was measured by the software.  

The PWV was calculated using the formula PWV (m.s-1) = ∆x/∆t [19]. 

Echocardiographic measurements of cardiac function  

To assess in vivo cardiac geometry and left ventricular (LV) global systolic function, transthoracic 

echocardiography (TTE) was performed on conscious animals, at both baseline and at the end of 

experimental protocol (12th week). A high frequency ultrasound imaging system (Esaote Mylab 

70 XVG, 9 MHz microconvex transducer) was used to record both two-dimensional and Motion 

mode (M-mode) imaging. The left ventricular end-diastolic diameter (LVEDd), left ventricular 

end-systolic diameter (LVESd) left ventricular fractional shortening (LVFS), left ejection fraction 

(LVEF), interventricular septal thickness (IVS) and left ventricular posterior wall thickness 
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(LVPW) were determined using through a right parasternal short axis view of the heart. FS and 

EF were respectively calculated using the formulas LVFS = [(LVIDd − LVIDs)/ LVIDd] × 100 

and EF = [(LVEDV − LVESV)/ LVEDV] × 100. Two consecutive heart cycles were measured 

and the average was used for analysis. Using Doppler imaging, color-flow mapping mode, the 

pulmonary and aortic flow were determined, through a short axis-right parasternal and left long 

axis- five chambers approaches, respectively (Esaote Mylab 70 XVG, 8 MHz sector transducer). 

Isolated Langendorff heart preparation 

Animals were anaesthetized with an intravenous Sodium Pentobarbital (40 mg/kg). The animal 

was sacrificed by exsanguinating the abdominal aorta. The heart was rapidly excised and 

transferred into ice-cold filtered (using a filter funnel) Krebs’ solution. The latter, contained (mM): 

NaCl 118.3, NaHCO3 20.0, KCl 4.7, MgSO47H2O 1.2, KH2PO4 1.2, glucose 11.1, EDTA 0.016 

and CaCl2 2.5. Afterwards, the heart was cannulated (4 mm aortic cannula, ADinstruments, 

France) and perfused at a constant flow-rate (22-28 mL/min) with a Krebs solution that is 

constantly bubbled with 95% O2 and 5% CO2 at 37 °C. The left ventricular pressure (LVP) and 

the perfusion pressure (PP), indexes of cardiac contractility and coronary vasodilation, 

respectively, were recorded using pressure transducers. After stabilization of the heart, non-

cumulative concentration-response curves to isoproterenol (10-9 to 10-6 M), a nonselective β-AR 

agonist, were built. Left ventricular pressure (LVP), coronary perfusion pressure (PP), the first 

derivative of the left ventricular pressure in systole (dP/dTmax) (maximum contraction velocity) 

and first derivative of the left ventricular pressure in diastole (dP/dTmin) (maximum relaxation 

velocities) were measured. The left ventricular developed pressure (LVDevP) was calculated as 

the difference between left ventricular systolic pressure and left ventricular end-diastolic pressure. 

Data acquisition and recording were achieved using Powerlab 8/35 and LabChart 7.0 software 

(ADInstruments, France). 

Vascular reactivity 

Immediately after animal sacrifice by exsanguination the carotid artery was removed, dissected 

free of fat and connective tissue and placed in a cold Krebs’ solution (see composition above). The 

artery was cut into 5mm ring segments that were mounted on triangular wire supports and 

suspended in 10 mL organ baths containing Krebs’ solution, maintained at 37°C, and gassed with 
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95% O2 and 5% CO2. Isometric tension was continuously measured using a computerized 

automated isometric transducer system (EMKAbath4, EMKA technologies, France) and recorded 

with a data acquisition software (iox version 2.9.5.20). The segments were initially loaded to a 2 

g tension and allowed to equilibrate for 60 minutes. Then cumulative concentration-response 

curves (CCRCs) to phenylephrine (Phe), an α1-adrenoceptor agonist (10-9 to 3.10-5 M), 

acetylcholine (Ach), a muscarinic receptor agonist (10-9 to 3.10-5 M), sodium nitroprusside (SNP), 

an NO donor (10-10 to 3.10-5 M) and insulin (Ins) (10-9 to 3.10-6 M) were constructed. The CCRCs 

to Ach, SNP and Ins were built on the Phe pre-contracted rings. The calculated contraction and 

relaxation percentages are relative to the maximal the pre-contraction produced by KCL and Phe, 

respectively. 

Histology and Immunohistochemistry  

We evaluated the effect of HFFD on the development and evolution of atherosclerosis in Watanabe 

rabbits. Samples from the aortic arch were fixed by immersion in neutrally buffered 10% formalin 

and then dehydrated and paraffin embedded. Then, serial 4µm thick sections were routinely cut 

and stained. 

For histological analysis of thoracic aorta, sections were stained with hematoxylin and eosin, 

safranin (HES).  Green Masson’s trichrome and Orceine stains were used to assess collagen and 

elastic fibers, respectively. The lesions were evaluated under light microscope. In order to study 

the cellular components of the thoracic aorta, automated immunohistochemistry (Benchmark XT, 

Ventana Medical Systems, Roche Diagnostics) was performed. The detection systems were the 

iView DAB detection kit (Ventana Medical Systems, Roche Diagnostics, 760-091) (Other sections 

were immunohistochemically stained with macrophage antibody (clone RAM11, mouse 

monoclonal, 1:1200 dilution, Dako Corp, USA) and  α-smooth muscle actin antibody  (clone 

HHF35, mouse monoclonal, 1:50 dilution, Dako Corp, USA), two monoclonal antibodies that 

detect macrophages (Mφ) and smooth muscle cells (SMCs), respectively. 

Using an image analysis system (FIJI), the extent of atherosclerotic lesions in the aorta was 

expressed as a percentage of the lesion area and the degree of intimal thickening. For determination 

of average intima thickening, the following equation was used: area of intimal lesion/length of 

media. The same software was also used for the quantification of elastin fibers, macrophages and 
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SMCs, which was performed by calculating the percentage of immunostaining in lesion area. 

Conversely, collagen could not be quantified using the same software. Therefore, a semi-

quantification was performed microscopically. 

Lesions were classified by a certified veterinary pathologist, according to the guidelines of the 

American Heart Association [20]. According to their classification: 

- Type I (initial) lesion contain atherogenic lipoprotein that elicit an increase in macrophages 

numbers and scattered macrophage foam cell formation, 

- Type II lesions consist of layers of macrophage foam cells and lipid-laden smooth muscle cells 

and comprise lesions grossly designated as fatty streaks, 

- Type III lesions are the intermediate stage between type II and IV lesions (atheroma). In addition 

to the lipid-laden cells present in type II lesions, type III lesions contain scattered collections of 

extracellular lipid droplets and particles, 

- Type IV lesions contain larger, confluent, and more disruptive core of extracellular lipid, 

- Lesions comprising a lipid core might also contain thick layers of fibrous connective tissue 

characterizing type V lesions and/or fissure, hematoma, and thrombus characterizing type VI 

lesion. 

In addition, the presence of extracellular lipid, fibrous cap, mineralization, lipid core and 

collagen’s deposition (using green Masson’s trichrome stain) were graded using a semi-

quantitative scale from 0 to 4 in order to be able to better characterize the different types of plaques 

[31]. In order to compare the stage of lesions type II and III plaques were classified as early lesions 

whereas type IV and V plaques were classified as advanced lesions. 

Tissue cGMP quantification 

cGMP was quantified in thoracic aorta rings, heart tissue and epididymal/ovarian fat. Immediately 

after animal sacrifice, samples were collected, immerged in liquid nitrogen and then stored at -

80°C. The day of analysis, cGMP concentrations were measured using a colorimetric enzyme 

immunoassay kit (Cayman Chemical Company). The absorbance of each sample was read at 405 

nm using a microplate reader.  The cGMP value was calculated related to the total cell protein 
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concentrations previously measured using a protein assay reagent kit (micro-BCA, Pierce 

Biotechnology, Rockford, USA). 

Plasma inflammatory cytokines and total antioxidant status 

Plasma tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) were measured using ELISA 

kits according to the manufacturer’s instructions (DuoSet® ELISA kit, TNF-α/IL-6, R&D 

Systems Europe Ltd). Plasma total antioxidant status (TAS) was quantified using a colorimetric 

kit (TAS kit, Randox laboratories Ltd). 

Statistical analyses  

Data were expressed as a mean ± SEM. All graphs have been performed using PRISM® software 

(version 8.0.1). We used repeated measures two-way ANOVA, mixed effects analysis for multiple 

group comparisons (biochemical parameters and PWV measurements) and one-way ANOVA for 

cGMP analysis.  R software was used to evaluate data from non-cumulative concentration response 

curves (isolated heart and CCRC to insulin) by a linear mixed effect (LME) model. Relaxation 

was expressed as the percentage relaxation of the phenylephrine-induced precontraction. CCRCs 

to Ach were compared using a non-linear mixed effect model (NLME) [21], also using R software. 

The efficacy (Emax) and the potency (pD2) representing the maximum effects and the negative 

logarithm of the concentration producing 50% of the maximum effect, respectively were 

determined for each CCRC [21]. Chi square test was used for analyzing the classification of 

atheroma plaques. A p value of less than 0.05 was considered statistically significant for all results. 

Results 

Effect of HFFD and treatment with Mirabegron on weight and abdominal 

circumference  

After 12 weeks of the protocol, the body weight similarly increased in both the control and HFFD 

groups. This increase was significant in control (12th week vs. Baseline, p<0.0001) and HFFD (12th 

week vs. Baseline, p=0.0042) groups but not in HFFD+MIR-treated group. The same pattern was 

observed in abdominal circumference comparisons. After 12 weeks of protocol, similar increases 

were witnessed in the control and HFFD. The increase was significant in control (12th week vs. 
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Baseline, p<0.0001) and HFFD (12th week vs. Baseline, p<0.0001) groups but not in the 

HFFD+MIR-treated group (Table1). 

 

Table 1. Results of weight, abdominal circumference, glycaemia, insulin and plasma lipids 

Groups 

Measurements Control (n=9) HFFD (n=12) HFFD+MIR (n=9) 

 Baseline 12th week Baseline 12th week Baseline 12th  week 

Weight (Kg) 2 ± 0.1 2.97 ± 0.1 $$$$ 2.3 ± 0.05 2.7 ± 0.12 $$ 3.07 ± 0.17 3.1 ± 0.16 

Abdominal circumference 

(cm) 

31.78 ± 1.2 38.78 ± 0.76 

$$$$ 

31.81 ± 

0.88 

36.45 ± 0.62 $$$$ 36.11 ± 

0.89 

35.66 ± 0.91 

Fasting glycaemia 

(mg/dl) 

98 ± 1.88 96 ± 3.06 101 ± 6.6 106 ± 7.54 96.67 ± 

4.51 

98.33 ± 2.95 

Fasting insulinemia 

(ng/ml) 

0.37 ± 0.08 0.31 ± 0.07 0.3 ± 0.04 1.15 ± 0.45 $ * 0.59 ± 0.12 0.44 ± 0.07 

Triglycerides(g/L) 1.4 ± 0.3 1.75 ± 0.35 1.76 ± 0.3 2.65 ± 0.39 $  2 ± 0.34 2.12 ± 0.26 

TC (g/L) 6.72 ± 0.5 6.53  ± 0.8 7.4  ± 0.5 11.05 ± 0.88 $$ 

*** 

7.77  ± 0.8 10.8 ± 0.8 $$ *** 

HDL-C (g/L) 0.21 ± 0.03 0.22  ± 0.03 0.19 ± 0.02 0.26 ± 0.03  0.2 ± 0.03 0.17 ± 0.016  

LDL-C (g/L) 6.23 ± 0.45 5.96 ± 0.7 6.87 ± 0.5 10.25 ± 0.85 $$ 

*** 

6.85 ± 0.75 9.75 ± 0.67 $$ 

** 

FFA (mmol/L) 0.83 ± 0.2 0.65 ± 0.1 1.02 ± 0.21 0.70 ± 0.11 1  ± 0.2 0.82 ± 0.1 

 

TC = total cholesterol, HDL-C = high-density lipoprotein cholesterol, LDL-C = low-density lipoprotein cholesterol, 

FFA = free fatty acids. Data are expressed as mean ± SEM. A two-way ANOVA test was used for statistical analysis. 

**** p<0.0001, *** p< 0.001, ** p< 0.01 and * p< 0.05 for HFFD or HFFD+MIR vs. the Control group. $$$$ 

p<0.0001, $$$ p<0.001, $$ p< 0.01 and $ p<0.05 12th week vs. Baseline of the protocol. 

Effect of HFFD and treatment with mirabegron on glucose and insulin levels 

Our data showed that basal insulinemia significantly increased in the HFFD group (12th week vs. 

Baseline, p=0.0133) and when comparing the HFFD to the control group at the 12th week 
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(p=0.0176) but did not change in the HFFD+MIR compared to the control group. We observed no 

change in the fasting glycaemia (Table1).  

Effect of HFFD on lipid profiles 

We further examined modifications in lipid profiles (Table 1). We found a significant increase in 

TC when comparing the 12th week to the baseline levels of both HFFD and HFFD+MIR groups 

(p=0.0072 and p=0.004, respectively) and when also comparing each of the HFFD and 

HFFD+MIR to the control group at the end of the protocol (p=0.0002 and p=0.0007, respectively). 

Similarly, we found a significant increase in LDL-C when comparing the 12th week to the baseline 

levels of both HFFD and HFFD+MIR groups (p=0.0086 and p=0.0057, respectively) and when 

also comparing each of the HFFD and HFFD+MIR to the control group at the end of the protocol 

(p=0.0001 and p=0.0014, respectively). TG levels were significantly increased in the HFFD group 

when comparing the 12th week to the baseline levels (p=0.0389) but did not change in control nor 

in MIR-treated groups. Meanwhile, no increase was found in HDL nor in FFAs neither when 

comparing the 12th week to the baseline levels nor when comparing each of the HFFD and 

HFFD+MIR to the control group, at the end of the protocol (Table 1).    
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Figure 1. Effect of HFFD feeding and long-term treatment with mirabegron on glucose and insulin metabolism. 

Glucose metabolism was evaluated by an IVGTT, performed at the end of the protocol. After a glucose bolus, both 

plasma glucose (A) and insulin levels (B) were measured. AUCGlu from the IVGTT was calculated (C). Insulin 

metabolism was assessed by calculating the Homeostasis model assessment of insulin resistance (HOMA-IR) (D). 

Data were expressed as the mean ± SEM. A two-way Anova test was used for statistical analysis.  n=9 for Control, 

n=12 for HFFD and n=9 for HFFD+MIR. ** p< 0.01 and * p< 0.05 for HFFD vs. Control group. $$ p< 0.01 and $ 

p<0.05 12th week vs. Baseline. 

The AUCGlu from the IVGTT significantly increased when comparing the HFFD and the 

HFFD+MIR to the control group at the end of the protocol (p=0.0205 and p=0.0069, respectively). 

The glycaemia 2h post glucose injection also significantly increased at the 12th week, in both the 

HFFD and the HFFD+MIR (p=0.0204 and p= 0.0289, respectively) compared to the control group 

Meanwhile, we found no difference when comparing the AUCIns of all groups. On the other hand, 

HOMA-IR significantly increased amongst individuals of HFFD group (12th week vs. Baseline, 

p=0.0059) and when comparing both the HFFD and control groups at the 12th week (p=0.0078); 



   

 

127 
 

however, no change was observed amongst individuals of the HFFD+MIR (12th week vs. Baseline) 

nor when compared to the control group (Figure 1). 

 

Figure 2. Effect of the HFFD and treatment with mirabegron on the aortic elasticity. The PWV was measured at 

the beginning and end of the protocol in order to assess the arterial vascular elasticity. It was calculated using the 

following formula: PWV (m/s) = ∆x/∆t. Data are expressed as mean ± SEM. Repeated measures two-way Anova test 

was used for statistical analysis. n=9 for control, n=12 for HFFD and n=9 for HFFD+MIR. * p<0.05, **** p<0.0001 

vs. Control.  

Pulse wave velocity measurements were performed to functionally assess the aortic stiffness. 

Statistical analysis showed a significant difference between the control and HFFD group and 

between the control and HFFD+MIR group, specifically at the end of the protocol (12th week, 

p=0.0154, p<0.0001) (Figure 2).  
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Figure 3. Effect of HFFD and treatment with mirabegron on LV systolic function, blood flow and LV dilation. 

Fractional shortening (A), ejection fraction (B), aortic flow (C), pulmonary flow (D). Values are expressed as mean ± 

SEM. a two-way Anova test was used for statistical analysis. n=3 for Control, n=6 for HFFD and n=9 for HFFD+MIR. 

$ p<0.05 12th week vs. Baseline.  

To evaluate the effect of HFFD-feeding and long-term treatment with mirabegron on cardiac 

contractility, we performed echocardiography (Figure 3). Data indicated no modification in EF 

and FS nor in end-systolic and end-diastolic diameters (data not shown) indicating no change in 

LV systolic function nor in LV dilation. Conversely, the pulmonary and aortic flow velocities were 

both significantly increased in the HFFD group (12th week vs. Baseline, p=0.022 and p=0.0163, 

respectively) but remained unchanged in the control and mirabegron-treated group.  
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Figure 4. Cardiac parameters were assessed after ß-adrenoceptor stimulation by building non-cumulative 

concentration response-curves to isoproterenol (10-9 to 10-6). The LVDevP (A) and dP/dTtmax (B), reflecting cardiac 

inotropy and dP/dTmin (C), reflecting cardiac lusitropy, were evaluated. Data are represented as mean ± SEM. n=6 for 

Control, n=6 for HFFD and n=6 for HFFD+MIR. * p<0.05, ** p<0.01 vs. HFFD and determined using LME. 

To determine the effects of β-AR stimulation on cardiac contractility and relaxation, non-

cumulative concentration response-curves to isoproterenol were constructed (Figure 4). The 

LVDevP was decreased in the HFFD group compared to the control group and significantly 

increased in the HFFD+MIR-treated group compared to the HFFD-fed group (p= 0.0179) but not 

to the control group. This suggests an alteration of the β-AR-mediated response due to HFFD-

feeding that was counteracted in response to long-term treatment with mirabegron. Meanwhile the 

dP/dTmax and dP/dTmin were not affected in response to the HFFD-feeding but both significantly 

increased in the HFFD+MIR compared to the HFFD group (p=0.0049 and p=0.0039, respectively). 

This indicates that treatment with mirabegron prevented the decrease of the LVdevP and 
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ameliorated both the contraction (dP/dTmax) and relaxation (dP/dTmin) rates. In terms of coronary 

vasodilation, no change was observed (data not shown).  

 

Figure 5. Effect of HFFD feeding and treatment with mirabegron on carotid vasoreactivity. CCRCs were built 

to evaluate the carotid contractile using phenylephrine (Phe, 10-10 to 3.10-5) (A) and relaxation responses using  

acetylcholine (Ach, 10-9 to 3.10-5 M) (B) and insulin (Ins, 10-9 to 3.10-6 M) (C). The calculated contraction and 

relaxation percentages are relative to the maximal changes from the pre-contraction produced by KCL and Phe, 

respectively. Data are expressed as mean ± SEM and determined using NLME for Phe and Ach and LME for Ins. n=9 

for Control, n=12 for HFFD and n=9 for HFFD+MIR. * p<0.05, **< 0.01 Control vs. HFFD; $  p<0.05 HFFD+MIR 

vs. HFFD 

To assess the carotid reactivity, CCRCs were built (Figure 5). Even though there was no change 

in the Phe-induced maximal contractile response (Emax); the CCRC significantly shifted to the left 

(significantly higher pD2, p=0.019) in the HFFD compared to the control group. Indicating a higher 

α1-AR sensitivity. Meanwhile treatment with mirabegron prevented this shift. The pD2 was 
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significantly lower in the HFFD+MIR group compared the HFFD group (p=0.0069).  We observed 

no difference neither in the maximal response nor in pD2 values corresponding to the Ach curves. 

However, the HFFD group showed a significantly lower Ins-induced vasorelaxation (p=0.001 vs. 

control). Moreover, an increasing trend in Ins-mediated vasorelaxation was observed in response 

to treatment with mirabegron (p=0.08 vs. HFFD). 

