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1. Used abbreviations 

 

 %      Percent  

°C      Degree Celsius 

DNA      Desoxy-ribonucleic acid 

ELISA      Enzyme-linked immunosorbent assay 

GAPDH               Glyceraldehyde-3-phosphate dehydrogenase 

IL     Interleukin 

MJ     Megajoule 

MCP-1     Monocyte chemotactic protein-1 

mg     Miligram 

ml      Milliliter  

mM      Millimolar 

mmHg     Milimeters of mercury 

mN     Millinewton 

min      Minutes 

mM     Millimolar 

M     Molar 

mRNA     Ribo-Nucleic-Acid  

MYPT1     Myosin phosphatase target subunit 1 

nm      Nanometer 

μg      Microgram  

μl      Microlitre  

μm      Micrometer 

pMYPT1    Phosphorylated myosin phosphatase target subunit 1 

ROCK1     Rho-associated, coiled-coil containing protein kinase 1 

ROCK2     Rho-associated, coiled-coil containing protein kinase 2 

SMC     Smooth muscle cells 

TNF-α      Tumor necrosis factor-α 
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Let food be your medicine and 

medicine be your food. 

 

    -Hippocrates (400 B.C.) 
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2. Thesis overview 

 

Globally, more than 1 billion people have excess weight1. Similar to obesity, the 

overweight status is associated with increased cardiovascular risk2-3. Large 

epidemiological studies demonstrate that overweight is associated with hypertension, an 

established cardiovascular risk factor3-4 with prevalence reaching 60%5. However, more 

than in obesity, the molecular mechanisms underlying blood pressure elevation in 

overweight remain unclear.  

 

The association among overt obesity, cardiovascular risk and proinflammatory cytokines 

is well known6-10. In particular, tumor necrosis factor-α (TNF-α) has been widely linked to 

obesity11-14 and also overweight-related pathologies11-12, 15. Apart from the adipose tissue 

being a known source of inflammation8, 16-17, TNF-α was recently reported to be 

increased in the vasculature of obese individuals18, suggesting that vascular 

proinflammatory signaling might importantly contribute to the vascular features 

associated of obesity status. Interestingly, TNF-α is also linked to the pathology of 

hypertension19 and not only obese but also overweight individuals are known to exhibit 

features of vascular dysfunction that are typically associated as well with hypertension, 

such as increased vasoconstriction20-21 and endothelial dysfunction21-22.  

 

Given the link between hypertension and microvascular inflammation21, 23-24 via its effects 

on vasoconstriction21, 25, we hypothesized that the proinflammatory cytokine TNF-α plays 

a role in the development of cardiovascular risk in overweight via an effect on 

vasoconstriction and blood pressure elevation. Targeting microvascular dysfunction in 

overweight could reduce blood pressure and therefore cardiovascular risk, beyond 

common antihypertensive treatment. However, the underlying molecular mechanism 

remains uncertain.  

 

One suggestion for a key molecular mechanism for this microvascular dysfunction is 

vascular proinflammatory signaling, since inflammatory processes can modulate 

vascular function 21, 25-26. The present thesis analyses the development of cardiovascular 

risk factors in a mouse model of overweight. We hypothesize that in overweight vascular 

proinflammatory signaling increases vasoconstriction resulting in blood pressure 

elevation.  
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This work describes results indicating that vascular TNF-α/Rho-kinase signaling plays a 

role in vasoconstriction and blood pressure elevation in overweight. TNF-α/Rho-kinase 

signaling may thus represent a new therapeutic target that functions independently of the 

overweight state. 
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3. Introduction 

 

The association of excess weight and blood pressure elevation and the 

search for a link  

 

Modern times have brought a huge supply of food rich in saturated fat, among others 

leading to excessive weight gain, affecting both adults and children. The most common 

measure used to define excess body weight is still the body mass index (BMI), due to its 

simplicity. The index is defined as the weight in kilograms divided by the height in meters 

squared (kg/m2). The National Institutes of Health and the World Health Organization 

have defined overweight as a BMI between 25.0 and 29.9 kg/m2; and obesity as having a 

BMI greater than 30.0 kg/m27. When overweight/obesity is established, the association 

with increased cardiovascular risk is well known2, 6, 10, 28-29. In this context, arterial 

hypertension is extensively recognized as an important cardiovascular risk factor, 

increasing the risk for a variety of cardiovascular diseases including coronary artery 

disease, stroke, heart failure and peripheral vascular disease30-35.  