 

Figure 6. Quantification of aortic atherosclerosis, 12 weeks after HFFD feeding and treatment with 

mirabegron. Data in all graphs are represented as the mean ± SEM except for the stage of lesions, which was 

expressed in percentages. Statistical analysis was performed using one-way Anova for all parameters except for stage 

of lesions, for which a Chi square test was used.   n=9 for Control, n=12 for HFFD and n=9 for HFFD+MIR. * p<0.05, 

** p<0.01 HFFD+MIR vs. Control. 

No difference between groups was observed regarding the average thickening of the intima (Area 

of intimal lesion/length of media). The area of intimal lesion increased in both the HFFD and the 

HFFD+MIR groups compared to the control group. However, the increase was only significant in 

the HFFD+MIR (p=0.0237 vs. Control). SMCs (evaluated using an anti-HHF35 antibody), Mφ 

(evaluated using an anti-RAM11 antibody) and elastic fibers (evaluated using the Orceine stain) 
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were not significantly different neither when comparing the HFFD to the control group nor when 

comparing the HFFD+MIR to the HFFD group. When comparing early versus advanced lesions, 

the difference was only significant in the HFFD+MIR (p=0.0044 vs. Control). Nevertheless, we 

also observed a clear trend towards advanced lesions in the HFFD (p=0.0614 vs. Control) (Figure 

6). 

Table 2. Classification of atheroma plaques.  

Histologic 

parameter 

evaluated 

Classificatio

n 

Control 

(n=9) 

HFFD 

(n=12) 

HFFD+MI

R (n=9) 

p value 

Control 

vs. HFFD  

 

p value 

HFFD+

MIR  

 vs. 

HFFD 

Extracellular 

lipids 

Absence 3 (33.3%) 4 (33.3%) 1 (11.1%) 0.0567 0.4691 

Grade 1 5 (55.6%) 1 (8.3%) 0 

Grade 2 1 (11.1%) 3 (25.0%) 3 (33.3%) 

Grade 3 0 4 (33.3%) 5 (55.6%) 

Grade 4 0 0 0 

Fibrous cap Absence 7 (77.8%) 6 (50.0%) 2 (22.2%) 0.0502 0.19 

Grade 1 2 (22.2%) 0 2 (22.2%) 

Grade 2 0 5 (41.7%) 5 (55.6%) 

Grade 3 0 1 (8.3%) 0 

Grade 4 0 0 0 

Mineralizatio

n 

Absence 8 (88.9%) 9 (75.0%) 3 (33.3%) 0.43 0.1252 

Grade 1 1 (11.1%) 3 (25.0%) 5 (55.6%) 

Grade 2 0 0 0 

Grade 3 0 0 1 (11.1%) 

Grade 4 0 0 0 

Lipid core Absence 6 (66.7%) 5 (41.7%) 2 (22.2%) 0.2753 0.7223 

Grade 1 2 (22.2%) 1 (8.3%) 1 (11.1%) 

Grade 2 1 (11.1%) 4 (33.3%) 5 (55.6%) 
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Grade 3 0 2 (16.7%) 1 (11.1%) 

Grade 4 0 0 0 

Collagen 

deposition 

Absence 1 (11.1%) 0 0 0.1888 0.2338 

Grade 1 1 (11.1%) 0 1 (11.1%) 

Grade 2 4 (44.4%) 2 (16.7%) 1 (11.1%) 

Grade 3 2 (22.2%) 7 (58.3%) 2 (22.2%) 

Grade 4 1 (11.1%) 3 (25.0%) 5 (55.6%) 

Type of 

plaque 

No plaque 1 (11.1%) 0 0 0.09 0.4299 

Type II 4 (44.4%) 4 (33.3%) 1 (11.1%) 

Type III 3 (33.3%) 2 (16.7%) 1 (11.1%) 

Type IV 1 (11.1%) 0 1 (11.1%) 

Type V 0 6 (50.0%) 6 (66.7%) 

 

The presence of extracellular lipid, fibrous cap, mineralization, lipid core and collagen’s deposition (using green 

Masson’s trichrome stain) were graded using a semi-quantitative scale from 0 to 4. Type of plaques were classified 

according to the guidelines of the American Heart Association. The results were expressed as frequency and 

percentage.  Statistical analysis was performed using a Chi-square test. 

Extracellular lipid deposition and Fibrous cap presence were almost significantly increased 

(p=0.0567 and p=0.0502, respectively) in the HFFD group compared to the control group. No 

significant difference was observed in terms of extent of mineralization, lipid core severity 

collagen deposition between the HFFD group and the control group. Nevertheless, frequency of 

marked and severe collagen deposition was higher in HFFD than in control group. Additionally, 

more advanced grades were observed in the HFFD group. Regarding the type of plaques, most of 

the plaques in the control group were either type II (4/9) or type III (3/9) with no type V. In contrast, 

in the HFFD group, 50% of the plaques (6/12) were type V plaques. In the current study, only type 

II, III, IV and V lesions were observed. There was no significant difference between the HFFD 

group and the mirabegron-treated group in regards to extracellular lipid deposits, fibrous cap 

presence, the extent of mineralization, lipid core presence and severity, collagen deposition and 

plaque types (Table 2). 
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Table 3. cGMP levels determination in thoracic aorta, heart and adipose tissue. 

Data are expressed as mean ± SEM. One-way ANOVA test was used for statistical analysis. 

cGMP intracellular concentrations were determined in thoracic aorta, heart and adipose tissue 

samples. No difference between the groups was observed (Table 3).  

 

Figure 7. Interleukin-6 (A) and total antioxidant status (B) measurements. Data are expressed as mean ± SEM. A two-

way Anova test was used for statistical analysis. n=9 for Control, n=12 for HFFD and n=9 for HFFD+MIR. $ p<0.05 

12th Week vs. Baseline.  

We assessed the levels of interleukin-6 (IL-6), a main inflammatory cytokine. We also measured 

the total antioxidant status (TAS). Even though, we observed a strong decline in the Il-6 

concentrations of the mirabegron-treated group, this decrease was not statistically significant. 

 Groups  

cGMP Control (n=9) HFFD (n=12) HFFD+MIR 

(n=9) 

Thoracic aorta 

(pmol/mg of protein) 

3.27 ± 1.07 5.69 ± 1.58 1.56 ± 0.21 

 

Heart tissue 

(pmol/mg of protein) 

1.34 ± 0.30 1.79 ± 0.35 1.42 ± 0.26 

 

Adipose tissue 

(fmol/mg of protein) 

0.0506 ± 0.0050 0.0465 ± 0.0089 0.0457 ± 0.0848 
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Meanwhile, the TAS level significantly increased in the mirabegron treated group (p=0.0127, 12th 

week vs. Baseline) (Figure 7).  

Discussion 

In the current study, we investigated whether chronic treatment with mirabegron would counteract 

or prevent metabolic and cardiovascular disturbances that are associated with the combination of 

two main components of the MetS, dyslipidemia-IR. We were able to produce this combination 

by feeding a HFFD (to induce IR), to a spontaneously dyslipidaemic rabbit model. Our purpose 

was to induce IR rather than obesity, which might be a confounding factor. Thus we used a HFFD 

that, compared to the standard chow, is rich in sugar and fat but contains less protein and fibers 

[15]. To our knowledge, most of studies that intended to explore MIR as a treatment for metabolic 

disease were either performed on rodents or on humans but not on rabbits.  

 

We showed that, after 12 weeks of HFFD feeding, WHHL rabbits exhibited increased fasting 

insulin levels, HOMA-IR, TG and cholesterol (TC and LDL-C) levels as well as impaired glucose 

tolerance, compared to their counterparts in the control group. We were also able to show that 12 

weeks of MIR treatment exhibited global improvement of the metabolic status and cardiovascular 

function of these rabbits.   

Both weight and abdominal circumference similarly increased in the HFFD and control groups. 

Therefore, this increase is probably not related to the HFFD-feeding, which might be explained by 

the fact that the HFFD that we used is rich in fat and sugar but with less protein and fibers. Whereas 

treatment with MIR along with HFFD-feeding did not lead to any increase in weight nor in 

abdominal circumference, suggesting that MIR prevented this increase. These results are in 

consistence with several studies that demonstrated that β3-AR agonists decrease weigh gain 

[22],[23]. Meanwhile, both CL-316,243 and MIR have been found to increase lipolysis in white 

adipose tissue (WAT) and thermogenesis in BAT leading to increased energy expenditure (EE) 

[24],[25].  Berbeé et al. proposed that β3-AR-stimulation reduces weight gain, through activation 

of uncoupling-protein 1 (UCP1) of BAT, which induces lipolysis and thermogenesis leading to 

increased EE [14].  Finlin et al. found that MIR causes the induction of beige adipose tissue in 

human subcutaneous WAT [26]. The Improvement in weight and abdominal circumference 
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parameters could also be related to activation of NO-cGMP axis. Signaling through the latter has 

been found to be essential for brown adipocyte development and function [27] and has been proven 

to induce lipid uptake into BAT and increase whole-body EE [28]. Moreover, Mitschke et al. 

demonstrated that increased cGMP promotes healthy expansion and browning of WAT [7]. 

Therefore, we determined the cGMP levels in the adipose tissue; however, we found no difference 

between groups, indicating that weight stabilization is possibly related to other mechanisms or 

pathways that require further investigation. 

In addition, we found that individuals that were subjected to the HFFD exhibited hyperinsulinemia, 

increased HOMA-IR, decreased glucose tolerance, compared to both their baseline levels and their 

counterparts in the control group. Whereas those that were additionally treated with MIR showed 

no increase in their fasting insulin nor in their HOMA-IR levels. This indicates that MIR was able 

to counteract the decreased insulin sensitivity induced by HFFD feeding. This result is in 

agreement with the findings of a study, done by Hao et al. who found that treatment with MIR 

improved insulin sensitivity and prevented high-fat diet-induced obesity in mice [29]. During IR, 

endothelial-mediated vasodilation is compromised leading to decreased delivery of glucose and 

insulin to their target organs as reviewed by Barrett et al. [30]. Therefore, one of the mechanisms 

behind improved insulin sensitivity, could be related to β3-NO-cGMP-stimulated vasodilation 

(enhanced blood flow) and translocation of glucose transporter 4 to the cell membrane, that lead 

to improved glucose and insulin delivery to peripheral tissues and increased glucose uptake, 

respectively [31],[32]. Moreover, a recent clinical study showed that chronic treatment with MIR 

improves insulin sensitivity in humans [13].  

It has been well established that low-grade inflammation plays an important role in mediating 

insulin resistance during MetS. Therefore, we measured levels of IL-6, an inflammatory cytokine 

that was proven to decrease insulin sensitivity [33]. Our results revealed that mirabegron exhibited 

a tendency to decrease IL-6 levels, which might explain the improved insulin sensitivity.  

Our results showed that TG levels were significantly increased in the HFFD group but not in 

control nor in HFFD+MIR groups. This indicates that treatment with MIR prevented the increase 

of TG levels. It has been well established that MIR has the ability to activate BAT and 

thermogenesis and to increase lipolysis in WAT in humans and rodents [24],[26]. One of the 
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proposed mechanisms for decreased TG levels is chronic stimulation of BAT that leads to 

increased triglyceride-rich lipoproteins consumption [14],[34]. Whereas, others studies attributed 

this decrease to increased lipolysis [35]. Even though our results showed no changes in FFA levels, 

it has been documented that increased plasma FFA levels are only transient following β3-ARs-

stimulated WAT lipolysis due to increased energy cost during BAT-induced thermogenesis [36]. 

Our results showed that HFFD feeding significantly increased TC and LDL-C levels and that MIR 

did not counteract this increase. Several studies found that BAT activation reduces 

hypercholesterolemia and protects from atherosclerosis through stimulating cholesterol uptake 

[34],[37]. Whereas, others showed that BAT activation enhances the selective fatty acids-uptake 

from triglyceride-rich lipoproteins, leaving behind cholesterol rich remnants [14]. In animals with 

defective ApoE-LDLr axis, these particles are likely to accumulate in the circulation leading to 

increased cholesterol levels. This explains why MIR-treated Watanabe rabbits (LDLr-mutated) 

showed no improvement in cholesterol levels. In agreement with our findings, β3-agonist induced 

BAT activation, in Apoe−/− and  LDL receptor−/− (Ldlr−/−) mice was either found to have no impact 

on hypercholesterolemia and atherosclerosis [14] or to increase plasma levels of both LDL-C and 

VLDL-C remnants, accelerating atherosclerotic plaque growth and instability [35]. The authors of 

the latter study did not observe any significant difference of HDL between MIR-treated and control 

mice, which also agrees with our results. Even though other studies found otherwise, those studies 

were not performed on models with an ApoE-LDLr defective axis. For instance, treatment with 

BRL37344, a preferential β3-AR agonist and MIR were shown to increase HDL-C levels [13],[38].  

In the present study, MIR-treated rabbits displayed larger and more advanced atherosclerotic 

lesions, compared to the control group but showed almost similar lesions as the HFFD-fed group. 

These results are consistent with the findings of Sui et al. who found that treatment with MIR does 

not improve atherosclerosis. They even found that mirabegron excarebates atherosclerotic plaque 

development particularly in animals with defective ApoE-LDLr axis. In their study, they attributed 

this effect to the activation of brown fat-mediated lipolysis that leads to an increase in plasma 

levels of both LDL-C and VLDL-C remnants and thereby to an acceleration of plaque growth and 

instability [35]. Moreover, Berbeé et al. demonstrated that activation of BAT using a β3-agonist, 

in Apoe−/− and  Ldlr−/− mice does not attenuate hypercholesterolemia and atherosclerosis [14].  
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Increased arterial stiffness was proven to be correlated to the MetS in humans and experimental 

animal models [39]. However, in this study we found no change in the PWV values. Even though 

PWV values significantly increased in both the HFFD and HFFD+MIR groups compared to the 

control group, we could not consider these results, given that the PWV almost did not change 

amongst individuals of both the HFFD and HFFD+MIR group. In contrast, Bhatta et al. found that 

PWV increases in an animal model of diet-induced metabolic syndrome [40]. However, in our 

study, rabbits were young and the protocol only lasted for 12 weeks. Conversely, our 

echocardiographic data showed an increase in both the aortic and pulmonary flow velocities, only 

in individuals from the HFFD group. This increase could not be ascribed to increased LV systolic 

function since both the LVFS and LVEF were not increased. Thus, this increase in aortic flow 

velocities is more likely related to a decrease in vascular arterial compliance/arterial stiffness [41]. 

Treatment with mirabegron prevented this increase probably through the activation of NO-

signaling pathway in endothelial cells. Indeed, treatments that lead to vasodilation have been 

reported to reduce arterial stiffness [42].  

It has been well established that the sympathetic nervous system is over-activated during the MetS, 

leading to decreased contractile responsiveness to β-stimulation [43]. We evaluated the effects of 

ex-vivo β-AR stimulation on cardiac inotropy. We showed a strong decreasing trend in positive 

inotropy in response to isoproterenol but not in coronary vasodilation (data not shown) in the 

HFFD group, suggesting that the alteration likely concerns β1-ARs and not β2-ARs. Our ex vivo 

findings also revealed that mirabegron increased both isoproterenol-induced inotropic and 

lusitropic effects. This increase likely involves an improvement of β1-AR reactivity (i.e. 

modification in β-AR expression and/or β-ARs-linked mechanisms). This is possibly related to a 

cross-talk between β1-ARs and β3-ARs.  Several studies reported a cross-regulation between β1-

ARs and β3-ARs involving intracellular mechanisms in cardiomyocytes [44],[45].  

Our ex-vivo results regarding the isoproterenol-mediated effects are not in accordance with our 

echocardiographic findings. The LVFS and LVEF remained unchanged between the groups and 

when comparing the baseline to the 12th week levels. The discrepancy has already been 

documented [46]. In their study, Bundgaard et al. found that MIR significantly increased the LVEF 

compared to patients given placebo. However, they also documented that MIR was only beneficial 

in patients with reduced LVEF [47]. 
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One of the cardiovascular disturbances associated with the MetS is endothelial dysfunction. We 

evaluated the vascular reactivity of the carotid artery. HFFD-feeding increased the α1-AR 

sensitivity in the HFFD group. This increase was counteracted in response to treatment with 

mirabegron, since the pD2 was significantly decreased compared to the HFFD group. This suggests 

that MIR prevented the Phe-induced hyper-responsiveness to HFFD-feeding probably via a 

change in NO-cGMP intracellular levels [48], that antagonized the vasoconstrictor effects of  Phe 

[49]. In this regard, we determined the tissular aortic cGMP levels, but found no significant 

difference between groups. Further investigation is needed in support of this hypothesis.  

In contrast to several studies on animal models of MetS [40],[50], we found that Ach-mediated 

vasorelaxation was not affected in the HFFD group; however, the insulin-induced vasorelaxation 

was significantly impaired, indicating a selective impairment of endothelium-dependent 

vasorelaxation involving the PI3K-Akt signaling. This is likely due to the IR state that 

compromised the vasorelaxant effect of insulin as described by others [51],[52]. We also found 

that treatment with MIR improved Ins-induced vasorelaxation. This improvement probably occurs 

through increased NOS signaling.  

Enhanced α1-AR responsiveness and decreased insulin-mediated vasorelaxation encountered in 

the HFFD group might be due to an imbalance between oxidative stress and NO bioavailability 

[53],[54]. Accordingly, we evaluated the TAS levels, which did not change in the HFFD group but 

was significantly increased in response to treatment with mirabegron. It has been demonstrated 

that β3-AR stimulation exerts antioxidant effects in a rabbit model of hyperglycemia and in an in-

vitro experiment [55],[56].  

Conclusion 

In the current study, we demonstrated that HFFD feeding (with no excess in calories) induces IR 

without obesity and accentuates dyslipidemia in WHHL rabbit (LDLr mutated animal models). 

Chronic treatment with mirabegron showed a promising improvement in the metabolic status of 

HFFD-fed WHHL rabbits. It decreased weight gain, improved insulin sensitivity and stabilized 

TG levels. Our results support the investigation of MIR as a pharmacological mean for the 

management of MetS.  
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Abstract 

Background and aim: The metabolic syndrome (MetS) is associated with increased risk of type 

2 diabetes and cardiovascular disease. Given the multifactorial nature of this syndrome, its 

management necessitates a pharmacological therapeutic approach with pleotropic effects. We 

explored the ability of a cyclic guanosine monophosphate (cGMP) modulator, BAY 41-2272 

(BAY), to prevent the development of MetS and its cardiovascular consequences. 

Methods: Thirty male and female Watanabe heritable hyperlipidemic rabbits (WHHL) were 

randomly assigned to control (n=9), high fructose high fat diet (HFFD, n=12) and HFFD+BAY 

(n=9) groups that, respectively, received a chow, HFFD and HFFD along with BAY treatment 

(3mg/kg, PO). The protocol lasted for 12 weeks, during which weight and abdominal 

circumference were monitored; plasma fasting levels of lipids, glucose and insulin were measured 

and an intravenous glucose tolerance test (IVGTT) was performed. Homeostasis model assessment 

of insulin resistance (HOMA-IR) was calculated. Cardiac function was evaluated using in-vivo 

(Echocardiography) and ex-vivo (Langendorff isolated heart) approaches. Vascular reactivity and 

arterial stiffness were assessed on isolated carotid arteries and by determining the pulse wave 

velocity (PWV), respectively. 

Results: HFFD-fed rabbits exhibited a significant increase in fasting insulin, HOMA-IR, area 

under the curve of the IVGTT, triglycerides (TG), total cholesterol, in the sensitivity to 

phenylephrine and a significant decrease of the insulin-mediated vasorelaxation, compared to the 

control group. Treatment with BAY prevented the increase in fasting insulin, HOMA-IR, TG 

levels and the phenylephrine hypersensitivity induced by the HFFD. 

Conclusion: In the WHHL rabbit model of combined dyslipidemia and IR, long-term treatment 

with BAY stabilized weight gain and TG levels and improved insulin sensitivity and endothelial 

function.  

Keywords: Metabolic syndrome, insulin resistance, dyslipidemia, Watanabe heritable 

hyperlipidemic rabbit, high-fructose high-fat diet, BAY 41-2272. 

  



   

 

151 
 

Introduction  

The metabolic syndrome (MetS) combines multiple risk factors that include central/abdominal 

obesity, insulin resistance (IR), dyslipidemia and arterial hypertension [1]. The increased interest 

in this syndrome is related to its association with increased risk of type 2 diabetes (T2D) and 

cardiovascular disease (CVD) [2]–[4]. Lifestyle interventions remain the primary tools for good 

management of the MetS. However,  when lifestyle changes are not successful [5] or simply cannot 

be established [6], a pharmacological therapeutic approach should be implemented. Currently most 

of the treatments used in the management of this syndrome are directed towards each risk factor 

alone. Therefore, using molecules with pleiotropic effects or that acts on a broad spectrum of 

tissues and cells, might be more successful in managing a multifactorial disease such as the MetS 

[6]. 

Animal and clinical trial studies have revealed that modulation of the solube guanylyl cyclase-

cyclic guanosine monophosphate-protein kinase G (sGC-cGMP-PKG) pathway exhibits 

promising metabolic and cardiovascular outcomes. For instance, sildenafil citrate, a 

phosphodiesterase 5 (PDE5) inhibitor that leads to increased cGMP levels was reported to be 

effective in reducing weight, improving glucose tolerance, insulin sensitivity and lipid profiles and 

reversing endothelial dysfunction [7]–[11]. Moreover, activation of the NO-cGMP axis has been 

described to promote lipolysis and to stimulate thermogenic pathways, in humans and mice, 

leading to decreased white adipose tissue-mediated fat storage and to increased brown adipose 

tissue-mediated energy expenditure (EE), respectively [12]–[14]. Other studies proposed that 

browning of white adipose tissue is also possible through this pathway in humans and mice [14]–

[16]. Collectively, the aforementioned findings suggest that the increased signaling through the 

NO-sGC-cGMP pathway have the potential to treat metabolic and cardiovascular disorders [17]–

[20]. Modulation of this pathway could be achieved by increasing the bioavailability of the 

intracellular second messenger of NO, the cGMP, either through decreasing its catabolism (PDE 

inhibitors) or through increasing its biosynthesis (natriuretic peptide, sGC modulators or sGC 

stimulators) [17], [21], [22]. BAY 41-2272 belongs to a class of compounds called sGC stimulators 

that directly activate the sGC and work synergistically with NO, yielding increased cGMP levels  

[23].  
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Our aim was to investigate the ability of BAY 41-2272 in attenuating the metabolic disturbances 

associated with the dyslipidemia-IR combination, and thereby in preventing the development of 

metabolic and cardiovascular changes/consequences of the MetS. We chose to work on Watanabe 

rabbits, animal models that spontaneously develop dyslipidemia, due to a mutation in their LDLr. 

These rabbits were subjected to 12 weeks of HFFD feeding, in purpose of inducing IR [24]. The 

HFFD that we used is rich in sugar and fat but with less protein and fibers [24]. In fact, our purpose 

was to avoid excessive weight gain-related confounding factors e.g. mechanical inflammatory and 

cardiometabolic effects of obesity. 

Materials and methods  

Experimental design 

30 Watanabe heritable hyperlipidemic (WHHL) rabbits (male and female; 9-12 weeks of age) 

weighing 3.0-3.5 kg were used in all experiments. Rabbits were housed individually in a room 

maintained at constant temperature (21°C) and humidity (>45%), under a 12h dark/light cycle with 

free access to water and food. Rabbits were randomly divided into three groups a control group 

(n=9), a HFFD group (n=12) and a HFFD+BAY group (n=9). These group, respectively, received 

a standard chow diet (3410.PS.S10; SERLAB, France), a high fructose fat diet (HFFD, SERLAB, 

France) and a HFFD along with oral administration of BAY 41-2272 (BAY, 3mg/kg/d). The HFFD 

consisted of a chow diet, supplemented with 30 % fructose and 10 % coconut oil (91% saturated 

fatty acids)(Additional file).  

All procedures were performed in accordance with the National Institute of Health Guide for the 

Use and Care of Laboratory Animals guidelines and they are all conducted with the approval of 

the institutional ethics Committee of Pays de la Loire (APAFIS n° 10722).  

Morphological parameters  

Weight and abdominal circumference were measured every two weeks to monitor the animal’s 

weight gain and growth. 
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Measurement of plasma lipids, glucose and insulin levels 

Blood withdrawal was performed at the baseline and 12th week of the experimental protocol. After 

overnight fasting, blood was withdrawn in heparinized tubes. Samples were centrifuged (10000g, 

15 minutes, 4° C) and the plasma was stored at -80° C. For the quantitative determination of total 

cholesterol (TC), triglycerides (TG), free fatty acids (FFA) and high-density lipoprotein 

cholesterol (HDL-C) plasma levels, we used an enzymatic colorimetric method. The dosages were 

performed according to the supplier’s instructions (DiaSys enzymatic commercial kits).  

Meanwhile, low-density lipoprotein (LDL-C) levels were calculated using the Friedewald’s 

equation, LDL cholesterol (g/L) = total cholesterol – HDL-cholesterol – (triglycerides/5) [25]. For 

the quantitative determination of insulin plasma levels, we used a sensitive rabbit insulin ELISA 

kit sandwich assay (Crystal Chem High Performance Assays, USA). 

Intravenous glucose tolerance test  

An IVGTT was performed at the end of the protocol, as previously described [26]. After an 

overnight fasting, rabbits were injected with an intravenous glucose solution (0.6 g/kg body 

weight). Then glucose measurements were performed before and 15, 30, 45, 60, 90 and 120 min 

after the glucose loading. Blood glucose was measured via a glucose meter 

(ONETOUCHVERIO;  2012 LifeScan, Inc.), using one drop of whole blood, obtained from 

the marginal ear vein. The area under the curve (AUC) was calculated using PRISM® software 

(version 8.0.1). Homeostasis Model Assessment of basal Insulin Resistance (HOMA-IR) was 

calculated using the following equation: [(fasting plasma glucose (mmol/l) x fasting plasma insulin 

(µU/ml))/22.5] [27]. 

Pulse wave velocity  

To assess the arterial stiffness, two sets of pulse wave velocity (PWV) measurements were 

performed, one at the beginning and another, at the 12th week of the protocol. Two piezoelectric 

sensors (ADInstruments, France) were placed, one on the auricular artery and another on the caudal 

one of conscious animals. Recordings of pulse waves were made during 10 min with the software 

(ADInstruments LabChart v8.1.5, France). The measurement point (the foot of each pulse wave) 

was determined using the second derivative of the pulse wave signal. Both the distance between 



   

 

154 
 

the two sensors and that between the auricular artery and the sternal manubrium, were noted each 

time. Then, the ∆x was calculated by substracting the two distances. The time interval (∆t) between 

the foot of the auricular waveform and that of the caudal waveform was measured by the software.  

The PWV was calculated using the formula PWV (m.s-1) = ∆x/∆t [28]. 

Echocardiographic measurements of cardiac function and geometry 

To assess in vivo cardiac geometry and left ventricular (LV) global systolic function, transthoracic 

echocardiography (TTE) was performed on conscious animals, at both baseline and at the end of 

experimental protocol (12th week). A high frequency ultrasound imaging system (Esaote Mylab 

70 XVG, 9 MHz microconvex transducer) was used to record both two-dimensional and Motion 

mode (M-mode) imaging. The left ventricular end-diastolic diameter (LVEDd), left ventricular 

end-systolic diameter (LVESd) left ventricular fractional shortening (LVFS), left ejection fraction 

(LVEF), interventricular septal thickness (IVS) and left ventricular posterior wall thickness 

(LVPW) were determined using through a right parasternal short axis view of the heart. FS and 

EF were respectively calculated using the formulas LVFS = [(LVIDd − LVIDs)/ LVIDd] × 100 

and EF = [(LVEDV − LVESV)/ LVEDV] × 100. Two consecutive heart cycles were measured 

and the average was used for analysis. Using Doppler imaging, color-flow mapping mode, the 

pulmonary and aortic flow were determined, through a short axis-right parasternal and left long 

axis- five chambers approaches, respectively (Esaote Mylab 70 XVG, 8 MHz sector transducer). 

Isolated Langendorff heart preparation 

Ex vivo retrograde heart perfusion was performed at a constant flow-rate mode. Under anesthesia 

with intravenous Sodium Pentobarbital (40 mg/kg) the thorax was opened. The animal was 

sacrificed by exsanguinating the abdominal aorta. The heart was rapidly excised and transferred 

into ice-cold filtered (using a 0,2 m filter funnel) Krebs’ solution. The latter, contained (mM): 

NaCl 118.3, NaHCO3 20.0, KCl 4.7, MgSO47H2O 1.2, KH2PO4 1.2, glucose 11.1, EDTA 0.016 

and CaCl2 2.5. Afterwards, the heart was cannulated (4 mm aortic cannula, ADinstruments) and 

perfused at a constant flow-rate (22-28 mL/min) with a Krebs solution that is constantly bubbled 

with 95% O2 and 5% CO2 at 37 °C. Then, a de-ionized water-filled latex balloon, connected to a 

pressure transducer, was inserted into the left ventricle to allow isovolumetric contractions and 

continuously record the left ventricular pressure (LVP) as an index of cardiac contractility. Another 
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pressure transducer located above the aorta recorded the perfusion pressure (PP), as an index of 

coronary vasodilation. The heart was allowed to stabilize for 20 minutes before non-cumulative 

concentration response curves to isoproterenol (10-9 to 10-6 M), a potent nonselective β-adrenergic 

agonist, were built. Four pharmacodynamic endpoints, left ventricular pressure (LVP), coronary 

perfusion pressure (PP), the first derivative of the left ventricular pressure in systole (dP/dTmax) 

and first derivative of the left ventricular pressure in diastole (dP/dTmin), were measured and 

monitored continuously throughout the experiment. The left ventricular developed pressure 

(LVDevP) was calculated as the difference between left ventricular systolic pressure and left 

ventricular end-diastolic pressure. dP/dTmax and dP/dTmin reflect the maximum contraction and 

relaxation velocities, respectively. Data acquisition and recording were achieved using Powerlab 

(8/35) and LabChart 7.0 software (ADInstruments, France). 

Vascular reactivity 

Immediately after animals were sacrificed by exsanguination, the carotid artery was removed and 

dissected free of fat and connective tissue and placed in a cold Krebs’ solution of the following 

composition (mM): NaCl 118.3, KCl 4.7, MgSO47H2O 1.2, KH2PO4 1.2, NaHCO3 20.0, glucose 

11.1, EDTA 0.016, CaCl2 2.5, pH 7.4. The artery was cut into 5mm ring segments that were 

mounted on triangular wire supports and suspended in 10 mL organ baths containing Krebs’ 

solution, maintained at 37°C, and gassed with 95% O2 and 5% CO2. Isometric tension was 

continuously measured using a computerized automated isometric transducer system 

(EMKAbath4, EMKA technologies, France) and recorded with a data acquisition software (iox 

version 2.9.5.20). The segments were initially loaded to a 2 g tension and allowed to equilibrate 

for 60 minutes (during which, they were washed four time). Care was taken not to injure the 

endothelium during the preparation. Firstly, the viability of the vessels was evaluated through an 

80 mM KCl solution. Then, the presence of intact endothelium was verified by adding 

acetylcholine (Ach, 10-6 M) to phenylephrine (Phe 3.10-6 M) pre-contracted rings. The rings with 

less than 60% relaxation were considered non-reliant and thus, were eliminated. Cumulative 

concentration-response curves (CCRCs) to Phenylephrine, an α1-adrenoceptor agonist (Phe, 10-9 

to 3.10-5 M), Acetylcholine, a muscarinic receptor agonist (Ach, 10-9 to 3.10-5 M), sodium 

nitroprusside, a NO donor (SNP, 10-10 to 3.10-5 M), insulin (Ins, 10-9 to 3.10-6 M) were constructed. 

The cumulative concentration-relaxation curves (Ach, SNP and Ins) were built on the Phe-
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precontracted rings, using: The calculated relaxing percentages are relative to the maximal changes 

from the pre-contraction produced by phenylephrine in each ring. 

Histology and Immunohistochemistry  

We evaluated the effect of HFFD on the development and evolution of atherosclerosis in Watanabe 

rabbits. The cranial thoracic aorta, specifically the area preceding the aortic arch was removed and 

sampled. These samples were fixed by immersion in neutrally buffered 10% formalin followed by 

dehydration and paraffin embedding. Then, serial 4µm thick sections were routinely cut and 

stained. 

For histological analysis of thoracic aorta, sections were stained with hematoxylin and eosin, 

safranin (HES).  Green Masson’s trichrome and Orceine stains were used to assess collagen and 

elastic fibers, respectively. The lesions were evaluated under light microscope. In order to study 

the cellular components of the thoracic aorta, automated immunohistochemistry (Benchmark XT, 

Ventana Medical Systems, Roche Diagnostics) was performed. The detection systems were the 

iView DAB detection kit (Ventana Medical Systems, Roche Diagnostics, 760-091) (Other sections 

were immunohistochemically stained with macrophage antibody (clone RAM11, mouse 

monoclonal, 1:1200 dilution, Dako Corp, USA) and  α-smooth muscle actin antibody  (clone 

HHF35, mouse monoclonal, 1:50 dilution, Dako Corp, USA), two monoclonal antibodies that 

detect macrophages and smooth muscle cells (SMCs), respectively. 

Using an image analysis system (FIJI). The extent of atherosclerotic lesions in the aorta was 

expressed as a percentage of the lesion area and the degree of intimal thickening. For determination 

of average intima thickening, the following equation was used: area of intimal lesion/length of 

media. The same software was also used for the quantification of elastin fibers, macrophages and 

SMCs, which was performed by calculating the percentage of immunostaining in lesion area. 

Conversely, collagen could not be quantified using the same software. Therefore, a semi-

quantification was performed microscopically. Lesions were classified by a certified veterinary 

pathologist, according to the guidelines of the American Heart Association [29]. According to their 

classification: 
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- Type I (initial) lesion contain atherogenic lipoprotein that elicit an increase in macrophages 

numbers and scattered macrophage foam cell formation, 

- Type II lesions consist of layers of macrophage foam cells and lipid-laden smooth muscle cells 

and comprise lesions grossly designated as fatty streaks, 

- Type III lesions are the intermediate stage between type II and IV lesions (atheroma). In addition 

to the lipid-laden cells present in type II lesions, type III lesions contain scattered collections of 

extracellular lipid droplets and particles, 

- Type IV lesions contain larger, confluent, and more disruptive core of extracellular lipid, 

- Lesions comprising a lipid core might also contain thick layers of fibrous connective tissue 

characterizing type V lesions and/or fissure, hematoma, and thrombus characterizing type VI 

lesion. 

In addition, the presence of extracellular lipid, fibrous cap, mineralization, lipid core and 

collagen’s deposition (using green Masson’s trichrome stain) were graded using a semi-

quantitative scale from 0 to 4 in order to be able to better characterize the different types of plaques 

[31]. In order to compare the stage of lesions type II and III plaques were classified as early lesions 

whereas type IV and V plaques were classified as advanced lesions. 

Tissue cGMP quantification 

cGMP was quantified in thoracic aorta rings, heart tissue and epididymal/ovarian fat. Immediately 

after animal sacrifice, samples were collected, immerged in liquid nitrogen and then stored at -

80°C. The day of analysis, samples were thawed, ground and homogenized in a cold solution of 

6% trichloroacetic acid (TCA), and then centrifuged at 1500 g for 10 min at 4 ° C. Then, the 

supernatant fractions were washed three times with a water saturated diethyl ether solution (5 

volumes of diethyl ether per 1 volume of supernatant) for the extraction of TCA. The residual 

diethyl ether was then evaporated by heating the samples at 70 ° C for 5 min. Later, the dried 

extract was dissolved in an adequate volume of assay buffer. The cGMP concentrations of each 

sample was measured by using a colorimetric enzyme immunoassay kit (Cayman Chemical 

Company). The absorbance of each sample was read at 405 nm using a stectrophotometer. The 
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cGMP value was calculated related to the total cell protein concentrations previously measured 

using a protein assay reagent kit (micro-BCA, Pierce Biotechnology, Rockford , USA). 

 

Plasma inflammatory cytokines and total antioxidant status 

Plasma tumor necrosis factor–alpha (TNF-α) and interleukin-6 (IL-6) were measured using ELISA 

kits according to the manufacturer’s instructions (DuoSet® ELISA kit, TNF-α/IL-6, R&D 

Systems Europe Ltd). Plasma total antioxidant status (TAS) was quantified using a colorimetric 

kit (TAS kit, Randox laboratories Ltd). 

Statistical analysis  

Data were expressed as a mean ± SEM. All graphs have been performed using PRISM® software (version 8.0.1). We 

used repeated measures two-way ANOVA, mixed effects analysis for multiple group comparisons (biochemical 

parameters and PWV measurements) and one-way ANOVA for cGMP analysis.  R software was used to evaluate data 

from non-cumulative concentration response curves (isolated heart and CCRC to insulin) by a linear mixed effect 

(LME) model. Relaxation was expressed as the percentage relaxation of the phenylephrine-induced precontraction. 

CCRCs to Ach were compared using a non-linear mixed effect model (NLME) [30], also using R software. The 

efficacy (Emax) and the potency (pD2) representing the maximum effects and the negative logarithm of the 

concentration producing 50% of the maximum effect, respectively were determined for each CCRC [30]. Chi square 

test was used for analyzing the classification of atheroma plaques. A p value of less than 0.05 was considered 

statistically significant for all results. 

Results 

Effect of HFFD and treatment with BAY 41-2272 on weight and abdominal 

circumference  

After 12 weeks of the protocol, the body weight similarly increased in both, the control and HFFD 

groups. This increase was significant in control (12th week vs. Baseline, p<0.0001) and HFFD (12th 

week vs. Baseline, p=0.0057) groups but not in the HFFD+BAY-treated group. The same pattern 

was observed in abdominal circumference comparisons. After 12 weeks of protocol, similar 

increases were witnessed in the control and HFFD. The increase was significant in control (12th 

week vs. Baseline, p<0.0001) and HFFD (12th week vs. Baseline, p<0.0001) groups but not in the 

HFFD+BAY-treated group. It is to be noted that both diets contained an equal amount of calories. 



   

 

159 
 

In fact, even though the HFFD is rich in fat and sugar, it consisted of relatively less protein and 

fibers (additional file). 

 

Table 1: Results of weight, abdominal circumference, glycaemia, insulin and plasma lipids. 

Groups 

Measurements Control (n=9) HFFD (n=12) HFFD+BAY (n=9) 

 Baseline 12th week Baseline 12th week Baseline 12th  week 

Weight (Kg) 2.00 ± 0.1 2.97 ± 0.1 $$$$ 2.30 ± 0.05 2.70 ± 0.12 $$ 3.27 ± 0.14 3.02 ± 0.08 

Abdominal circumference 

(cm) 

31.78 ± 

1.2 

38.78 ± 0.76 

$$$$ 

31.81 ± 

0.88 

36.45 ± 0.62 $$$$ 37.34 ± 

1.03 

36.00 ± 0.91 

Fasting glycaemia 

(mg/dl) 

98 ± 1.88 96 ± 3.06 101 ± 6.6 106 ± 7.54 92 ± 2.95 95 ± 4.30 

Fasting insulinemia 

(ng/ml) 

0.37 ± 0.08 0.31 ± 0.07 0.3 ± 0.04 1.15 ± 0.45 $ * 0.56 ± 0.15 0.57 ± 0.12 

Triglycerides(g/L) 1.4 ± 0.3 1.75 ± 0.35 1.76 ± 0.3 2.65 ± 0.39 $ 1.87 ± 0.35 1.68 ± 0.27 

TC (g/L) 6.72 ± 0.5 6.53  ± 0.8 7.4  ± 0.5 11.05 ± 0.88 $$ 

*** 

8.65  ± 

0.86 

10.7 ± 0.94 ** 

HDL-C (g/L) 0.21 ± 0.03 0.22  ± 0.03 0.19 ± 0.02 0.26 ± 0.03 0.195 ± 

0.03 

0.186 ± 0.03 

LDL-C (g/L) 6.23 ± 0.45 5.96 ± 0.7 6.87 ± 0.5 10.25 ± 0.85 $$ 

*** 

8.09 ± 0.82 10.09 ± 0.86 $ ** 

FFA (mmol/L) 0.83 ± 0.2 0.65 ± 0.1 1.02 ± 0.21 0.70 ± 0.11 1.26  ± 

0.22 

0.88 ± 0.06 

 

TC = total cholesterol, HDL-C = high-density lipoprotein cholesterol, LDL-C = low-density lipoprotein cholesterol, 

FFA = free fatty acids. Data are expressed as mean ± SEM. A two-way ANOVA test was used for statistical analysis. 