 

The association of excess weight and hypertension is known since long time36-37. There 

is a clear positive relationship between blood pressure levels and body weight38-40. In 

large cohorts such as in the INTERSALT study for example, a 10 kg difference in body 

weight was associated on average with a 3.0 mmHg difference in systolic pressure39. In 

a meta-analysis from Staessen et al., a decrease in body weight by 1 kg resulted in a 

reduction of systolic pressure by 1.2 mmHg40. Recently, not only the excess weight 

defined as increased BMI but also the accumulation of visceral fat, independent of body 

weight, has its importance recognized and the waist circumference has been included to 

estimate cardiovascular risk41-42. The visceral fat is now accepted as an active tissue, 

source of hormones and cytokines with crucial influence on lipid and glucose 

metabolism, being associated to a chronic low-grade inflammatory state16, 43-47.  

 

Along with metabolic disturbances, the association of fat tissue48 and more specifically of 

the visceral fat tissue with arterial hypertension has been pointed out in several studies49-

51. The mechanisms involved in the physiopathology of hypertension associated to 

excess weight conditions are still an area of investigation. Some of the identified 

mechanisms include activation of the sympathetic nervous system52-53 and of the renin-

angiotensin–aldosterone system54-55, neuroendocrine mechanisms related to peptides 
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such as leptin56 and more recently, the influence of insulin resistance on microvascular 

function57-58.  

However, although microvascular dysfunction and inflammation are important features 

shared by excess weight states and hypertension, this link has been poorly explored. 

The increasing development in the field of vascular biology has shown that the 

vasculature is a highly responsive organ. The two main cells types of the vasculature – 

the smooth muscle and endothelial cells - are sensitive to a great variety of stimuli 

including shear stress, pressure, neurohumoral factors, cytokines and many other 

molecules that generate vascular responses59. Therefore, the role played by the vessel 

itself in the physiopathology of overweight/obesity-related vascular complications such 

as hypertension, cannot be neglected.  

 

Microcirculation and blood pressure control 

The microcirculation consists of the smallest arteries, the arterioles, capillaries, and 

venules60, therefore including the so-called resistance arteries, which consist mainly of 

smaller arteries less than 400 μm and arterioles less than 100 μm in lumen diameter61. 

The resistance arteries regulate the systemic vascular resistance62. In this thesis, small 

mesenteric arteries from mice were used to assess the function of the resistance 

vasculature62-64. Resistance vessels are the key site where the blood pressure control 

occurs, between large arteries (the conductance arteries) and capillaries. This control is 

achieved through the contractile phenotype of the vascular smooth muscle cells 

(VSMCs)65-66.  

 

Regulation of VSMCs contractility – The Rho/Rho-kinase pathway 

The regulation of VSMCs contractility depends on the balance between vasodilators and 

vasoconstrictors, being controlled by several hormonal autocrine and paracrine actions.  

In any type of stimulus, all smooth muscle cells use cross-bridge cycling (between actin 

and myosin) to develop force67-68. In VSMCs, contractile activity is initiated by a calcium 

ions (Ca+2)-calmodulin interaction to stimulate phosphorylation of the light chain of 

myosin II (MLC20). This phosphorylation is determined by the balance between myosin 

light chain kinase (MLCK) and myosin light chain phosphatase (MLCP) activities. MLCK 

is activated by Ca+2-calmodulin, thus dependent on intracellular Ca+2 concentration. On 

the other hand, MLCP works independently of Ca+2-calmodulin, being mainly modulated 

by the RhoA/Rho-kinase pathway69.  