****p<0.0001, ***p< 0.001, ** p< 0.01 and *p< 0.05 for HFFD or HFFD+BAY vs. the Control group. $$$$p<0.0001, 

$$$p<0.001, $$ p< 0.01 and $p<0.05 12th week (end) vs. Baseline (beginning) of the protocol. 

Effect of HFFD and treatment with BAY 41-2272 on glucose and insulin levels 

Our data showed that basal insulinemia, significantly increased in the HFFD group (12th week vs. 

Baseline, p=0.021) and when comparing the HFFD to the control group at the 12th week (p=0.020) 
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but did not change in the HFFD+BAY compared to the control group. Even though HFFD feeding 

significantly increased the plasma levels of insulin, it did not change the fasting plasma glucose in 

any of the groups (Table 1). 

 

Effect of HFFD and treatment with BAY 41-2272 on lipid profiles 

We further examined modifications in lipid profiles (Table 1). We found a significant increase in 

TC when, comparing the 12th week to the baseline levels, of the HFFD group (p=0.007) and when 

also comparing each of the HFFD and HFFD+BAY to the control group at the end of the protocol 

(p=0.0004 and p=0.0016, respectively). The increase of TC levels was almost significant in the 

HFFD+BAY, when comparing 12th week to the baseline levels (p=0.0538). The same pattern was 

observed in the LDL-C levels. We found a significant increase in TC and LDL-C when comparing 

the 12th week to the baseline levels of both the HFFD and HFFD+BAY groups (p=0.008 and 

p=0.04, respectively) and when also comparing each of the HFFD and HFFD+BAY to the control 

group at the end of the protocol (p=0.0003 and p=0.0009, respectively).  TG levels were 

significantly increased in the HFFD group when comparing the 12th week to the baseline levels 

(p=0.01) but did not change in the control nor in the BAY-treated group. Meanwhile, no increase 

was found in HDL nor in FFAs neither when comparing the 12th week to the baseline levels nor 

when comparing each of the HFFD and HFFD+MIR to the control groups, at the end of the 

protocol.      

The AUCGlu, from the IVGTT, significantly increased when comparing the HFFD and the 

HFFD+BAY to the control group at the end of the protocol (p=0.007 and p=0.041, respectively). 

The glycaemia 2h post glucose injection also significantly increased, at the 12th week, in both the 

HFFD and the HFFD+BAY (p=0.0052 and p= 0.0265, respectively) compared to the control group 

Meanwhile, we found no difference when comparing the AUCIns of all groups. On the other hand, 

HOMA-IR significantly increased amongst individuals of HFFD group (12th week vs. Baseline, 

p=0.0075) and when comparing the HFFD to the control group at the 12th week (p=0.0086); 

however, no change was observed amongst individuals of the HFFD+BAY (12th week vs. 

Baseline) nor when compared to the control group (Figure 1). 
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Figure 1: effect of HFFD feeding and long-term treatment with BAY 41-2272 on glucose and insulin 

metabolism. Glucose metabolism was evaluated by an IVGTT, performed at the end of the protocol (A). After 12 

weeks of the protocol, rabbits were intravenously injected with a glucose bolus, both plasma glucose and insulin levels 

(B) were evaluated, as described in the Methods. AUCGlu of each curve from the IVGTT was calculated to be able to 

compare the differences between the groups (C). Insulin metabolism was assessed by calculating the homeostasis 

model assessment of insulin resistance (HOMA-IR) (D). Data were expressed as the mean ± SEM. A two-way Anova 

test was used for statistical analysis.  n=9 for Control, n=12 for HFFD and n=9 for HFFD+BAY. **p< 0.01 and *p< 

0.05 for HFFD vs. Control group. $$ p< 0.01 and $p<0.05 12th week vs. Baseline of the protocol. 

 

PWV measurements were performed, to assess the aortic stiffness (Figure 2). Statistical analysis 

showed a significant difference between the control and HFFD group and between the control and 

HFFD+BAY group, specifically at the end of the protocol (12th week, p=0.0118, p<0.0032). 

However, this difference cannot be taken into consideration given that the PWV almost did not 

increase amongst individuals of both, the HFFD and HFFD+BAY group (no difference between 

the baseline and the 12th week values).   
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Figure 2: Effect of the HFFD and treatment with BAY 41-2272 on the aortic stiffness. The PWV was measured 

at the beginning and end of the protocol in order to assess the arterial vascular elasticity. It was calculated using the 

following formula: PWV (m/s) = ∆x/∆t. Data are expressed as mean ± SEM. Repeated measures two-way Anova test 

was used for statistical analysis. n=9 for control, n=12 for HFFD and n=9 for HFFD+MIR. * p<0.05, **p<0.01 vs. 

Control.  
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Figure 3: Effect of HFFD and treatment with BAY 41-2272 on LV systolic function, blood flow and LV dilation. 

Fractional shortening (A), ejection fraction (B), aortic flow (C), pulmonary flow (D). Values are expressed as mean ± 

SEM. a two-way Anova test was used for statistical analysis. n=3 for Control, n=6 for HFFD and n=9 for HFFD+BAY 

$p<0.05, $$p<0.01 12th week vs. Baseline.  

To evaluate the effect of HFFD-feeding and long-term treatment with BAY 41-2272 on cardiac 

contractility, we performed echocardiography (Figure 3). Data indicated no modification in LVFS 

and LVEF nor in end-systolic and end-diastolic diameters (data not shown) indicating no change 

in LV systolic function nor in LV dilation. Conversely, the aortic and pulmonary flow velocities 

were both significantly increased in the HFFD group (12th week vs. Baseline, p= 0.0117 and p= 

0.0058, respectively) but remained unchanged in the control and BAY 41-2272 group.  

 

 

Figure 4: Effects of ß-adrenoceptor stimulation on cardiac contractility and coronary vasodilation Cardiac 

parameters were assessed after ß-adrenoceptor stimulation by building non-cumulative concentration response-curves 

to isoproterenol (10-9 to 10-6). The LVDevP (A) and perfusion pressure (B), reflecting cardiac inotropy and coronary 

vasodilation, respectively, were evaluated. Data are represented as mean ± SEM and determined using LME. 

To determine the effects of ß-adrenoceptor stimulation on cardiac contractility and coronary 

vasodilation, non-cumulative concentration response-curves to isoproterenol, were constructed 

and different parameters were evaluated (Figure 4). The LVDevP was decreased in both the HFFD 

and HFFD+BAY groups compared to the control group; however, this decrease was not 

statistically significant. In terms of coronary vasodilation, no change was observed.  

To assess the vascular reactivity, whether vasoconstriction or vasorelaxation, cumulative 

concentration–response curves (CCRCs), were built (Figure 5). Even though there was no change 
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in the Phe-induced maximal contractile response (Emax); the curve significantly shifted to the left 

(significantly higher pD2, p=0.0019) in the HFFD compared to the control group. Indicating a 

higher α1-AR sensitivity. Meanwhile treatment with mirabegron prevented this shift. The pD2 was 

significantly lower in the HFFD+BAY group compared the HFFD group (p<0.0001).  On the other 

hand, we observed no difference neither in the maximal response nor in pD2 values, corresponding 

to endothelium-dependent Ach-induced relaxation and to endothelium-independent relaxation 

response to sodium nitroprusside (10-10 to 3.10-5 M) (data not shown). Meanwhile, the HFFD 

group showed a significantly lower Ins-induced vasorelaxation (p=0.001 vs. control). When 

compared to the HFFD group, BAY-treated group did not shown any difference in terms of Ins-

mediated vasodilation.  
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Figure 5: Effect of HFFD feeding and treatment with BAY 41-2272 on carotid vasoreactivity. To assess the 

vascular reactivity of the carotid artery, cumulative concentration–response curves (CCRCs) were built. Carotid 

contractile response was evaluated using phenylephrine (Phe, 10-10 to 3.10-5) (A). Meanwhile, relaxation responses 

were assessed by constructing cumulative concentration–relaxation curves to acetylcholine (Ach, 10-9 to 3.10-5 M) (B) 

and insulin (Ins, 10-9 to 3.10-6 M) (C) on phenylephrine-pre-contracted carotid rings. The calculated contraction and 

relaxation percentages are relative to the maximal changes from the pre-contraction produced by KCL and 

phenylephrine, respectively. Data are expressed as mean ± SEM and determined using NLME for Phe and Ach and 

LME for Ins. n=9 for Control, n=12 for HFFD and n=9 for HFFD+BAY. *p<0.05, **< 0.01 Control vs. HFFD; $$$$ 

p<0.0001 HFFD+BAY vs. HFFD 

 

Figure 6: Quantification of aortic atherosclerosis, 12 weeks after HFFD feeding and treatment with 

mirabegron. Positively immuno-stained area of SMCs, macrophages  (Mφ) and elastic fibers were quantified using 

an image analysis system as described in the Methods. The same image analysis system was used to determine the 

intimal lesion area whereas the thickening of intima was determined by dividing the area of intimal lesion by the 

length of media. Plaques were classified into early (type II and III plaques) and advanced (type IV and V plaques) 

stage lesions. Data in all graphs are represented as the mean ± SEM except for the stage of lesions, which was 
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expressed in percentages. Statistical analysis was performed using one-way Anova for all parameters except for stage 

of lesions, for which a Chi square test was used. n=9 for Control, n=12 for HFFD and n=9 for HFFD+BAY. *p<0.05, 

**p<0.01 HFFD+BAY vs. Control. 

No difference, between groups, was observed regarding the average thickening of the intima (Area 

of intimal lesion/length of media). The area of intimal lesion increased in both the HFFD and the 

HFFD+BAY groups compared to the control group. However, the increase was only significant in 

the HFFD+BAY (p=0.0045 vs. Control). SMCs (evaluated using an anti-HHF35 antibody), Mφ 

(evaluated using an anti-RAM11 antibody) and elastic fibers (evaluated using the Orceine stain) 

were not significantly different neither when comparing the HFFD to the control group nor when 

comparing the HFFD+BAY to the HFFD group. When comparing early versus advanced lesions, 

the difference was only significant in the HFFD+BAY (p=0.0013 vs. Control). Nevertheless we 

also observed a clear trend towards advanced lesions in the HFFD (p=0.0679 vs. Control) (Figure 

6). 

Table 2: Classification of atheroma plaques. The presence of extracellular lipid, fibrous cap, mineralization, lipid 

core and collagen’s deposition (using green Masson’s trichrome stain) were graded using a semi-quantitative scale 

from 0 to 4. Type of plaques were classified according to the guidelines of the American Heart Association. The 

results were expressed as frequency and percentage.  Statistical analysis was performed using a Chi-square test.  

Histologic 

parameter 

evaluated 

Classifica

-tion 

Control 

(n=9) 

HFFD 

(n=12) 

HFFD+BAY 

(n=9) 

p value 

Control vs. 

HFFD  

 

p value 

HFFD+BAY  

 vs. HFFD 

Extracellular 

lipids 

Absence 3 (33.3%) 4 (33.3%) 0  0.0567 0.2349 

Grade 1 5 (55.6%) 1 (8.3%) 1 (11.1%) 

Grade 2 1 (11.1%) 3 (25.0%) 2 (22.2%) 

Grade 3 0 4 (33.3%) 6 (66.7%) 

Grade 4 0 0 0 

Fibrous cap Absence 7 (77.8%) 6 (50.0%) 0  0.0502 0.0198 * 

Grade 1 2 (22.2%) 0 3 (33.3%) 

Grade 2 0 5 (41.7%) 6 (66.7%) 

Grade 3 0 1 (8.3%) 0 
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Grade 4 0 0 0 

Mineralizatio

n 

Absence 8 (88.9%) 9 (75.0%) 1 (11.1%) 0.43 0.0126 * 

Grade 1 1 (11.1%) 3 (25.0%) 7 (77.8%) 

Grade 2 0 0 1 (11.1%) 

Grade 3 0 0 0 

Grade 4 0 0 0 

Lipid core Absence 6 (66.7%) 5 (41.7%) 0  0.2753 0.1632 

Grade 1 2 (22.2%) 1 (8.3%) 2 (22.2%) 

Grade 2 1 (11.1%) 4 (33.3%) 5 (55.6%) 

Grade 3 0 2 (16.7%) 2 (22.2%) 

Grade 4 0 0 0 

Collagen 

deposition 

Absence 1 (11.1%) 0 0 0.1888 0.2531 

Grade 1 1 (11.1%) 0 0 

Grade 2 4 (44.4%) 2 (16.7%) 3 (33.3%) 

Grade 3 2 (22.2%) 7 (58.3%) 2 (22.2%) 

Grade 4 1 (11.1%) 3 (25.0%) 4 (44.4%) 

Type of 

plaque 

No plaque 1 (11.1%) 0 0 0.09 0.1656 

Type II 4 (44.4%) 4 (33.3%) 0 

Type III 3 (33.3%) 2 (16.7%) 1 (11.1%) 

Type IV 1 (11.1%) 0 1 (11.1%) 

Type V 0 6 (50.0%) 7 (77.8%) 

 

Extracellular lipid deposition and Fibrous cap presence were almost significantly increased 

(p=0.0567 and p=0.0502, respectively) in the HFFD group compared to the control group. The 

extent of mineralization was not significantly different between the HFFD group and the control 

group. There was no statistically significant difference between the two groups in terms of lipid 

core severity. However, more advanced grades were clearly observed in the HFFD group. Collagen 

deposition was not significantly different between the two groups. Nevertheless, marked and 

severe collagen deposition were frequently observed in the HFFD group and rarely in the control 

group. Regarding the type of plaques, most of the present plaques in the control group were either 
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type II (4/9) or type III (3/9) and no type V plaques were observed in contrast with the HFFD 

group in which 50% of the plaques (6/12) were type V plaques. In the current study, only type II, 

III, IV and V lesions were observed. There was significant difference between the HFFD group 

and the group that received the BAY 41-2272 treatment in regards to fibrous cap presence and 

extent of mineralization (p=0.0198 and p=0.0126, respectively) but not in terms of lipid core 

presence and severity, collagen deposition and plaque types (Table2). 

 

Table 3: cGMP levels determination in thoracic aorta, heart and adipose tissue 

Data are expressed as mean ± SEM. One-way ANOVA test was used for statistical analysis. 

cGMP intracellular concentrations were determined in thoracic aorta, heart and adipose tissue 

samples. No difference between the groups was observed in any of the tissues (Table 3).  

  Groups  

cGMP Control (n=9) HFFD (n=12) HFFD+BAY (n=9) 

Thoracic aorta 

(pmol/mg of protein) 

3.27 ± 1.07 5.69 ± 1.58 2.43 ± 0.83 

 

Heart tissue 

(pmol/mg of protein) 

1.34 ± 0.30 1.79 ± 0.35 2.14 ± 0.62 

 

Adipose tissue 

(fmol/mg of protein) 

0.0506 ± 0.0050 0.0465 ± 0.0089 0.0681 ± 0.0089 
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Figure 7:  Interleukin-6 (A) and total antioxidant status (B) measurements. Data are expressed as mean ± SEM. 

A two-way Anova test was used for statistical analysis. n=9 for Control, n=12 for HFFD and n=9 for HFFD+MIR.  

We assessed the levels of two main inflammatory cytokines, tumor necrosis factor-alpha (TNF-α) 

and interleukin-6 (IL-6). We also measured the total antioxidant status (TAS) (Figure 7). We were 

not able to detect TNF-α concentrations. We observed a strong tendency of increase in the Il-6 

concentrations of the HFFD-fed group compared to the control group at the end of the protocol (at 

the12th week, p= 0.069). Meanwhile, no change was observed in the TAS levels. 

Discussion 

In the current study, we investigated whether chronic treatment with the BAY 41-2272 would 

counteract or prevent the establishment of metabolic and cardiovascular disturbances that are 

associated with the combination, of two main components of the MetS, dyslipidemia-IR. We were 

able to produce this combination by feeding a HFFD (to induce IR), to a spontaneously 

dyslipidaemic rabbit model. Our purpose was to induce insulin resistance rather than obesity, 

which might be a confounding factor. Thus we used a HFFD that, compared to the standard chow, 

is rich in sugar and fat but contains less protein and fibers [24]. 

We were able to show that after 12 weeks of HFFD feeding, these rabbits exhibited increased 

fasting insulin, HOMA-IR, TG and cholesterol (TC and LDL-C) levels as well as impaired glucose 

tolerance, compared to their counterparts in the control group. We also showed that long-term 
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treatment (12 weeks) with BAY 41-2272 exhibited global improvement of the metabolic status. It 

prevented weight gain and increased TG levels, improved insulin sensitivity and endothelial 

function. 

Even though both the weight and abdominal circumference parameters significantly increased in 

both HFFD and control, groups (12th week vs. Baseline); at the end of the protocol the increase 

was not higher in the HFFD compared to the control group. Therefore, this increase was not 

attributed to the HFFD-feeding. As mentioned earlier, the HFFD that we used is rich in fat and 

sugar but with less protein and fibers. This might explain the absence of excessive weight gain. 

Whereas, after 12 weeks of treatment with BAY 41-2272 along with HFFD-feeding, we did not 

observe any increase in weight nor in abdominal circumference as seen in both the control and 

HFFD groups. This suggests that BAY 41-2272 stabilized and prevented the increase in both the 

weight and abdominal circumference. This is in consistence with the findings of Hoffman et al. 

who demonstrated that BAY 41-8543 (in mice), a stimulator of sGC protects against diet-induced 

weight gain, induces weight loss in established obesity, and also improves the diabetic phenotype 

through mechanisms that involved enhancement of lipid uptake into BAT and an increase in 

whole-body EE [31]. In addition, several studies have demonstrated that increased cGMP 

promotes healthy expansion and browning of WAT [14]–[16]. The browning of WAT has been 

reported to promote EE and counterbalance the positive energy balance associated with over-

nutrition thereby leading to reduced obesity [13],[32]. Moreover, treatment with sildenafil citrate, 

an indirect activator of the cGMP pathway [33] was reported to reduce body weight in humans [9] 

and rodents [7],[11].  We determined the cGMP levels in the adipose tissue; however, we found 

no difference between groups. Therefore, this improvement might not be related to the NO-cGMP 

pathway. Accordingly, further investigation is needed to determine the possible mechanisms 

behind weight stabilization. 

In addition, individuals that were subjected to the HFFD exhibited hyperinsulinemia, increased 

HOMA-IR, decreased glucose tolerance (AUC Glu) but no change in fasting glycaemia, compared 

to both their baseline levels and their counterparts in the control group. Whereas those that were 

additionally treated with BAY 41-2272 showed no increase in their fasting insulin nor in their 

HOMA-IR levels. This indicates that BAY 41-2272 was able to counteract the decreased insulin 

sensitivity induced by HFFD feeding. Treatment with sildenafil, a drug that, similarly to BAY 41-
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2272, increases the bioavailability of cGMP [33] has proven to improve insulin action in a mouse 

model of diet-induced obesity and insulin resistance [7]. During IR, endothelial-mediated 

vasodilation is compromised leading to decreased delivery of glucose and insulin to their target 

organs as reviewed by Barett et al. [34]. Therefore, the improved insulin sensitivity found in our 

study could be related to sGC-cGMP-stimulated vasodilation that lead to enhanced blood flow and 

thereby to improved glucose and insulin delivery to insulin sensitive tissues [35]. Moreover, cGMP 

has proven to increase insulin sensitivity in skeletal muscle by promoting the translocation of 

glucose transporter 4 to the cell membrane [36].  In the current study we found no improvement 

in the glucose tolerance. This discordance may have been because the amelioration of insulin 

sensitivity precedes that of glucose tolerance and that a longer treatment duration would have been 

needed. Moreover, insulin’s action involves glucose uptake and suppression of glucose production; 

thus, it might be argued that even if one or both these actions increased with improved insulin 

sensitivity, the concomitant exposure to the HFFD, still impaired the glucose tolerance.  

It has been well established that low-grade inflammation plays an important role in mediating 

insulin resistance during MetS. Therefore, we measured two main inflammatory cytokines, TNF-

alpha and IL-6 levels, that were proven to decrease insulin sensitivity [37],[38]. We found no 

difference between groups in terms of IL-6 levels (TNF-alpha levels were undetectable) indicating 

that IR in WHHL rabbits involve likely cytokines-independent-component. 