The Ras homolog gene family member A (RhoA) is a member of the Rho family of 

GTPases (enzymes that hydrolyze guanosine triphosphate (GTP) to guanosine 

http://en.wikipedia.org/wiki/Hydrolysis
http://en.wikipedia.org/wiki/Guanosine_triphosphate
http://en.wikipedia.org/wiki/Guanosine_diphosphate


Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 9 

diphosphate (GDP)), a family of small signaling G proteins. The guanine nucleotide-

binding proteins or G proteins, integrate signals between receptors and effector proteins 

and work as molecular switches: when they bind GTP, they are 'on', and when they bind 

GDP, they are 'off'. They respond to cell surface receptors for cytokines, growth factors, 

adhesion molecules and G-protein-coupled receptors70-71. The activation of RhoA leads 

to activation of Rho-kinase (ROCK1 and ROCK2), the most studied downstream effector 

protein of RhoA.  

 

The RhoA/Rho-kinase pathway is a key regulator of several cellular processes such as 

cytoskeletal regulation, migration, adhesion, cell cycle and cytokine production72. In 

VSMCs, the Rho-kinases regulate contractility by direct phosphorylation of MLC20 and 

phosphorylation and inactivation of the myosin phosphatase target subunit 1 (MYPT1) of 

MLCP73-74. Inhibition of MLCP leads to an increase in phosphorylation of MLC20 thereby 

keeping the contractile state, without any changes in intracellular Ca+2 concentrations 

(Figure 1). This enhancement of the contractile response to Ca+2 is normally called 

“calcium sensitization” 75-76.  

 

 

 

Figure 1. Activation of Rho-kinase by RhoA leads to phosphorilation of the MLC 

phosphatase (MYPT1 site), causing its inactivation and therefore avoiding the 

dephosphorylation of MLC, favoring vasoconstriction. 

 

 

http://en.wikipedia.org/wiki/Guanosine_diphosphate
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The Rho/Rho-kinase pathway in disease 

Since the discovery of the essential role of RhoA and its downstream target Rho-kinase 

in the regulation of vascular tone, alterations in this pathway have been reported to be 

associated with cardiovascular diseases77-79, including arterial hypertension80-81.  

Hilgers et al. described an enhanced RhoA/Rho-kinase signaling in resistance arteries 

from angiotensin-induced hypertensive rats82 and Failli et al. reported increase in Rho-

kinase expression and activity in aortas from diabetic rats83. The pyridine derivative Y-

27632 selectively inhibits Rho-kinase and it was reported to correct hypertension in 

hypertensive rat models84-85. 

 

The first report suggesting that Rho-kinase could be upregulated in human hypertension 

was in 2001, when Masumoto et al. found that forearm vasodilator response to fasudil 

was significantly greater in hypertensive patients than in normal subjects86. Much 

evidence has accumulated implicating activation of Rho family proteins in the 

pathogenesis of essential arterial hypertension in humans87-88. Moreover, an increased 

Rho-kinase activity was reported to be associated with components of metabolic 

syndrome such as BMI, waist circumference, fasting glucose, C-reactive protein and 

triglyceride levels89.  

 

Recently, a role for the RhoA/Rho-kinase pathway in the adipose tissue was suggested 

by Nakayama et al. and Hara et al. Their studies linked inflammation and activation of 

the pathway showing that this interaction induced inflammatory cytokine expression in 

adipocytes90-91, providing an important link between inflammation and Rho-kinase in 

obesity context. 

 

It is know that the proinflammatory cytokine TNF-α can activate the Rho/Rho-kinase 

pathway in different cell types such as microvascular endothelial cells92-93,  bladder and 

airway smooth muscle cells94. Incubation of bronchial smooth muscle cells with TNF-α 

increased their contractility, as the result of an increase in Ca2+ sensitivity through MLC20 

phosphorylation95. Later on, this TNF-α action in airways was reported to be mediated by 

TNFR196.  

 

Following this line of reasoning, we hypothesized that a similar mechanism involving 

TNF-α and the Rho-kinase pathway could take place in the vasculature of mice fed a 

high-fat diet, thereby providing an explanation for vascular changes observed in a diet-

induced overweight model.  
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The vasculature is target and source of TNF-α 

 TNF-α is a proinflammatory cytokine mainly synthesized by monocytes and 

macrophages. It plays a key role regulating immune responses and energy97, lipid and 

glucose metabolism98-99. The combination of TNF-α with its two cell membrane receptors 

p55 and p75 (known as TNFR1 and TNFR2) induces a variety of signals that depend on 

TNF-α concentration and on cell type100-102. At low concentrations in tissues TNF-α has 

favorable effects, such as the increase of host defense mechanisms. At high 

concentrations TNF-α can lead to excess inflammation, like for example in septic shock, 

when large amounts of TNF-α are released.97. TNF-α mediates inflammatory, immune, 

proliferative and cytotoxic effects in various cell types103. The vasculature, including 

endothelial cells and VSMCs is a major site for the action of TNF-α.   