Our results showed that TG levels were significantly increased amongst HFFD-group individuals 

but not in the control nor in the HFFD+BAY groups. This indicates that treatment with BAY 41-

2272 prevented the increase of TG levels. Several studies have demonstrated that activation of the 

NO-cGMP pathway promotes lipolysis and stimulate thermogenic pathways, leading to decreased 

WAT-mediated fat storage and to increased BAT-mediated energy expenditure, respectively  

[12],[13]. Moreover, it has been proposed that a lower TG level could result from chronic 

stimulation of BAT that leads to increased triglyceride-rich lipoproteins consumption [39],[40].  

In fact, it has been well established that BAT uptakes and combusts high amounts of fatty acids, 

leading to decreased plasma triglyceride levels and thereby improves obesity [41]. Which also 

explains the stabilized weight observed in our study. 
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Our results are in consistence with the findings of El-Mahmoudy et al. who found that treatment 

with sildenafil significantly decreased the serum TGs. In their study, they also found a decrease in 

cholesterol, HDL-C and LDL-C concentrations of rats fed a fat-enriched diet, in response to 

sildenafil treatment [42]. Those results are not in agreement with our findings since we found no 

improvement in TC nor in LDL-C levels and no change in HDL-C levels, in response to BAY 41-

2272 treatment. Even though, BAT activation has been documented to stimulate carbohydrates 

and cholesterol uptake, and thereby to reduce hypercholesterolemia and protect from 

atherosclerosis development [41],[43]. In addition, besides being associated with decreased NO 

bioavailability, atherosclerosis has also been described to be connected to alterations in signal-

transduction components downstream of NO, such as sGC and cGMP. Therefore, sGC has been 

proposed as an attractive, novel pharmacological target in the treatment of atherosclerosis [44]. 

However, in the current study, treatment with BAY 41-2272 did not counteract the increase in both 

TC and LDL-C that resulted from HFFD feeding nor improved atherosclerosis. Moreover, our 

results showed that BAY 41-2272-treated rabbits displayed larger plaques and more advanced 

lesions when compared to the control group but showed almost similar lesions as the HFFD-fed 

group. This result is in contrast with the findings of Balarini et al. who demonstrated that chronic 

treatment with sildenafil reduced the progression of atherosclerosis in large vessels of western diet 

fed-ApoE−/−mice, models that, like Watanabe rabbit, develop spontaneous hypercholesterolemia.  

In their study Balarini et al. were able to prove that this improvement is related to enhanced 

activation of the NO pathway [33]. It might be that a longer duration of treatment might have been 

needed in order to be able to witness an improvement in atherosclerosis.   

In the current study, PWV values, reflecting the arterial stiffness, significantly increased in both 

the HFFD and HFFD+BAY groups, however we could not consider these results given that the 

PWV almost did not change amongst individuals of both the HFFD and HFFD+BAY group (no 

difference between the baseline and the 12th week values). Moreover, atherosclerosis has been 

described to lead to increased arterial stiffness through thickening and stiffening of the arterial 

wall [45],[46]. Discrepancies between atheroma plaques evaluation and PWV results might be 

related to the early stage of disease progression; as reported by katsuda et al., the protocol in our 

study only lasted for 12 weeks and the rabbits were young (less than 12 months of age) [47]. Thus, 
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it is highly possible that the evolution of increased arterial stiffness needs a long period of time 

before it becomes detectable through PWV measurements. 

It has been proposed that the hyperinsulinemia encountered during IR and dyslipidemia leads to 

sympathetic nervous system (SNS) up-regulation [48],[49]; and that SNS overactivation in turn 

might lead to decreased contractile responsiveness to β-stimulation [50]. We evaluated the effects 

of ex vivo β-AR stimulation on cardiac inotropy and coronary vasodilation. Our results showed a 

decrease in positive inotropy in both the HFFD and HFFD+BAY groups with no change in 

coronary vasodilation. This suggests that the HFFD-induced IR was responsible for a decreased 

β1-AR reactivity (i.e., modification in β-AR expression and/or β-ARs-linked mechanisms) that was 

not improved in response to treatment with BAY 41-2272. 

Our echocardiographic data showed no difference in LVFS, LVEF, end-systolic and end-diastolic 

diameters indicating no change in LV systolic function nor in LV dilation, in consistence with our 

ex vivo results. However, an increase in both the aortic and pulmonary flow velocities was seen in 

the HFFD group. This increase is reported to be either related to increase flow through the valves 

or to decreased compliance of the pulmonary and aortic arteries in the HFFD group [51],[52]. The 

former is less likely to be accurate since the LVFS and LVEF were not changed. The latter cannot 

be confirmed either due to our results regarding the unchanged PWV. 

Both IR and dyslipidemia has been associated to endothelial dysfunction (ED) [49],[53],[54]. ED 

is not only associated with impaired vasodilation but might as well be related to increased 

vasoconstriction due to enhanced vascular sensitivity or production of endothelial-dependent 

vasoconstricting factors [55]. Thus, we evaluated the vascular reactivity (vasoconstriction and 

vasorelaxation) of the carotid artery.  HFFD-feeding enhanced the vascular reactivity to Phe in 

terms of pD2, indicating an increase of α1-AR sensitivity in the HFFD group. HFFD-induced IR 

enhanced the vascular reactivity to Phe in terms of pD2, indicating heightened α1-AR sensitivity. 

There is evidence in support of hyperinsulinemia/IR promoting sympathetic nerve activity [48]. 

Therefore, HFFD-induced IR appears to evoke an exaggerated α1-AR sensitivity in the HFFD-fed 

Watanabe rabbits, due to SNS overactivation. Hyperlipidemia has been reported to decrease the 

NO production [56],[57]. Thus the heightened α1-AR sensitivity might also be due to reduced NO 

bioavailability and/or increased oxidative stress causing an enhanced vascular adrenergic 
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responsiveness [58]. In support of this hypothesis, we evaluated the TAS levels in all groups but 

found no difference between groups. This increase was counteracted in response to treatment with 

BAY 41-2272, since the pD2 was significantly decreased compared to the HFFD group. This 

suggests that treatment with BAY 41-2272 prevented the phenylephrine hypersensitivity induced 

by the HFFD probably by modulating the aortic reactivity via a change in NO-cGMP intracellular 

level, that diminishes the sensitivity of the α1-AR -linked mechanisms [59],[60]. In this regard, we 

determined the tissular aortic cGMP levels, but found no significant difference between groups, 

the cGMP level neither decreased in the HFFD group nor increased in response to BAY 41-2272 

treatment. Therefore, further investigation is needed in support of our hypothesis.  

In contrast, the HFFD did not affect relaxation to SNP nor to Ach, meaning that neither 

endothelium-independent nor endothelium-dependent vasorelaxation were affected.  However, we 

found that HFFD impaired insulin-induced vasorelaxation. This is most probably due to the IR 

state that compromised the vasodilatory effect of insulin as found by others [61],[62]. In fact, 

during IR there is selective insulin resistance in PI3K-Akt-NO signaling with intact or heightened 

MAPK-ET1 signaling, that results in impaired NO-mediated vasodilation and augmented ET-1-

mediated vasoconstriction in response to insulin [35],[63]. This result is in accordance with the 

findings of a study done by kim et al., who found that diet-induced IR impaired Ins-mediated 

vasorelaxation [64]. In the current study, we found no improvement in Ins-induced vasorelaxation 

in response to BAY 41-2272 treatment. Nevertheless, this treatment improved endothelial function 

by counteracting the HFFD-induced Phe-hypersensitivity.  

Conclusion  

In the current study, we found that BAY 41-2272 decreased weight gain, improved insulin 

sensitivity and stabilized TG levels and prevented hypersensitivity to α1-AR-mediated 

vasoconstriction. We demonstrated that long-term treatment with BAY 41-2272 shows a 

promising improvement in the metabolic status and endothelial function of HFFD-fed WHHL 

rabbits. Accordingly, our results support the investigation of BAY 41-2272 as a pharmacological 

mean for the management of MetS.  
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7. Discussion  

It has been well established that both abdominal obesity and IR represent the major and central 

pathophysiological features of the MetS (Cornier et al. 2008; Gallagher et al. 2010). However, the 

pathogenesis of the latter is not fully understood due to its complexity and to the interconnection 

between its components (Cornier et al. 2008). What is evident is that in obesity, the adipose tissue 

undergoes hypertrophy and hyperplasia, in response to increased energy (Sun et al. 2011; Chan 

and Hsieh 2017; Longo et al. 2019). This leads to overproduction of adipocytokines, a state that 

underlies the development of insulin resistance, particularly due to increased release of FFA and 

inflammatory cytokine levels  (S. E. Kahn et al. 2006; Chan and Hsieh 2017). Moreover, most of 

the pathophysiological processes that lead to the other components of the MetS i.e. hypertension 

and dyslipidemia, also seem to originate from obesity and/or IR (Ferrannini et al. 1997; Yanai et 

al. 2008; Giannini et al. 2011; Hwang et al. 2016). However, not all kinds of obesity seem to be 

incriminated in these processes. In fact, the increased buildup of abdominal/visceral adiposity was 

found to have much more harmful metabolic consequences than peripheral and subcutaneous 

adiposity (Castro et al. 2014), due to higher rates of IR and lipolysis in visceral rather than in 

peripheral fat (Jensen 1997; Cnop et al. 2002). Thus, fat distribution has been revealed as an 

important player in the metabolic outcome of obesity and the MetS. Accordingly, the concept of 

healthy obesity has recently become common in the research field. It is not uncommon to find 

“metabolically healthy” individuals among a group of obese subjects who have increased 

subcutaneous rather than abdominal/visceral adiposity (Brandão et al. 2020). It is not unusual 

either, to find “metabolically unhealthy” individuals in a group of non-obese (normal weight) 

subjects (Ruderman et al. 1998). In fact, the hypothesized role of insulin resistance independent of 

BMI has recently given rise to the concept of a “metabolically healthy” obese and “metabolically 

unhealthy” non-obese individuals. For instance, obese individuals without other components of 

the MetS have lower cardiovascular risks compared to non-obese individuals with MetS (Karelis 

et al. 2005). Thus, one of the common slips made in the research field is that most of the established 

studies focus, on obesity, as the core of the MetS; and little is known on the relationship/connection 

between the other components of the latter, independently from the obesity factor. 
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Accordingly, in the current study we chose to shed the light on a category of people that is 

undoubtedly present among MetS patients, that involves “metabolically obese normal-weight28” 

patients. We also expected that by avoiding excessive weight gain in our animal models we would 

be eluding the obesity-related confounding factors (e.g. mechanical and inflammatory 

components). 

In general, rabbits represent the best candidates in terms of animal models for the study of 

lipid/lipoprotein metabolism and atherosclerosis (Fan et al. 2015a). In fact, unlike rodents, rabbits 

have a humanoid (human-like) lipoprotein metabolism, they display a high expression CETP, a 

regulator of reverse cholesterol transport (Trajkovska and Topuzovska 2017). The CETP transfers 

cholesteryl esters from HDL to LDL in exchange for TGs, leading to increased atherogenicity 

(Barter and Rye 1994; Kleber et al. 2010). Meanwhile, mice and rats do not only have apoB-48 in 

their exogenous but in their endogenous lipoproteins as well. This results in a rapid disappearance 

of apoB-48 enriched VLDL and LDL from the circulation and thereby to a decrease in LDL levels 

in these species (Kobayashi et al. 2011; Fan et al. 2015). Therefore, murine models have limitations 

in terms of  lipid/lipoprotein metabolism in translational studies (Y. T. Lee et al. 2017) and thus 

might not be the most suitable animal models for studying MetS (Karimi 2012), particularly when 

the latter includes dyslipidemia. Moreover, CETP has also been reported to be absent or expressed 

in low concentrations in other animal models e.g. dogs and pigs, making them unsuitable for 

studying lipid metabolism in translational research and protecting them against atherogenecity 

(Yin et al. 2012; T. Chen et al. 2017; Kaabia et al. 2018).  

Moreover, the WHHL rabbit, in particular, is an animal model of human familial 

hypercholesterolemia (FH) due to a genetic defect in its LDL receptor. As in FH, the deficiency in 

the low-density lipoprotein receptor (LDLr) activity leads to a delayed clearance of LDL particles 

from the circulation and consequently to their accumulation in the plasma; which subsequently, 

leads to hyperlipidemia and spontaneous atherosclerosis (Kobayashi et al. 2011; Shiomi and Ito 

2009).  

                                                 
28 metabolically obese normal-weight  are individuals who are not obese on the basis of height and weight, but who, 

like people with overt obesity, are hyperinsulinemic, insulin-resistant, and predisposed to type 2 diabetes, 

hypertriglyceridemia, and premature coronary heart disease.  
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Diets rich in sugar (sucrose or fructose) or fat have been widely used to induce the MetS in 

experimental animal models (Wong et al. 2016; Lozano et al. 2019). Several studies demonstrated 

that high sugar diets lead to the establishment of obesity, hyperglycemia, hypertension and 

dyslipidemia in animals. For instance, Mahmoud et al. demonstrated that adding 10% of fructose 

for 12 weeks Wistar rats leads to the development of the four components of the MetS (Mahmoud 

and Elshazly 2014). In another study, Mansour et al. showed that when fed a high fructose diet for 

16 weeks, albino Wistar rats exhibited three components of the MetS, obesity, hyperglycemia and 

dyslipidemia (Mansour et al. 2013). Moreover, after 12 week of high sucrose (40%) feeding, 

rabbits exhibited hyperglycemia, hypercholesterolemia, and a marked increase in total cholesterol, 

triglycerides, and LDL (Helfenstein et al. 2011b). On the other hand, studies indicated that high-

fat diet studies over 12 weeks showed a significant increase in visceral adipose tissue, fasting 

glycemia, cholesterol, triglycerides, mean arterial pressure, and a marked decrease in glucose 

intolerance and HDL in rodents and rabbits. Carol et al. demonstrated that 15 % (10% corn oil and 

5% lard) high fat feeding induces all the components of the MetS in New Zealand white rabbits 

(Joan F. Carroll et al. 1996). High fat feeding to mice have proven to induce obesity, 

hyperglycemia and dyslipidemia (Y. Li et al. 2015).  Moreover, Suman et al. showed that 10 weeks 

of high-fat feeding also leads the development of four components of the MetS in Wistar rats 

(Suman et al. 2016). 

When combined high-fructose and high-fat diets also showed to be effective in inducing the 

MetS in animal models. For example, 8 weeks of high-fat high fructose feeding leads to obesity, 

hyperglycemia and dyslipidemia in Wistar rats (Gancheva et al. 2015).  In addition, in a study on 

WHHL rabbits fed a 30% fructose and 10% coconut oil diet for 8 weeks, animals exhibited 

dyslipidemia and IR (Ning et al. 2015). Interestingly, it has also been demonstrated that consuming 

a normal number of calories, whether of a high fructose diet or of a high fructose-fat diet or even 

a combination of both  induces insulin resistance and other components of the MetS without 

obesity in rabbit models (Ning et al. 2015)(Waqar et al. 2010). 

Both fructose and fat provide excess lipids from different sources; fructose increases the 

availability of endogenous lipids, whereas fat increases the availability of exogenous lipids 

(Namekawa et al. 2017). Fructose is very well known as a highly lipogenic nutrient. Its catabolism 

produces glucose, glycogen, lactate and pyruvate and eventually provides both glycerol and acyl 
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portions of TG molecules. Thus, the exposure of the liver to high fructose concentrations leads to 

enhanced rate of de novo lipogenesis and TG synthesis, leading to increased TG production and 

ultimately to elevated VLDL concentrations (TG is packaged with Apo-B in the liver and secreted 

as VLDL particles) (Basciano et al. 2005). The excess VLDL secretion then delivers higher levels 

of Fatty Acids (FAs) and TG to muscle and other tissues, that in turn contributes to reduced insulin 

sensitivity and to hepatic IR/glucose intolerance (Basciano, Federico, and Adeli 2005), further 

inducing IR (Choi and Ginsberg 2011). Fat also known as TG is an ester composed of three chains 

of fatty acids and glycerol. When fat is administrated, high levels of glycerol and fatty acids are 

absorbed into the bloodstream and mobilized towards the liver where they undergo lipogenesis 

(TG synthesis) and eventually become substrates for VLDL and LDL particles production. The 

higher the amount of fat ingested the higher the levels of fatty acids and eventually TG, VLDL 

and LDL levels. Higher lipogenesis also occurs in fat tissues, where FAs-derived from fat ingestion 

form TGs and new fat reserve (Lozano et al. 2019). 

In the current study, we used a high-fructose high-fat diet consisting of a chow diet, 

supplemented with 30 % fructose and 10 % coconut oil (91% saturated fatty acids). Since our 

objective was to avoid excessive weight gain-related confounding factors e.g. mechanical  and 

inflammatory effects of obesity per se; the diet that we used was rich in fat and sugar but was 

reduced in protein and fibers, so that it finally contains the same amount of calories as the 

control/chow diet. 

Data on the association between dyslipidemia and IR in the MetS are scarce, and whether this 

association is independent of other components of the MetS, has not been reported. We 

hypothesized that by excluding the obesity factor, we would be able to describe the relationship 

between IR and dyslipidemia and to investigate the metabolic and cardiovascular disturbances that 

are associated with the combination dyslipidemia and IR, independently from other components 

of the MetS, i.e. obesity. In this regard, the first purpose of the study was to develop an animal 

model that combines two main risk factors of the MetS, dyslipidemia and insulin resistance, 

independent from obesity. 

Finding a suitable molecule for the management of the MetS is of great importance.  Drugs 

with pleiotropic effects have been reported to be the most successful in managing a multifactorial 
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complex disease i.e. the MetS (Rask Larsen et al. 2018). Modulation of the NO-sGC-cGMP 

signaling pathway has shown promising results related to the treatment of metabolic and 

cardiovascular disease (J.-P. Stasch et al. 2002; Mitschke et al. 2013; Nossaman and Kadowitz 

2013; Pfeifer et al. 2013; Ramirez et al. 2015; M. Park et al. 2018). We hypothesized that 

modulating the NO-cGMP signaling by pharmacological tools might represent a promising 

therapeutic modality for managing the MetS and its related cardiovascular pathologies. 

Accordingly, we chose to work on two different molecules, BAY 41-2272 and mirabegron, known 

for their ability to stimulate the NO-cGMP signaling pathway, through direct stimulation of sGC 

and β3-AR agonism, respectively. 

It is noteworthy that BAY 41-2272 and mirabegron have been approved, by food and drug 

administration (FDA) and the European medicines agency (EMA), for the treatment of pulmonary 

arterial hypertension (PAH) and overactive bladder (OAB) syndrome, respectively. In general, a 

drug development process might take up to 15-20 years before the drug is approved and put on the 

market. In fact, it usually takes up to 15 years until the drug even reaches the clinical trial phase. 

Which sometimes turns up to be unsuccessful. Therefore, using repurposing drugs29 instead of 

developing new molecules saves a lot of time, energy and resources.   

Even though both the weight and abdominal circumference parameters significantly increased 

in both HFFD and control groups (12th week vs. baseline), at the end of the protocol the increase 

was not higher in the HFFD compared to the control group. Therefore, it might be argued that this 

increase was not attributed to the HFFD-feeding. As mentioned earlier, the HFFD that we used is 

rich in fat and sugar but with less protein and fibers. This might explain the absence of excessive 

weight gain. Whereas after 12 weeks of treatment with mirabegron and BAY 41-2272 along with 

HFFD-feeding, we did not observe any increase in weight nor in abdominal circumference as the 

one seen in both the control and HFFD groups. This suggests that both mirabegron and BAY 41-

2272 stabilized and prevented the increase of both weight and abdominal circumference. This is 

most likely related to the activation of NO-cGMP axis. Even though mirabegron activates the latter 

pathway upstream of NO and BAY 41-2272 activates it downstream of NO, it is agreed that both 

molecules lead to the same outcome which is the increase in cGMP levels. However, the difference 

                                                 
29Repurposing drugs are drugs that were originally developed for treating a certain disease and were found to have 

promising beneficial effects in the treatment of another disease 
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between both molecules is that one depends on NO (mirabegron) whereas the other increases the 

cGMP levels independently of NO (BAY 41-2272). Whether through β3-AR agonism (e.g. 

mirabegron and CL316,243) or direct sGC stimulation (e.g. BAY 41-8543) or even PDE5 

inhibition (e.g. sildenafil citrate), increasing cGMP levels has proven to be effective in preventing 

weight gain or even decreasing the weight/BMI (Ayala et al. 2007; Salih Sahib et al. 2014; Berbeé 

et al. 2015; Hoffmann et al. 2015b). Reduced obesity/weight gain has been attributed to the 

enhancement of lipid uptake into BAT, to an increase in whole-body EE (Cannon and Nedergaard 

2004; Mitschke et al. 2013; Pfeifer et al. 2013); and to the browning of WAT that in turn promotes 

EE  and to a counterbalance of the positive energy balance associated with over-nutrition (Kozak 

and Koza 2010; G. W. Kim et al. 2014). In a randomized, prospective clinical trial, 3 months 

treatment with sildenafil citrate, significantly decreased the BMI of diabetic patients with MetS 

(Salih Sahib et al. 2014). Another study demonstrated that long-term treatment with sildenafil 

citrate leads to weight reduction through increased EE in obese, insulin resistant mice (Ayala et al. 