 

TNF-α and endothelium 

Characteristics of endothelial cells when they are target for TNF-α action have been well 

described. On endothelial cells, TNF-α is known to induce inflammatory responses by 

enhancing adhesion molecule expression and cytokine secretion, therefore participating 

actively in leukocyte adhesion and in the pathogenesis of vascular diseases104-107. More 

recently, microarray data showed that TNF-α induces distinct gene expression of 

chemokines, cytokines, and cell surface molecules in microvascular and macrovascular 

human endothelial cells108. The presence of quiescent VSMCs seems to be crucial in the 

modulation of the activation of endothelium by TNF-α109. 

 

The endothelium modulates vascular tone through several factors, including nitric oxide 

(NO), prostacyclin and endothelium-dependent hyperpolarizing factor (EDHF).  

TNF-α impairs endothelium-dependent and NO-mediated vasodilatation in different 

vascular beds110-111, thus influencing contractility in VSMCs. Nitric oxide is a free radical 

generated by NO synthase (NOS) and is the major mediator of endothelium-dependent 

relaxation112-113. TNF-α regulates NOS expression and activity, although the overall 

regulation is still discussed and it is probably in a time-dependent way and dependent on 

the cell type114. However, it is mostly accepted that TNF-α decreases the bioavailability 

of NO to induce relaxation of smooth muscle in the vasculature115.  

 

EDHF also plays an important role in regulating vascular tone and vascular reactivity, 

particularly in resistance vessels116. As well, the role of TNF-α in EDHF-mediated 

vascular dysfunction is controversial117-118, although there is strong evidence that TNF-α 

diminishes EDHF, via the inhibition of cytochrome P450 enzyme activity119. Finally, 
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incubation of endothelial cells with TNF-α was reported to cause release of endothelin-1, 

an important vasoconstrictor120.  

 

Endothelial cells can also be a source of TNF-α, in conditions such as in atherosclerotic 

plaques121, in human umbilical vein endothelial cells122-123 and brain microvascular 

endothelial cells124. With all these effects, TNF-α is an important modulator of vascular 

function, mainly through its actions on endothelium.  

 

TNF-α and VSMCs 

TNF-α has been implicated in contractility disorders – mainly increased contractility - 

associated to smooth muscle cells. The structure and function of smooth muscle cells 

are essentially the same in different organs such as stomach, intestines, bladder, 

airways, male and female reproductive tracts, lymphatic and blood vessels 68.  

 

Experimental administration of TNF-α can induce preterm labour125 and increase 

expression of contraction-associated proteins in the labour cascade, increasing uterine 

contractile activity126. TNF-α also increased contractility in in vitro studies with cultured 

human uterine smooth muscle cells 127, in a dose-dependent manner128. In cultured 

human detrusor smooth muscle cells, TNF-α treatment caused upregulation of two kinins 

receptor subtypes B1 and B2.  Kinins are potent mediators of inflammation that, among 

others, cause smooth muscle contraction129. In this context, the airways consist on the 

organ where smooth muscle cell reactivity is mostly studied, due to its importance to the 

understanding of bronchial asthma pathogenesis.  

 

Since the concept of asthma as an inflammatory disease was established, there is 

growing association between TNF-α and bronchial hyperreactivity, a characteristic 

feature of asthma130-133. Some studies depicted a role for TNF-α affecting directly the 

smooth muscle cell function. Amrani et al. performed studies in cultured human airway 

smooth muscle cells showing that TNF-α significantly enhanced the Ca+2 responsiveness 

to bronchoconstrictor agents134-135 and that this alteration in Ca+2 homeostasis occurred 

through activation of TNFR1136.  Amrani et al. also suggested that the mechanisms may 

be due to a direct modulatory effect on G protein-mediated signal transduction137. Later 

on, the underlying mechanism to explain the TNF-α signaling leading to bronchial 

hyperreactivity included that TNF-induced Ca2+ sensitization was, at least partly, the 

result of an increase in myosin light chain20 (MLC20) phosphorylation and a subsequent 

increase in Ca2+ sensitivity of the myofilaments 95. Hunter et al. in 2003 reported that 

http://en.wikipedia.org/wiki/Reproductive_tract
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TNF-induced Ca2+ sensitization of MLC20 phosphorylation in airway smooth muscle cells 

from both guinea pig and human is regulated by activation of RhoA and inhibition of the 

smooth muscle myosin light chain phosphatase activity, probably via Rho-kinase 

activation. This Ca2+ sensitization caused by TNF-α was predominantly via the TNFR1 

and occurred in a time course compatible with the TNF-induced airway hyperreactivity96. 

Besides other molecules, the Rho-kinase pathway is definitely implicated in the 

physiopathology of asthma138.  

 

Concerning the vasculature, TNF-α has been consistently shown to be a 

chemoattractant in VSMCs139-141. Important roles for TNF-α have been described in 

VSMCs concerning migration142, proliferation101, 143-145 and apoptosis143, 146-147. In normal 

vessels, TNF-α is not expressed148. The idea that local TNF-α production by VSMCs 

might initiate vascular inflammation was first reported by Warner S. et al. in 1989141. 

They reported that cultured VSMC can express TNF-α gene and secrete biologically 

active TNF-α. Therefore VSMCs could be a local source of TNF-α in the vessel wall and 

thereby intensify, maintain or propagate locally inflammatory responses that originate 

systemically141. Later on, TNF-α was localized in human arterial wall with atherosclerosis, 

where TNF-α concentrations in the arteries were about 200 times higher than in the 

corresponding serum samples149, strengthening the importance of vascular inflammation 

in the atherosclerosis process. For example, formation of the neointima is characterized 

by an inflammatory process with expression of numerous inflammatory cytokines 

including TNF-α by the expanding population of VSMCs found within atherosclerotic 

plaques121, 148.  TNF-α serves as a marker when there is a change from the physiological 

contractile phenotype of VSMCs to the secretory/migrating phenotype, after acute 

vascular injury. The expression of TNF-α by VSMCs is reported in balloon-injured 

arteries150-151 and in graft coronary disease152-153. In a mouse model of myocardial 

ischemia-reperfusion showed that myocardial ischemia initiated TNF-α expression in 

vascular smooth muscle cells, inducing vascular oxidative stress, independent of 

neutrophil activation110.  

 

TNF-α has its importance well recognized in modulating vascular inflammation within 

pathological VSMC populations, such as in atherosclerosis. However, the direct effects 

of TNF-α on one of the main functions of VSMC, vasoconstriction, has not been well 

explored.  
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TNF-α as a vasoconstrictor cytokine 

Depending on the studied vascular bed and on the inflammatory condition, TNF-α can 

cause vasodilatation and hyporesponsiveness to vasoconstrictors154-155, induce 

vasoconstriction or increase the response to vasoconstrictor agents and impair 

endothelium-dependent vasodilatation25, 156-158.  

 

Studies have showed that TNF-α elicits vasoconstriction in different vascular beds. In 

murine models, TNF-α mediated the vasoconstrictive effect of hemolyzed blood in 

hemolysis-induced cerebral vasospasm, and neutralization of TNF-α by administration of 

infliximab prevented and resolved the vasospasm159. Moreover, by means of endothelin-

1, a focal intrastriatal injection of TNF‐α caused acute reduction in cerebral blood volume 

through vasoconstriction158.  

 

In rat lungs, TNF-α was implicated in the development of pulmonary hypertension during 

sepsis, potentiating the vasoconstriction induced by platelet-activating factor, by a 

mechanism that is neutrophil independent but thromboxane dependent156. In skeletal 

muscle arterioles in aged rats, inhibition of TNF-α abolished augmented vasoconstriction 

response induced by angiotensin II, as this response is related to a proinflammatory 

state160. Furthermore, reports of infusion of TNF-α in rats caused within 15 min an 

elevation in the levels of ET-1 associated with coronary vasoconstriction161 and induced 

renal vasoconstriction and hypofiltration by means of reduction in NO bioavailability in 

mice162. In a report from Wagner et al. TNF-α was infused directly into the bronchial 

airway of sheep, causing bronchial vasoconstriction by the secondary release of 

endothelin-1163.  