2007). BAY 41-8543, a stimulator of sGC, was proven to protect against diet-induced weight gain 

and to induce weight loss in established obesity (Hoffmann et al. 2015b). Mirabegron has been 

described to reduce weight gain through another mechanism that is related to the β3-AR stimulation 

itself; β3-AR agonists are thought to pharmacologically mimic the cold-stimulated activation of 

mitochondrial UCP1 of brown adipocytes; which induces lipolysis, thermogenesis thereby leading 

to increased EE (Berbeé et al. 2015). 

WHHL rabbits that were subjected to the HFFD exhibited hyperinsulinemia and increased 

HOMA-IR compared to both their baseline levels and their counterparts in the control group. This 

indicates that 12 weeks of HFFD-feeding leads to an IR state. These results along with the absence 

of significant increase in weight and abdominal circumference is in consistence with several 

studies, that have demonstrated that consuming a normal number of calories, whether of a high 

fructose diet or of a high fructose-fat diet, induces IR without obesity in rabbit models (Ning et al. 

2015; Waqar et al. 2010). Whereas those that were additionally treated with mirabegron and BAY 

41-2272 showed no increase in their fasting insulin nor in their HOMA-IR levels, indicating that 

both molecules were able to offset the decreased insulin sensitivity induced by HFFD feeding. 

This result is in agreement with the findings of a study, done by Hao et al., who found that 

treatment with mirabegron was accompanied with improved insulin sensitivity and prevention 
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from high-fat diet-induced obesity, in mice (Hao et al. 2019). Moreover, treatment with sildenafil 

citrate has proven to improve insulin action in a mouse model of diet-induced obesity and IR 

(Ayala et al. 2007).  

As reviewed by Barrett et al., during IR, endothelial-mediated vasodilation is compromised 

leading to decreased delivery of glucose and insulin to their target organs (Barrett et al. 2011a). 

Therefore, the potential mechanisms behind improved insulin sensitivity by both molecules found 

in our study, could be related to cGMP-stimulated vasodilation that leads to enhanced blood flow 

and thereby to improved glucose and insulin delivery to insulin sensitive tissues (Arce-Esquivel et 

al. 2013). Another possible mechanism is a cGMP-stimulated translocation of glucose transporter 

4 to cell membrane, that stimulates glucose uptake and thereby increases insulin sensitivity (Roy, 

Perreault, and Marette 1998).  

In our study, AUCGlu decreased in the HFFD-fed rabbits but was not improve in response to 

treatment with either of the two molecules. This discordance with the improvement of IR in both 

treated groups may have been because the amelioration of insulin sensitivity precedes that of 

glucose tolerance and that a longer treatment duration would have been needed. In fact, insulin’s 

action involves glucose uptake and suppression of glucose production; thus, it might be argued 

that even if one or both these actions increased with improved insulin sensitivity, the concomitant 

exposure to the HFFD still impaired the glucose tolerance.  

As mentioned earlier, a high-fructose high-fat diet stimulates endogenous and exogenous 

lipogenesis, respectively (Namekawa et al. 2017). When exposed to high fructose, the liver 

increases its de novo lipogenesis and TG synthesis, leading to elevated VLDL levels  (Basciano, 

Federico, and Adeli 2005). This explains our results regarding the increased TG levels found in 

response to HFFD-feeding, in agreement with the findings of other studies (Toklu et al. 2016). The 

excess of VLDL production then delivers higher levels of FAs and TG to skeletal muscle and 

adipose tissue, further inducing IR (Choi and Ginsberg 2011), which in turn explains our results, 

concerning, the decrease in insulin sensitivity in the HFFD group (increased insulinemia and 

HOMA-IR). Besides being related to the HFFD diet itself, increased TG levels might result from 

the IR state which has been reported to lead to increased  hepatic VLDL production and thereby 

to increased TG levels (Kaur 2014). TG levels were significantly increased amongst HFFD-group 
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individuals but not in the HFFD+MIR group nor in the HFFD+BAY group. Even if there were no 

decrease in TG levels, we still found that treatment with mirabegron and BAY 41-2272 prevented 

the increase of TG levels. Given that mirabegron- and BAY 41-2272-treated rabbits 

simultaneously received the HFFD; assuming that mirabegron and BAY 41-2272 had no effect on 

the TG levels, we would have witnessed the same increase, as in the HFFD group. Several studies 

have demonstrated that activation of the NO-cGMP pathway promotes lipolysis and stimulates 

thermogenic pathways, leading to decreased WAT-mediated fat storage and to increased BAT-

mediated energy expenditure, respectively (Cypess and Kahn 2010; G. W. Kim et al. 2014). 

Moreover, it has been proposed that a lower TG level could result from chronic stimulation of 

BAT that leads to increased TG-rich lipoproteins consumption (Bartelt et al. 2011; Hoeke et al. 

2016).  In fact it has been well established that BAT uptakes and combusts high amounts of FAs, 

leading to decreased plasma TG levels and thereby decreases obesity (Berbeé et al. 2015). Which 

also explains the stabilized weight observed in our study.  

It has been well established that low-grade inflammation plays an important role in mediating 

IR during the MetS. Therefore, we measured two main inflammatory cytokines, TNF-α and IL-6 

levels, that were proven to decrease insulin sensitivity (Rydén and Arner 2007; Pazos et al. 2013). 

Our results revealed that mirabegron exhibited a tendency to decrease the inflammatory cytokine 

IL-6, which might explain the improved insulin sensitivity. However, after 12 weeks of treatment 

with BAY 41-2272 insulin sensitivity improved without any change in IL-6 levels.  

It has been described, that in states of obesity, fasting leads to mobilization of energy stores 

(TG) in adipose tissue via lipolysis, resulting in increased FFA levels (McCracken, Monaghan, 

and Sreenivasan 2018), and that abdominal subcutaneous adipose tissue is the only significant site 

of FFA liberation, meanwhile only a small, insignificant proportion arises from visceral adipose 

tissue (Jensen 2002). Therefore, the stable unchanged FFA levels in the HFFD-fed rabbits might 

be explained by the absence of both excessive weight gain and increased abdominal circumference. 

We also observed no change in the FFA levels in mirabegron- and BAY 41-2272-treated groups. 

The lack of increased FFA does not rule out our hypothesis regarding increased lipolysis in 

response to both treatments, since the increased plasma FFA levels may only be transient. For 

instance, Olsen et al. has already documented that increased plasma FFA levels are only transient 
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following β3-AR-stimulated WAT lipolysis due to increased energy cost during BAT-induced 

thermogenesis (Olsen et al. 2019).  

WHHL rabbits spontaneously develop hypercholesterolemia due a mutation in their LDLr.  

However, our results still showed extensive hypercholesterolemia (significantly increased TC and 

LDL-C levels) in response to the HFFD-feeding, when compared to the control group. The HFFD 

probably increases the production of TG-enriched VLDL particles (as described above) which then 

undergo lipolysis leading to higher levels of cholesterol-enriched LDL particles in the circulation. 

In WHHL rabbits, the reduced clearance of lipoproteins (mutated LDLr) probably further increases 

blood cholesterol levels. While on the other hand, the CETP-stimulated TG-enriched LDL 

particles production, leads to smaller dense LDL particles, with higher atherogenic properties 

(Miccoli et al. 2017) which explains the enhancement of atherosclerosis in the treated groups 

(discussed later).  

Even though several studies found that mirabegron and sildenafil treatment reduce 

hypercholesterolemia and protect from atherosclerosis through BAT activation, in the current 

study neither mirabegron nor BAY 41-2272 counteracted the increase in cholesterol levels (Hoeke 

et al. 2016; Worthmann et al. 2017; El-Mahmoudy et al. 2013). It has been reported that BAT 

stimulation increases the uptake of lipoprotein-derived TGs, carbohydrates and cholesterol into 

the BAT itself (Worthmann et al. 2017). Moreover, It was mechanistically demonstrated that when 

BAT is activated, it enhances the selective uptake of FAs from TG-rich lipoproteins, leaving 

behind cholesterol-rich remnants which are then cleared by the liver (Berbeé et al. 2015). However, 

the hepatic clearance of these particles depends on the ApoE-LDLr axis. Therefore, in animals 

with a defect in the LDL receptor, i.e. the WHHL rabbit, these particles are more likely to 

accumulate in the circulation leading to increased levels of cholesterol. This might explain why 

both mirabegron and BAY 41-2272 improved TG levels but not TC and LDL-C nor 

atherosclerosis. Our results agree with the findings of several studies that also worked on animal 

models with a defective ApoE-LDLr axis i.e. Apoe−/− and Ldlr−/− mice (Berbeé et al. 2015; Sui et 

al. 2019).  

As reviewed by Ormawabal et al., IR can alter systemic lipid metabolism leading to the 

development of dyslipidemia and the well-known lipid triad: first, by increasing  plasma 
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triglyceride levels; second, by decreasing HDL levels and third, through stimulating small dense 

low-density lipoproteins formation (Ormazabal et al. 2018). Thus, it is highly possible that the 

exacerbation of dyslipidemia in the HFFD group, in our study, is related to the HFFD-induced IR; 

and that the stabilized TG levels in response to mirabegron and BAY 41-2272 treatments is 

connected to the improved insulin sensitivity per se. 

So many conflicting data in the literature exist regarding the effects of the treatments identical 

or similar to the ones used in our study on the HDL concentrations. Treatments with BRL37344, 

a preferential β3-AR agonist and mirabegron were shown to increase HDL-C levels in rats and 

humans, respectively (Negres et al. 2017; O’Mara et al. 2020). Whereas, long-term administration 

of sildenafil was found to decrease HDL-C concentrations of rats fed on fat-enriched diet (El-

Mahmoudy et al. 2013). However, those studies were not performed on models with an ApoE-

LDLr defective axis. For instance, In agreement with our results, in their study, performed on 

Apoe−/− and Ldlr−/− mice, Sui et al. did not find any significant difference in HDL levels between 

mirabegron-treated and control groups (Sui et al. 2019).  

Moreover, our results showed that mirabegron and BAY 41-2272-treated rabbits displayed 

larger plaques and more advanced lesions when compared to the control group but showed almost 

similar lesions as the HFFD-fed group. This result is in contrast with the findings of Balarini et al. 

who demonstrated that long-term treatment with sildenafil citrate reduced the progression of 

atherosclerosis in large vessels of western diet fed-ApoE−/−mice, models that, like Watanabe rabbit, 

develop spontaneous hypercholesterolemia. In their study, Balarini et al. were able to prove that 

this improvement is related to enhanced activation of the NO pathway (Balarini et al. 2013). 

Therefore, sGC has been proposed as an attractive, novel pharmacological target in the treatment 

of atherosclerosis (Melichar et al. 2004). In the present study, the absence of improvement in 

atherosclerotic lesions might be due to the concomitant exposure to HFFD in treated rabbits or 

even to the fact that the animal model (Watanabe rabbit) used in our study has a mutation in its 

LDLr. For instance, Sui et al. found that treatment with mirabegron not only does not improve 

atherosclerosis but also excarebates atherosclerotic plaque development particularly in animals 

with defective ApoE-LDLr axis. In their study, they attributed this effect to the activation of brown 

fat-mediated lipolysis that leads to an increase in plasma levels of both LDL-C and VLDL-C 

remnants and thereby to an acceleration of plaque growth and instability (Sui et al. 2019). 
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Moreover, Berbeé et al. demonstrated that activation of BAT using a β3-agonist, 

in Apoe−/− and  Ldlr−/− mice does not attenuate hypercholesterolemia and atherosclerosis (Berbeé 

et al. 2015).  

According to the American Heart Association, an individual is diagnosed with MetS when 

presenting three out of five risk factors: increased waist circumference (central or abdominal 

obesity), elevated triglyceride levels, reduced high-density lipoprotein cholesterol (HDL-C), high 

blood pressure and elevated fasting glycaemia (Alberti et al. 2009). We found impaired glucose 

tolerance (increased AUCGlu and 2h glycaemia), hyperinsulinemia and increased HOMA-IR, all 

indicators of IR. WHHL rabbits also exhibited increased TG levels and low HDL-C. Taken all 

together, these findings confirm that after 12 weeks of HFFD feeding, Watanabe rabbits developed 

MetS with two main features, dyslipidemia and IR. 

Increased arterial stiffness was proven to be correlated to the MetS in humans and experimental 

animal models (Lopes-Vicente et al. 2017), and to be associated with IR independent of glucose 

tolerance status (Sengstock, Vaitkevicius, and Supiano 2005). Moreover, Bhatta et al. found that 

PWV increases in an animal model of diet-induced metabolic syndrome (Bhatta et al. 2017).  

However, in our study we found no change in the PWV values. Even though PWV values 

significantly increased in the HFFD, HFFD+MIR and HFFD+BAY groups compared to the 

control group, we could not consider these results, given that the PWV almost did not change 

amongst individuals of both the HFFD, HFFD+MIR and HFFD+BAY groups. In their study, 

Tissier et al. found that PWV in Watanabe rabbits augmented with age (Tissier et al. 2016a). 

Therefore, it might be possible that the PWV did not change because the rabbits in our study were 

young and the protocol only lasted for 12 weeks. Moreover, the PWV measurement reflects the 

overall arterial stiffness rather than the localized one. Thus, the absence of increased PWV does 

not necessarily mean an absence of arterial stiffness, since the latter might be localized rather than 

generalized.    

It has been proposed that the hyperinsulinemia encountered during IR and dyslipidemia leads 

to sympathetic nervous system (SNS) up-regulation (Thorp et al. 2015; E. Lambert et al. 2013); 

and that SNS overactivation in turn might lead to decreased contractile responsiveness to β-

stimulation (Lymperopoulos, Rengo, and Koch 2013).  We evaluated the effects of ex vivo β-AR 
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stimulation on cardiac inotropy and coronary vasodilation. Our ex vivo results showed a decrease 

in positive inotropy in the HFFD and HFFD+BAY groups with increased positive inotropy and 

lusitropy in HFFD+MIR group. Whereas no change was observed in terms of coronary 

vasodilation (data only shown for BAY 41-2272). This suggests that the HFFD-feeding was 

responsible for a decreased β1-AR (but not β2-AR) reactivity that was only improved in response 

to treatment with mirabegron. This is possibly related to a cross-talk between β1-ARs and β3-ARs 

that occurred during the 12 weeks of treatment of mirabegron. Several studies reported a cross-

regulation between β1-ARs and β3-ARs involving intracellular mechanisms in cardiomyocytes 

(Montaudon et al. 2015; Ufer and Germack 2009). However, many conflicting findings have been 

described in the literature regarding the enhanced cardiac contractility and relaxation in response 

to β3-agonism. In their study Skeberdis et al. found that β3-ARs are positively coupled to L-type 

Ca2+ channels and contractility in human atrial tissues through a cAMP-dependent pathway 

(Skeberdis et al. 2008). However, this study was performed on human atrial and not ventricular 

cells. Another study, attributed the increased cardiac inotropy and lusitropy to the coupling of β3-

ARs to adenylyl cyclase stimulatory (Gαs) proteins, which then induces the activation of cAMP-

PKA signaling pathway (Cannavo and Koch 2016). Whereas, others considered that the 

mirabegron’s cardiostimulant effect is unrelated to β3-AR activation and discredited a direct 

interaction with β1-ARs, given mirabegron’s structure. Mirabegron was investigated by Mo et al. 

for having an indirect sympathomimetic effect, causing cardiostimulation by being taken up into 

the sympathetic nerves, thereby leading to noradrenaline release (Mo et al. 2017).  

Our echocardiographic data showed no difference in LVFS, LVEF, end-systolic and end-

diastolic diameters indicating no change in LV systolic function nor in LV dilation, in any of the 

groups. Even though mirabegron was found to significantly increased the LVEF compared to 

patients given placebo, it was only found to be beneficial in patients with reduced LVEF 

(Bundgaard et al. 2017). An increase in both the aortic and pulmonary flow velocities was seen in 

the HFFD group but not in treated groups, indicating that both treatments prevented the increase 

in the aortic and pulmonary flow velocities. This increase is reported to be either related to increase 

flow through the valves or to a decreased in pulmonary and aortic arteries’ compliance (Ridker et 

al. 2000; Goldberg, Wilson, and Dickinson 1985). This result could not be ascribed to increased 

LV systolic function since both the LVFS and LVEF were not increased. Thus, the increase is 
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possibly linked to an increased stiffness in the pulmonary and aortic arteries.  The discrepancies 

between this result and the unchanged PWV might be related to the fact the PWV measurement is 

more generalized and reflects overall arterial stiffness rather than localized arterial stiffness. 

Treatment with mirabegron and BAY 41-272 prevented this increase probably through the 

activation of NO-signaling pathway in endothelial cells. Indeed, treatments that lead to 

vasodilation have been reported to reduce arterial stiffness (I. B. Wilkinson et al. 2004). 

Both IR and dyslipidemia has been associated to ED (J.-A. Kim et al. 2006; J. A. Kim et al. 

2012; E. Lambert et al. 2013). ED is not only associated with impaired vasodilation but might as 

well be related to increased vasoconstriction due to enhanced vascular sensitivity or production of 

endothelial-dependent vasoconstricting factors (Tune et al. 2017). Thus, we evaluated the vascular 

reactivity (vasoconstriction and vasorelaxation) of the carotid artery.  HFFD-induced IR enhanced 

the vascular reactivity to Phe in terms of pD2, indicating an increase of α1-AR sensitivity in the 

HFFD group. There is evidence in support of hyperinsulinemia/IR promoting sympathetic nerve 

activity (Thorp and Schlaich 2015). Therefore, HFFD-induced IR appears to evoke an increased 

of α1-AR sensitivity in the HFFD-fed Watanabe rabbits, due to SNS overactivation. Heightened 

α1-AR sensitivity might also be due to reduced NO bioavailability and/or increased oxidative stress 

causing an enhanced vascular adrenergic responsiveness (Conti et al. 2013). This increase was 

counteracted in response to treatment with mirabegron and BAY 41-2272, since the pD2 was 

significantly decreased in both treated groups compared to the HFFD group. This suggests that 

treatment with mirabegron and BAY 41-2272 prevented Phe hypersensitivity, induced by the 

HFFD-induced IR. This probably occurs by modulating the aortic reactivity via a change in  NO-

cGMP intracellular level, that likely diminishes the sensitivity of the α1-AR-linked mechanisms 

(Trochu et al. 1999; Cunha et al. 2005). In this regard, we determined the tissular aortic cGMP 

levels, but we failed to find any significant difference between groups, the cGMP level neither 

decreased in the HFFD group nor increased in response to mirabegron and BAY 41-2272 

treatment.  

In contrast, the HFFD did not affect relaxation to SNP nor to Ach, meaning that neither 

endothelium-independent nor endothelium-dependent vasorelaxation were affected.  However, we 

found that HFFD impaired insulin-induced vasorelaxation. This is most probably due to the IR 

state that compromised the vasodilatory effect of insulin as found by others (Steinberg et al. 1996; 
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Vincent, Montagnani, and Quon 2003). In fact, during IR there is selective IR in PI3K-Akt-NO 

signaling with intact or heightened MAPK-ET1 signaling, that results in impaired NO-mediated 

vasodilation and augmented ET-1-mediated vasoconstriction in response to insulin (Arce-Esquivel 

et al. 2013; Muniyappa and Sowers 2013). This result is in accordance with the findings of a study 

done by kim et al., who found that diet-induced IR impaired Ins-mediated vasorelaxation (J. A. 