 

In pregnant rats, TNF-α enhances vascular contraction, therefore is a possible mediator 

of increased vascular resistance associated with pregnancy-induced hypertension157, 164. 

In line, TNF-α is elevated in the plasma of preeclampsia women and placental ischemia 

promotes the release of cytokines such as TNF-α165.  

 

In humans, TNF-α was reported to constrict as well arterial segments such as the 

temporal artery, in an endothelium-dependent way166-167. Scherer et al. proposed a 

connection between hearing loss and microvascular ischemia, involving activation of 

vascular sphingosine-1-phosphate signaling by TNF-α. In the cochlear microvasculature 

of gerbils, TNF-α reduced cochlear blood flow. In this same report a small group of 

patients with acute hearing loss was treated with the anti-TNF-α antibody etanercept and 
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most of them recovered25. Bolz et al. and Scherer et al. suggested that TNF-α can 

directly result in enhanced vascular tone and sensitivity by augmenting the myogenic 

tone of resistance arteries25, 168.  

 

Thus, TNF-α is able to generate vascular dysfunction – a known cardiovascular risk 

factor169-171. 

 

Vascular dysfunction and inflammation:  

Hallmarks shared by excess weight and arterial hypertension 

 

Hypertension and vascular dysfunction  

Hypertension is associated with increased peripheral vascular resistance172, caused by 

conditions that produce decreased lumen size. These conditions may be structural, 

mechanical, and functional169. Concerning function, the association between vascular 

dysfunction and arterial hypertension is well known60, 173-176.  

 

In hypertension, vascular dysfunction is mostly related to increased peripheral 

resistance, due to enhanced vasoconstriction177. The imbalance towards 

vasoconstriction occurs through several ways. For example, the existence of endothelial 

damage in hypertension is largely reported178-181, which primarily reduces the availability 

of vasodilators and thus favours vasoconstriction. Nevertheless, the importance of an 

enhanced state of vasoconstriction, independent of endothelial function, is also 

recognized in experimental and human hypertension. Since long time, the association of 

human hypertension with increased responsiveness to vasoconstrictors is known182-183.  

 

In experimental studies the onset of hypertension in spontaneously hypertensive rats 

(SHR) agreed with increased vasoconstriction elicited by noradrenaline in mesenteric 

arteries184-185. Augmented vasoconstriction has also been reported in response to 

angiotensin II186. In cultured VSMCs from SHR, calcium concentration responses to 

angiotensin II are enhanced187.  

 

In a new line of findings, it was recently reported that mineralocorticoid receptors present 

in VSMCs can directly contribute to vascular contraction and hypertension, being one of 

the unique studies to attribute a key direct role for VSMCs in hypertension188. But the 

exact mechanisms underlying the increased vascular reactivity and hypertension remain 

unresolved. 
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Hypertension as an inflammatory disease 

Along with the study of the role of inflammation in the atherosclerosis process, in the last 

decades the search for a link between inflammation and hypertension is subject of 

intense investigation24, 189-190. The evidence comes from clinical and experimental 

studies. Hypertensive patients show increase of proinflammatory markers and cytokines 

in blood such as C-reactive protein, TNF-α and IL-6, as well as adhesion molecules such 

as monocyte chemotactic protein-1 (MCP-1)191-192. A chronic low-grade inflammatory 

status is linked to hypertension and also to the pre-hypertension condition, suggesting 

that inflammation could be involved in the development of hypertension23, 193-195. This 

association remains significant after adjustment for other cardiovascular risk factors such 

as dyslipidemia, excess weight and insulin resistance. However, it is still a challenge to 

define the exact role of inflammation in the physiopathology of hypertension. 

 

In hypertension, inflammatory cells have been reported to accumulate in tissues such as 

vasculature24, 196, kidney197 and brain198. Concerning the vasculature, macrophages are 

involved in perivascular inflammation and seem to be a source of vascular oxidative 

stress and to influence vascular remodeling199-201. The involvement of the innate immune 

system in vascular inflammation is also well recognized, such as the role of T cells, 

including their activation by the central nervous system196, 202-204.  The mechanisms 

through inflammatory process may be involved in the development of hypertension also 

include endothelial dysfunction181, 205 and arterial stiffness206-207, with oxidative stress and 

consequent reduced availability of nitric oxide being a key feature208.  