Kim, Jang, and Hwang 2015). In the current study, we found an improvement in Ins-induced 

vasorelaxation only in mirabegron-treated rabbits. This improvement likely occurs through 

increased NOS signaling and thereby to an increase in NO bioavailability that occurred during 12 

weeks of treatment with mirabegron. However, this hypothesis is less likely to be accurate since 

we did not witness the same improvement in response to BAY 41-2272 treatment. Both treatments 

improved the endothelial function, both by counteracting the HFFD-induced Phe-hypersensitivity 

and mirabegron by also improving insulin-mediated vasorelaxation.  

Both enhanced α1-AR responsiveness and decreased insulin-mediated vasorelaxation 

encountered in the HFFD group might be due to an imbalance between oxidative stress and NO 

bioavailability (Duncan et al. 2008) (Conti et al. 2013). Accordingly, we evaluated the TAS levels, 

which did not change in the HFFD group but was significantly increased in response to treatment 

with mirabegron. β3-AR signaling (ancillary property) was previously suggested to preserve the 

endothelium of the microvasculature from oxidative activation (Michel and Balligand 2017). In 

addition, in their study Galougahi et al., demonstrated that β3-AR stimulation, exerts antioxidant 

and vasoprotective effects in a rabbit model of hyperglycemia (Galougahi et al. 2016). Moreover, 

Sichrovska et al. have previously demonstrated the antioxidant activity of mirabegron in an in vitro 

experiment (Sichrovska et al. 2013). Collectively these findings are prominent with the anti-

oxidant effect of β3-AR agonists. 

Results summary 

To avoid obesity and hyperglycemia-related confounding factors, the HFFD that we used in 

our study was rich in sugar and fat but with less protein and fibers; it contained the same amount 

of calories as the chow diet fed to the control group. After 12 weeks of HFFD-feeding, WHHL 

rabbits exhibited an impaired glucose tolerance (increased AUCGlu and 2h glycaemia), 

hyperinsulinemia, increased HOMA-IR (all indicators of IR) increased TG levels in addition to 
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their naturally low HDL-C. Long-term HFFD-feeding also decreased cardiac inotropy, induced 

hypersensitivity to α1-AR-mediated vasoconstriction and impaired insulin-induced 

vasorelaxation. 

WHHL rabbits that were simultaneously (with HFFD) treated with mirabegron, displayed 

decreased weight gain, improved insulin sensitivity and stabilized TG levels. Mirabegron also 

improved cardiac function by increasing cardiac inotropy and ameliorated endothelial function by 

counteracting the hypersensitivity to α1-AR-mediated vasoconstriction and enhancing insulin-

induced vasorelaxation. 

After 12 weeks of concomitant (with HFFD) treatment with BAY 41-2272, WHHL rabbits 

presented a decrease in weight gain, an improvement of insulin sensitivity, stabilization of TG 

levels and a counteraction of hypersensitivity to α1-AR-mediated vasoconstriction. 

Limitations of the study 

We are aware that certain measurements or tests could have been performed in support of some 

of our hypotheses and to rule out confusion and speculations regarding some of our results, these 

may include: 

 The calculation of the BMI at the beginning and end of the protocol would have supported 

our hypothesis regarding the absence of obesity.  

 Measurement of the resting metabolic rate at the beginning and the end of the protocol 

would have been useful for determining the presence/absence of increased energy 

expenditure in response to the current used treatment protocol.  

 The thorough inspection of abdominal cavity after animal sacrifice would have been 

beneficial to detect the presence/absence of visceral adiposity, which would have been 

useful for our interpretation regarding the link between IR and visceral adiposity. 

 The distribution/quantification of lipids in lipoproteins by fast protein liquid 

chromatography (FPLC) would have provided detailed information of the TG and 

cholesterol composition of each lipoprotein particle.   

 Histologic, histomorphometric and immunohistological (i.e. UCP1) examination of WAT 

and BAT for quantification of visceral and/or peripheral fat (number and size).  

 Quantification of eNOS and β-AR in the thoracic aorta and the left ventricle, respectively, 

using western blot analysis or other molecular biology techniques.  

 Ideally, one group of rabbits should have received the treatments (mirabegron and BAY 

41-272) without concomitant exposure to the HFFD. This would have allowed better 

interpretation of the results. 
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 Exposing rabbits to the HFFD for 12 weeks; then, administrating the treatments 

(mirabegron and BAY 41-272) for another 12 weeks, would have excluded the possible 

interference of the simultaneous exposure to the HFFD, with the result interpretation. 
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8. Conclusion & perspectives 

Even though animal models provide important information regarding the pathogenesis and the 

treatment of the MetS, these models do not necessarily reflect the diet-induced metabolic 

syndrome in humans or simply sometimes do not reflect the reality. Therefore, developing 

appropriate animal models that mimic the human metabolic syndrome and its related CVD is 

essential; first, to be able to properly investigate the causes and progression of this disease; second, 

to find potential suitable pharmacological interventions for the treatment of this syndrome. 

Improving the therapeutic and preventive measures for best management of the MetS is crucial. 

Lifestyle interventions have been widely used and remain the primary tools for good management 

of the MetS. These interventions are aimed at normalizing body weight and maintaining cardio-

metabolic parameters, including lipid levels, blood glucose, and ABP. Even though, adopting a 

healthy lifestyle pattern remains one of the most effective strategies, it necessitates long-term 

behavioral changes. The latter include, decreasing caloric intake, increasing physical activity 

levels, and optimizing the diet composition. Therefore, lifestyle changes are not always successful 

especially on a long-term basis. A complementary suitable pharmacological approach should then 

be implemented for best results in the management of this syndrome. Currently most of the 

treatments used in the management of this syndrome are directed towards each risk factor alone 

(e.g. anti-obesity, anti-hypertensive, anti-hyperlipidemic drugs, etc.). Therefore, molecules with 

pleiotropic effects are expected to be less complicated and much more successful in managing this 

multifactorial syndrome.  

The current thesis was devoted to, first develop and characterize an animal model that mimics 

the human metabolic syndrome and its related CVD, occurring in a category of individuals called 

“metabolically obese normal weight”; then explore the NO-sGC-cGMP signaling modulation, as 

a potential strategy for the management of the MetS, combining two main factors, dyslipidemia 

and IR. 

By subjecting WHHL rabbits, representing a spontaneous dyslipidemia, to long-term HFFD-

feeding we were able to induce IR and thereby were able to set up an experimentally-induced MetS 

model that combines mainly dyslipidemia and IR. After 12 weeks of HFFD-feeding, WHHL 

rabbits exhibited three main factors of MetS: high TG levels, low HDL-C levels and IR. 
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Long-term activation of the NO-sGG-cGMP signaling, using mirabegron (upstream of NO through 

NOS activation) and BAY 41-2272 (downstream of NO through sGC activation), showed to be 

promising in improving MetS-related metabolic and cardiovascular disturbances. 

Our study makes a significant contribution to the current body of metabolic and cardiovascular 

research. Firstly, most of experimental studies are performed on smaller animal models, mainly 

rodents (mice and rats) in contrast to our study that was performed on an intermediate-sized animal 

model (rabbit). Secondly, the use of the WHHL rabbit, an animal model that is not commonly used 

in research studies. Thirdly, the development of an interesting animal model that combines 

dyslipidemia and IR without obesity and hyperglycemia as confounding factors. Fourthly, this is 

one of the first studies, to be performed in purpose of exploring the potential of mirabegron and 

BAY 41-2272 as treatments in the context of MetS. Fifthly, our study supports the concept of using 

repurposing drugs which can be very beneficial in terms of saving time, energy and resources.  

In the future, our work could be completed through: using more WHHL rabbits to increase the 

power of statistical analyses; implementing experimental protocols to explore the distribution of 

fat and study the link between visceral adiposity and IR/dyslipidemia; implementing experimental 

protocols to study the reactivity of the abdominal aorta, mesenteric arteries and coronary arteries; 

exploreing the effects of sGMP pathway modulators over a longer period of time (e.g. 6 months). 
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Résumé  

Introduction 

Le syndrome métabolique (SMet), également nommé syndrome cardiométabolique, regroupe 

plusieurs facteurs de risque qui, lorsqu'ils sont combinés, augmentent le risque de développer des 

maladies cardiovasculaires. Les causes sous-jacentes du SMet sont liées à une propagation 

mondiale d’un mode de vie occidental. Celui-ci se caractérise par une consommation accrue 

d'aliments riches en calories et faibles en fibres (« fast food ») et également, par un manque 

d'activité physique (mode de vie sédentaire). Ce syndrome est devenu un des principaux dangers 

pour la santé mondiale. En plus d'être un défi clinique et de son impact sur la santé de l'individu. 

Le SMet est caractérisé par une accumulation accrue d'adiposité abdominale/viscérale qui 

conduit à une résistance à l'insuline. Autrement dit, l'obésité globale n'est pas le principal 

contributeur à une résistance à l'insuline. De plus, le concept d'obésité saine est maintenant 

répandue dans le monde de la recherche dépendant de la manière dont la graisse est distribuée. En 

effet, un certain nombre d’individus obèses présentent un métabolisme sain, pour lesquels une 

adiposité sous-cutanée est installée, plutôt qu’une adiposité abdominale. Ainsi, l'une des erreurs 

courantes faites dans le domaine de la recherche, est que la plupart des études établies se 

concentrent sur l'obésité en tant que facteur principal dans le SMet. C'est la raison pour laquelle, 

il est indispensable de se concentrer également sur une autre catégorie de personnes, qui est sans 

aucun doute présente parmi les patients atteints de SMet. Cette catégorie inclue les patients 

nommés métaboliquement obèses mais sans surpoids. 

Ainsi, dans notre étude, nous n’avons pas inclus l'obésité en tant que facteur du Smet, nous 

nous sommes focalisés sur la résistance à l'insuline. Afin d'induire une résistance à l'insuline plutôt 

qu’une obésité, nous avons utilisé un régime riche en graisses et en fructose (HFFD), connu pour 

sa capacité d’induire l’isulino-résistance (IR). Ce régime a la particularité de contenir la même 

quantité de calories que le régime témoin (standard) mais est moins riche en taux de protéines et 

de fibres. Quant au modèle animal utilisé dans cette étude, il s’agit du lapin Watanabe (Watanabe 

heritable hyperlipidemic (WHHL)) qui, en raison d'une mutation de son récepteur de lipoprotéines 

de basse densité (LDLr), développe spontanément une dyslipidémie et/ou une athérosclérose. 
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Dans notre étude, nous avons choisi de travailler sur deux molécules, BAY 41-2272 

(stimulateur de guanylate cyclase soluble) et mirabegron (agoniste des récepteurs β3-

adrénergiques). Notre choix est principalement lié à leurs effets, prometteurs dans le traitement 

des maladies métaboliques et cardiovasculaires, qui sont essentiellement dus à la modulation de la 

voie de guanosine monophosphate cyclique (GMPc). Ainsi, nous avons émis l’hypothèse que la 

modulation de la voie du monoxyde d’azote (NO)–GMPc, par des outils pharmacologiques, 

pourrait représenter une modalité thérapeutique prometteuse pour traiter le SMet et les pathologies 

cardiovasculaires qui y sont liées. 

 La FDA (Food and Drug Administration) et l'Agence européenne des médicaments (EMA), 

ont approuvé l’utilisation du BAY 41-2272 et du Mirabegron pour le traitement de l'hypertension 

artérielle pulmonaire et du syndrome de la vessie hyperactive, respectivement. En général, le 

processus du développement d’un médicament peut prendre jusqu'à 20 ans avant que le 

médicament ne soit approuvé et mis sur le marché. En effet, il faut généralement jusqu'à 15 ans 

pour qu’un médicament atteigne la phase d'essai clinique, qui se révèle parfois infructueuse. Par 

conséquent, le concept des médicaments réutilisables30 permet aux chercheurs d'économiser du 

temps, de l'énergie et des ressources. 

 

 

 

 

 

 

 

 

                                                 
30 Les médicaments réutilisables sont des médicaments qui ont été initialement développés pour traiter une certaine 

maladie et qui se sont révélés avoir des effets bénéfiques prometteurs dans le traitement d'une autre maladie. 

 

Les objectifs de notre étude sont, dans un premier temps, de mettre en place un modèle de 

SMet, induit expérimentalement, qui combine principalement la dyslipidémie et la 

résistance à l’IR chez le lapin WHHL. Dans un deuxième temps, l’exploration des effets 

du BAY 41-2272 et du mirabegron sur les perturbations métaboliques et cardiovasculaires 

associées au Smet, est effectuée. Les paramètres associés au SMet sont évalués au cours 

d'un protocole de 12 semaines. Le protocole est basé sur quatre groupes de lapins WHHL 

qui ont reçu un régime témoin, un HFFD, un HFFD avec du BAY 41-2272 et HFFD avec 

du Mirabegron. 
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Syndrome métabolique 

Définition  

Le SMet, également connu sous le nom de syndrome cardiométabolique, fait référence à la co-

occurrence d'un groupe de troubles métaboliques et de facteurs de risque cardiovasculaire. Ceux-

ci comprennent la résistance à l'insuline/l'intolérance au glucose, l'obésité viscérale/centrale, la 

dyslipidémie athérogène et l'hypertension artérielle (Zimmet et al.2005)(Rochlani et al.2017). La 

définition du MetS a fait l'objet de débats et de controverses en raison de sa nature complexe, 

interdépendante et multifactorielle (Tune et al.2017). 

Physiopathologie 

Obésité abdominale/viscérale 

Selon l'organisation mondiale de la santé (OMS), un individu est considéré comme obèse 

lorsque son indice de masse corporelle (IMC) est supérieur ou égal à 30. Lorsque l'IMC varie entre 

25 et 34,9 kg / m2, des seuils de tour de taille spécifiques au sexe sont utilisés en concomitance 

avec l'IMC, afin d’identifier les patients à risque. L'homme et la femme sont considérés comme 

obèses lorsque leur tour de taille dépasse respectivement 102 et 88 cm, respectivement. 

La prévalence de l’obésité est principalement causée par une consommation accrue d'aliments 

riches en calories et une activité physique réduite, conduisant à un déséquilibre entre l'apport 

énergétique et la dépense énergétique, et éventuellement à une prise de poids excessive 

(Drenowatz 2015). L'équilibre entre la lipolyse des adipocytes et la synthèse des triglycérides, qui 

est habituellement régulée par les hormones et le système nerveux autonome, est perturbé chez les 

patients obèses (Kershaw and Flier 2004). Outre sa fonction de stockage d'énergie, le tissu adipeux 

est un organe endocrinien qui participe à l'homéostasie énergétique et qui permet une réponse 

rapide et dynamique aux altérations énergétiques. Pour s'adapter à l'excès de nutriments, le tissus 

adipeux peut subir une hypertrophie et hyperplasie (Halberg, Wernstedt-Asterholm, and Scherer 

2008)(Sun, Kusminski, and Scherer 2011)(Longo et al. 2019). L’élargissement des adipocytes 

entrainerait une diminution de l’apport sanguin conduisant à une hypoxie (Ellulu et al. 2017). Il a 

été proposé que cette hypoxie induirait une nécrose ainsi qu’une infiltration de macrophages 

conduisant à une surproduction d'adipocytokines, y compris des médiateurs pro-inflammatoires 
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(facteur de nécrose tumorale α (TNF-α) et l’interleukine-6 (IL-6)), des acides gras libres (AGL), 

de la leptine, l’inhibiteur de l'activateur du plasminogène-1 (IAP-1), la protéine C-réactive (CRP) 

et l’angiotensinogène (Ye 2009)(Chan and Hsieh 2017). L'inflammation localisée au niveau du 

tissu adipeux se propage plus tard, engendrant ainsi une inflammation systémique globale de bas 

grade, qui par la suite entraîne d'autres complications observées dans le SMet (Zatterale et al. 2020) 

(Figure 26).  

 

Figure 26: Rôle de l'obésité viscérale dans le développement du syndrome métabolique.  

 

Résistance à l’insuline  

La résistance à l’insuline est l'une des composantes principales et essentielles du SMet. Elle 

est décrite comme une baisse de réponse des tissus périphériques à l'effet de l'insuline (Kaur 2014). 

Pour tenter de contrebalancer cet état, la sécrétion d'insuline est augmentée, conduisant à un état 

d'hyperinsulinémie (Liese, Mayer-Davis, and Haffner 1998). En général, la résistance à  l'insuline 

se caractérise par une augmentation des taux d'insuline (hyperinsulinémie), une hyperglycémie et 

une altération de l'évaluation du modèle homéostatique de la résistance à  l'insuline (HOMA-IR) 

(Beilby 2004). 

L'obésité abdominale et la résistance à l’insuline semblent être les deux facteurs principaux du 

SMet (Cornier et al. 2008)(Gallagher et al. 2010). Il semblerait également que les AGL et les 
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cytokines inflammatoires, non seulement, jouent un rôle central dans le développement de la 

résistance à l’insuline, mais constituent aussi un lien entre cette résistance et l’obésité (Kahn et al. 

2006). Cependant, il est à noter que certaines personnes obèses sont métaboliquement normales 

avec une sensibilité à l'insuline normale; tandis que la résistance à l’insuline peut être présente 

chez les sujets non obèses (Ruderman et al. 1998) (Karelis et al. 2005). En effet, il existe une 

catégorie d'individus qui sont nommés métaboliquement obèses sans un surpoids. Ces personnes 

présentent une baisse de sensibilité à l'insuline ainsi que des risques élevés de développer un 

diabète et des maladies cardiovasculaires (Lee et al. 2015). 

 

 

Figure 27: Un schéma représentant les conséquences du déséquilibre entre les voies IRS-PI3K-Akt et Ras protéine-

mitogène-activé protéine kinase (Ras-MAPK), qui se produit au cours de la résistance à l'insuline.  

Dans les états de résistance à l’insuline, tous les tissus périphériques deviennent insensibles à 

l'effet de l'insuline, entraînant une hyperglycémie maintenue et des effets orexigènes accrus (Kaur 

2014). Seule la voie de signalisation insulin receptor substrate1- phosphoinositide 3-kinase-protein 

kinase B- nitic oxide (IRS1-PI3K-Akt-NO) est réduite, tandis que la voie de signalisation Ras 

kinase- Mitogen-activated protein kinase-endothelin1 (Ras-MAPK-ET1) reste intacte ou devient 
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renforcée. Le déséquilibre entre ces deux voies conduit à une dysfonction endothéliale en raison 

d'une diminution de la synthèse de NO. Cette diminution est caractérisée avec différents niveaux 

de production non affectés d'ET-1 en plus de l'expression de molécules d'adhésion des cellules 

vasculaires et de la prolifération des cellules musculaires lisses (Muniyappa and Sowers 2013). 

Par conséquent, la translocation du transporteur de glucose (GLUT4) est réduite, ce qui entraîne 

une diminution de l'absorption des graisses et du glucose musculaire (Kim et al. 2006) (Figure 

27).  

Les actions métaboliques et hémodynamiques de l'insuline semblent être complémentaires. 

Puisque, en plus de son action vasodilatatrice via l'activation  de la NO synthase endothéliale 

(eNOS) et la production ultérieure de NO, l'insuline améliore l'apport de glucose au tissu cible par 

le recrutement capillaire (Barrett et al. 2011b). Lors d’une résistance à l’insuline, la vasodilatation 

induite par l'insuline est diminuée ou altérée, ce qui entraîne une diminution de l'apport de glucose 

et de l’insuline aux organes cibles. De plus, l'altération du métabolisme intracellulaire du glucose 

et des lipides médiée par l'insuline entraîne une augmentation des niveaux d'espèces réactives de 

l'oxygène (ROS) et des espèces réactives de l'azote (RNS). Ceci va entrainer une plus grande 

consommation de NO, et donc une nouvelle diminution de la disponibilité du NO (Cersosimo and 

DeFronzo 2006) (Figure 28).  
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Figure 28: Rôle de la résistance à l'insuline dans la pathogenèse du syndrome métabolique.  

 

Dyslipidémie  

La dyslipidémie est caractérisée par une augmentation du taux plasmatiques des triglycérides 

(TG) et des lipoprotéines de basses densités (LDL-C). Elle est également caractérisée par une 

diminution du taux des lipoprotéines de hautes densités (HDL-C) (Grundy 2006). La résistance à 

l’insuline et l'obésité viscérale sont associées à la dyslipidémie athérogène (Giannini et al. 

2011)(Hwang et al. 2016). 

Dans des conditions physiologiques, l'insuline diminue la production et la sécrétion des 

triglycérides, des lipoprotéines de très basses densités (VLDL) et d'apolipoprotéine B (apoB). Elle 

améliore également la dégradation de  de l’apolipoprotéine B (apoB) (Gonzalez-Baró, Lewin, and 

Coleman 2007)(Sparks, Sparks, and Adeli 2012).  Dans des conditions normales, l'insuline modifie 

l'activité de l’apoB par les voies dépendantes du PI3K et régule l'activité de la lipoprotéine lipase, 

conduisant respectivement à une diminution de la production et à une augmentation de la clairance 

des VLDL. Puisque dans des conditions d’insulino-resistance, l'insuline est incapable d'exercer ses 

effets, ces deux actions sont contrariées. Ceci conduit à une augmentation du taux de VLDL. De 

plus, ceci amène également à une altération de la signalisation de l'insuline qui entraîne une 

augmentation de la lipolyse et une augmentation ultérieure des taux d’AGL (Kaur 2014). 
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Quelle résulte de la résistance à l’insuline elle-même ou du tissu adipeux viscéral hypertrophié, 

l'augmentation du flux d’acides gras libres (AGL) vers le foie entraîne une augmentation de la 

production et du stockage des TG. Puis, l'excès de TG est regroupé avec l'apoB et sécrété sous 

forme de VLDL (Lewis et al. 1995)(Lewis and Steiner 1996)(Ginsberg et al. 2005). Dans le 

transport inverse du cholestérol, la protéine de transport des esters de cholestérol (CETP) stimule 

le transfert des TG des VLDL vers les HDL et, des CETP des HDL vers les VLDL. Ainsi, des taux 

accrus de TG et de VLDL se traduisent par des particules de HDL enrichies en TG et de VLDL 

enrichies en CETP (Ginsberg et al. 2005). Les particules HDL enrichies en TG sont de meilleurs 

substrats pour la lipase hépatique, ce qui les rendent plus susceptible à l’elimination. Ces particules 

sont ensuite rapidement éliminées de la circulation, ce qui entraîne une diminution des 

concentrations plasmatiques de HDL et ainsi une dyslipidémie athérogène (Lamarche et al. 1999) 

(Kaur 2014). En effet, le HDL-C est bien connu pour ses propriétés anti-athérosclérotiques et anti-

inflammatoires (Weverling-Rijnsburger et al. 2003)(Sanossian et al. 2007). Ainsi, des taux réduits 

en HDL sont associés à un risque cardiovasculaire accru. De plus, même si les niveaux de LDL 

sont parfois inchangés, le fait que les particules de LDL enrichies en TG soient petites et denses, 

facilite leur pénétration dans la paroi endothéliale et les rend plus sensibles à l'oxydation, 

augmentant encore l'athérogénicité et le risque cardiovasculaire (Lamarche et al. 1998) (Hulthe et 

al. 2000) (Cornier et al. 2008) (Figure 29).  
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Figure 29: Dyslipidémie athérogène dans le syndrome métabolique. 

 

Hypertension artérielle 

L'hypertension est une des facteurs de risque majeurs constituant le SMet. En effet, Jusqu'à un 

tiers des patients hypertendus sont également atteint du SMet (Schillaci et al. 2004)(Cuspidi et al. 

2004). Dans le diagnostic clinique de l’hypertension artérielle, un individu est considéré comme 

hypertendu lorsque la pression artérielle (PA) systolique et/ou la pression artérielle diastolique 

dépassent, respectivement, 130 mmHg et 85 mmHg. L'augmentation de la pression artérielle chez 

les patients du SMet semble être fortement associée à une augmentation de l'adiposité viscérale et 

de l'IR (Ferrannini et al. 1997)(Yanai et al. 2008). De multiples mécanismes sont à l’origine du 

développement de l'hypertension dans le SMet, tels que l'activation de la rénine angiotensine 

aldostérone (RAAS) et l'activité (SNS). De plus, le tissu adipeux viscéral hypertrophique est 

responsable de la production et de la sécrétion de nombreux adipocytokines, telles que la TNF-α, 

l’IL-6, l’angiotensinogène, la leptine et les AGL. Ces molécules participent à l'augmentation de la 

PA par différentes voies (Katagiri et al. 2007)  (Figure 30). 

 

Figure 30: Un schéma qui représente les mécanismes impliqués dans le développement de l'hypertension dans le 

syndrome métabolique.  
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Objectifs de l’étude  

Le SMet augmente le risque de développement d’un diabète de type 2 et de maladies 

cardiovasculaires, ainsi il est considéré comme une menace  sanitaire et économique pour la 

société. Par conséquent, il est essentiel de chercher des mesures thérapeutiques et préventives afin 

d’améliorer la prise en charge de ce syndrome. Actuellement, la plupart des médicaments utilisés 

dans le traitement de ce syndrome ciblent uniquement chaque facteur de risque. Par conséquent, 

l'utilisation de molécules ayant des effets pléiotropes ou qui agissent sur un large spectre de cellules 

et de tissus, pourrait être plus efficace dans la gestion de ce syndrome multifactoriel. 

De plus en plus, des études ont montré que la modulation de la signalisation au niveau de la 

voie de NO-GMPc, par des outils pharmacologiques, est efficace, dans des contextes de maladies 

métaboliques et cardiovasculaires (J.-P. Stasch et al. 2002)(Mitschke et al. 2013)(Nossaman and 

Kadowitz 2013)(Pfeifer et al. 2013)(Ramirez et al. 2015)(M. Park, Sandner, and Krieg 2018). Par 

la suite, nous avons émis l'hypothèse que l'activation pharmacologique chronique de la voie NO-

sGC-cGMP pourrait représenter une thérapie pharmacologique prometteuse pour traiter la 

combinaison de deux composants majeurs du SMet, la dyslipidémie et la résistance à l’insuline. 

Notre premier objectif était de développer et de caractériser un modèle animal expérimental de 

syndrome métabolique avec une dyslipidémie et une résistance à l'insuline comme principaux 

facteurs de risque. 

Notre deuxième objectif était d'étudier l'efficacité d'un agoniste des récepteurs β3-

adrénergiques (β3-AR), le Mirabegron, et d'un stimulateur sGC, le BAY 41-2272, dans 

l'atténuation des perturbations métaboliques associées à la combinaison dyslipidémie-IR, et ainsi 

dans la prévention du développement des pathologies cardiovasculaires qui lui sont associés. 

Afin de répondre à ces ojectifs, nous avons utilisés les lapins Watanabe qui sont des modèles 

animaux d'hypercholestérolémie familiale humaine (FH) et de dyslipidémie spontanée due à un 

défaut génétique dans leur récepteur LDL. Notre protocole expérimental a duré 12 semaines et a 

inclus quatre groupes de lapins Watanabe: contrôle, HFFD, HFFD avec BAY 41-2272 et HFFD 

avec Mirabegron. Le régime riche en graisses en fructose (HFFD) a été utilisé pour induire 

l’insulino-résistance. 
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Figure 31: Effet thérapeutique du mirabegron et du BAY 41-2272 par l'activation de la voie de NO-cGMP dans les 

tissu adipeux, le cœur et les vaisseaux. 

Le Mirabegron et BAY 41-2272 activent, respectivement, les récepteurs β3-AR et la voie sGC-

GMPc : 

 Dans les adipocytes (à gauche), entraînant une augmentation de la lipolyse (tissu adipeux 

blanc), de la dépense énergétique (augmentation de la lipolyse et de la thermogenèse dans 

le tissu adipeux brun), le brunissement des adipocytes et l'amélioration de la sensibilité à 

l’insuline (par le passage transcapillaire de l'insuline et du glucose aux tissus cibles) 

 Dans les myocytes cardiaques (centre) provoquant, des effets protecteurs antioxydants 

induite par les GMPc contre le remodelage ainsi qu’une meilleure relaxation. 

 Dans les cellules endothéliales et cellules musculaires lisses du système vasculaire (à 

droite; y compris les artères coronaires), engendrant une augmentation de la vasodilatation 

dépendante de l'endothélium et de la perfusion myocardique (Balligand 2016)(Pouleur et 

al. 2018).  
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Design de l’étude  
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                                    HFFD+BAY group  HFFD diet + BAY 41-2272 (PO) (n=9) 
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Résultats  

Article numéro 1: Développement et caractérisation d'un modèle expérimental de syndrome 

métabolique avec la dyslipidémie et la résistance à l'insuline comme facteurs principaux chez les 

lapins Watanabe. 

Contexte et objectif: En raison de son lien avec les maladies cardiovasculaires, le syndrome 

métabolique (SMet) est devenu un fardeau majeur de santé publique. Travailler sur un modèle 

animal approprié qui imite la maladie humaine est d'une grande importance. Cependant, jusqu'à 

présent, la physiopathologie de ce syndrome sans le facteur d’obésité est peu connue. Cette étude 

a été conçue afin d’étudier les perturbations métaboliques et cardiovasculaires associées à la 

combinaison de deux caractéristiques principales de ce syndrome, la dyslipidémie et la résistance 

à l'insuline. 

Méthodes: 21 lapins Watanabe mâles et femelles (WHHL) ont été aléatoirement assignés au 

groupe témoin (n = 9) et HFFD (n = 12) qui ont été soumis à un régime alimentaire standard et un 

régime alimentaire riche en fructose et riche en graisses (HFFD), respectivement. Le protocole a 

duré 12 semaines, au cours desquelles le poids et la circonférence abdominale ont été surveillés; 

les taux plasmatiques de lipides, de glucose et d'insuline à jeun ont été mesurés et un test 

intraveineux de tolérance au glucose (TTG) a été réalisé. L'évaluation du modèle homéostatique 

de la résistance à l'insuline (HOMA-IR) a été calculé. La fonction cardiaque a été évaluée à l'aide 

d'approches in vivo (échocardiographie) et ex vivo (cœur isolé de Langendorff). La réactivité et 

l'élasticité vasculaires ont été évaluées sur des artères de carotides isolées (myographie) et en 

déterminant la vitesse d’onde de pouls, respectivement. 

Résultats: Les lapins nourris au HFFD ont présenté une augmentation de l'insuline à jeun, de 

l’HOMA-IR, de l’aire sous la courbe du TTG, des triglycérides, du taux de cholestérol, des LDL-

C, de la sensibilité à la phényléphrine et une diminution de la contractilité cardiaque et de la 

vasorelaxation induite par l'insuline. 

Conclusion: Nos résultats ont montré que le HFFD induit une résistance à l'insuline et accentue 

la dyslipidémie; et que, lorsqu'ils sont soumis à HFFD, les lapins Watanabe pourraient devenir un 
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modèle animal de SMet avec deux caractéristiques principales, une dyslipidémie et une résistance 

à l'insuline. 

Article numéro 2: Etude des effets du traitement au Mirabegron, un agoniste des récepteurs 

β3-adrénergiques, sur les paramètres métaboliques et cardiovasculaires d'un modèle animal de 

dyslipidémie et de résistance à l'insuline. 

Introduction: Le syndrome métabolique (SMet) est une épidémie mondiale de santé et un fardeau 

économique. Il est essentiel de trouver une approche pharmacologique appropriée pour gérer ce 

syndrome. Nous avons exploré le potentiel du mirabegron (MIR), un agoniste β3-adrénergique en 

tant qu'agent thérapeutique réutilisé pour le traitement du SMet et de ses conséquences 

cardiovasculaires. 

Méthodes: 30 lapins Watanabe, mâles et femelles (WHHL), ont été aléatoirement reparties dans 

des groupes : témoins (n = 9), HFFD (n = 12) et HFFD + MIR (n = 9) qui, respectivement, ont 

reçu les traitements suivants: régime standard, régime HFFD (riche en fructose et en gras) et 

régime HFFD avec le MIR (3 mg / kg, PO). Le protocole a duré 12 semaines, au cours desquelles 

le poids et la circonférence abdominale ont été surveillés; les taux plasmatiques de lipides, de 

glucose et d'insuline à jeun ont été mesurés et un test intraveineux de tolérance au glucose (TTG) 

a été réalisé. L'évaluation du modèle d'homéostasie de la résistance à l'insuline (HOMA-IR) a été 

calculée. La fonction cardiaque a été évaluée à l'aide d'approches in vivo (échocardiographie) et 

ex vivo (cœur isolé de Langendorff). La réactivité vasculaire et la rigidité artérielle ont été évaluées 

sur des artères carotides isolées et en déterminant la vitesse d’onde pouls, respectivement. 

Résultats: Les lapins soumis au HFFD ont présenté une augmentation significative de l'insuline à 

jeun, l’ HOMA-IR, de l'aire sous la courbe du TTG, des triglycérides (TG), du cholestérol total, et 

des lipoprotéines de basses densités ainsi qu’une diminution de la contractilité cardiaque, par 

rapport au groupe témoin. Le traitement au MIR a empêché l'augmentation des taux d'insuline à 

jeun, d'HOMA-IR et de TG et a entrainé une augmentation significative de l'inotropie cardiaque 

et de la lusitropie par rapport au groupe HFFD. 
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Conclusion: le traitement à long terme au MIR a stabilisé le gain de poids et le taux des TG et a 

amélioré la sensibilité à l'insuline et la fonction cardiaque d'un modèle animal de lapin combinant 

deux facteurs majeurs du SMet, la dyslipidémie et la résistance à l’insuline. 

Article numéro 3: Effet d'un traitement à long terme au BAY 41-2272, un stimulateur de la 

guanylate cyclase soluble, sur les paramètres métaboliques et cardiovasculaires d'un modèle 

animal de dyslipidémie et de résistance à l'insuline. 

Introduction: Le syndrome métabolique (SMet) est associé à des risques accrus de diabète de 

type 2 et de maladies cardiovasculaires. Compte tenu du caractère multifactoriel de ce syndrome, 

la prise en charge de ce syndrome nécessite une approche thérapeutique pharmacologique à effet 

pléotropique. Nous avons exploré le potentiel d'un modulateur de la voie de guanosine 

monophosphate cylcic (GMPc), BAY 41-2272 (BAY), dans le traitement du SMet et de ses 

conséquences cardiovasculaires. 

Méthodes: 30 lapins Watanabe (WHHL) ont été aléatoirement réparties dans des groupes :  

témoins (n = 9), HFFD (n = 12) et HFFD + BAY (n = 9) qui, respectivement, ont reçu un régime 

standard, un régime HFFD et un régime HFFD (riche en fructose et en gras) avec le BAY (3 mg / 

kg, PO). Le protocole a duré 12 semaines, au cours desquelles le poids et la circonférence 

abdominale ont été surveillés; les taux plasmatiques de lipides, de glucose et d'insuline à jeun ont 

été mesurés et un test intraveineux de tolérance au glucose (TTG) a été réalisé. L'évaluation du 

modèle d'homéostasie de la résistance à l'insuline (HOMA-IR) a été calculée. La fonction 

cardiaque a été évaluée à l'aide d'approches in vivo (échocardiographie) et ex vivo (cœur isolé de 

Langendorff). La réactivité vasculaire et la rigidité artérielle ont été évaluées sur des artères 

carotides isolées et en déterminant le PWV, respectivement. 

Résultats: Les lapins nourris avec du HFFD ont présenté une augmentation significative de 

l'insuline à jeun, HOMA-IR, de l'aire sous la courbe du TTG, des triglycérides (TG), du cholestérol 

total, de la sensibilité à la phényléphrine et une diminution significative de la vasorelaxation 

médiée par l'insuline, par rapport au groupe témoin. Le traitement par BAY a empêché 

l'augmentation des taux d'insuline à jeun, de l’HOMA-IR, des TG et de l'hypersensibilité à la 

phényléphrine induite par le HFFD. 
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Conclusion: le traitement à long terme au BAY a stabilisé le gain de poids et les taux de TG, 

amélioré la sensibilité à l'insuline et amélioré la fonction endothéliale, en diminuant la sensibilité 

aux α1-adrénorécepteurs, d'un modèle animal de SMet qui combine la dyslipidémie et la résistance 

à l’insuline  

Conclusion 

Dans notre étude on a réussi: 

 Dans un premier temps à induire une insulino-résistance chez un modèle animal, présentant 

une dyslipidémie spontanée, créant ainsi un lapin modèle de Smet avec deux facteurs 

principaux, la dyslipidémie et l’insulino-résistance. 

 

 Dans un second temps, on a prouvé que la modulation de la voie de GMPc pourrait être 

une stratégie prometteuse dans la prise en charge du syndrome métabolique.  
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Résumé : Le syndrome métabolique (SMet) est 
caractérisé par la présence chez le même 
individu de plusieurs anomalies parmi les 
suivantes: une adiposité abdominale, une 
insulino-résistance (IR), une intolérance au 
glucose, une hypertension artérielle et une 
dyslipidémie. Des études ont révélé que la 
modulation de la voie de signalisation 
NO/GMPc dans le SMet peut exercer des effets 
métaboliques et cardiovasculaires protecteurs. 
Nous avons exploré, dans ce contexte, l'effet du 
mirabegron et du BAY 41-2272, deux molécules 
connues pour leur capacité à activer la voie NO-
GMPc. Nous avons d'abord développé un 
modèle animal expérimental avec deux facteurs 
principaux du SMet, la dyslipidémie et l’IR. Nos 
résultats ont montré qu'après 12 semaines 
d'alimentation riche en fructose et en graisses 
(HFFD), le lapin Watanabe (WHHL),  

un modèle animal de dyslipidémie spontanée, 
présentait une intolérance au glucose, une IR 
(test HOMA-IR), une aggravation de la 
dyslipidémie et une diminution de la 
contractilité cardiaque (approche ex-vivo). 
Après 12 semaines de traitement, le 
mirabegron et le BAY 41-2272 ont prévenu le 
gain de poids et l’augmentation du taux de TG 
et ont amélioré la sensibilité à l'insuline, la 
fonction endothéliale des artères carotides et 
la fonction cardiaque (mirabegron). Ce travail a 
permis de mettre en place un modèle 
expérimental combinant la dyslipidémie et l’IR 
chez le lapin WHHL. De plus, les résultats ont 
montré que l'activation à long terme de la voie 
de signalisation NO-GMPc représente une 
approche pharmacologique prometteuse dans 
la gestion des complications métaboliques et 
cardiovasculaires associées au SMet. 

 

Title: Metabolic and cardiovascular effects of nitric oxide-cyclic guanosine monophosphate (NO-cGMP) 
signaling pathway modulation: Study in the WHHL rabbit as an experimental model of high fructose high fat 
diet-induced metabolic syndrome. 
 
Keywords: Metabolic syndrome, insulin resistance, dyslipidemia, NO-cGMP signaling pathway,  
mirabegron, BAY41-272, WHHL rabbit, HFFD. 
 

Abstract: Metabolic syndrome (MetS) is 
characterized by abdominal adiposity, insulin 
resistance (IR), glucose intolerance, arterial 
hypertension and dyslipidemia. Experimental 
studies have revealed that modulation of the 
nitric oxide-cyclic guanosine monophosphate 
(NO-cGMP) signaling pathway in MetS can 
exert protective metabolic and cardiovascular 
effects. In this regard, we explored the effect of 
mirabegron and BAY 41-2272, two molecules 
known for their ability to activate the NO-cGMP 
pathway. We first developed an experimental 
animal model with two main components of the 
MetS, dyslipidemia and IR. Our results showed 
that after 12 weeks of high-fructose high-fat diet 
(HFFD) feeding, the Watanabe heritable 
hyperlipidemic (WHHL) rabbit,  an animal model 
of spontaneous dyslipidemia, 

exhibited glucose intolerance, IR (HOMA-IR 
test), an aggravation in dyslipidemia and a 
decrease in cardiac contractility (ex-vivo 
approach). Twelve weeks of mirabegron and 
BAY 41-2272 treatment prevented weight gain 
and the increase in TG levels and improved 
insulin sensitivity, carotid endothelial function, 
and cardiac function (mirabegron). We were 
able to develop an experimental model 
combining dyslipidemia and IR in the WHHL 
rabbit. Furthermore, our results showed that 
long-term activation of the NO-cGMP signaling 
pathway represents a promising 
pharmacological approach in the management 
of the MetS and its metabolic and 
cardiovascular consequences. 
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