 

The endothelium is a fundamental regulator of vascular tone. In hypertensive patients 

endothelium dysfunction is a hallmark, with reduced vasodilatation and increased 

vascular tone associated with a proinflammatory and prothrombotic state. Low-grade 

inflammation localized in vascular tissue is thus accepted as a significant contributor to 

the pathophysiology of hypertension180-181. The evidence that drugs commonly used to 

treat hypertension, such as statins, angiotensin converting enzyme inhibitors and 

angiotensin II receptor blockers have anti-inflammatory properties and can improve 

outcomes, reinforce a key role for inflammation209-210. 

 

Overweight and obesity are as well considered inflammatory conditions, being highly 

associated with cytokines. Therefore, it is plausible that the inflammatory milieu strongly 

influences blood pressure levels in these contexts.   
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Role of TNF-α in hypertension 

Several studies report a positive independent association between TNF-α with 

hypertension211-213.  

 

The association between higher levels of TNF-α was seen even in prehypertensive 

states, as reported in the ATTICA study193 and in young adults with mild hypertension214, 

suggesting that inflammatory pathways are already activated in early stages of 

hypertension. Interestingly, in a sample of 196 healthy subjects randomly chosen, there 

was an independent association of TNF-α levels with higher blood pressure levels, after 

adjustment for body weight, sex, age and others, suggesting that TNF-α could be an 

independent risk factor for hypertension215.  

 

Some reports show that increased levels of TNF-α are associated with impaired 

endothelial function, which explains in some cases the presence of increased 

vasoconstriction, as for example in cerebral vasospasm, where TNF-α plays a key role, 

contributing to the recruitment of other inflammatory mediators159, 216-217.  

 

Essential systems in blood pressure regulation such as the sympathetic nervous system 

and the renin-angiotensin system interact with proinflammatory cytokines, such as IL-6 

and TNF-α. The sympathetic nervous system stimulates the release of cytokines and 

sympathetic nerves may also serve as a source of cytokines218. TNF-α plays as well an 

important role in angiotensin II-dependent and other forms of hypertension196, 219-221. The 

interactions between TNF-α and angiotensin II is known to promote vascular 

inflammation222. Administration of angiotensin II for 2 weeks causes increases in salt and 

water intake, increase in blood pressure and cardiac hypertrophy in mice. TNF-α-/- mice 

were reported to be protected against these responses, suggesting that TNF-α plays a 

mechanistic role in mediating the effects induced by angiotensin II222-223. In angiotensin 

high-salt hypertension, treatment with the anti-TNF-α etanercept regulated the increase 

in blood pressure224. Angiotensin II-induced hypertension has been reported to increase 

the production of TNF-α by T lymphocyte. Moreover, treatment with etanercept during 

angiotensin II infusion prevented both hypertension and increase in vascular 

superoxide196.  

 

Nevertheless, a direct molecular mechanism linking the presence of vascular TNF-α and 

increase in vasoconstriction has not yet been described.  
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Excess weight and vascular dysfunction 

The concept of adipose tissue as a merely storage of fatty acids has been replaced over 

the last years.  In the hypertrophied adipocyte, there is decreased expression of 

adipokines with anti-inflammatory properties like adiponectin, and secretion of free fatty 

acids and inflammatory factors that may contribute to the increased cardiovascular risk 

linked to obesity225-226 (Figure 2). 

Hypertrophied

adipocyte

C-reactive protein

IL-6

TNF-α

Adiponectin

Leptin

Resistin

Angiotensinogen

FFA

LDL

Triglycerides
 

Figure 2. The hypertrophied adipocyte: a source of cytokines, hormones and lipids.   

 

Similarly to hypertension, the association of vascular dysfunction and obesity is well 

known20, 58, 227. Obesity is associated to infiltration of the expanded adipose tissue by 

macrophages228 and increased levels in proinflammatory cytokines229-230. This highly 

active adipose tissue concentrates in the upper body and visceral cavity. This 

dysfunctional adipose tissue influences vascular function in a complex network20 (Figure 

3), therefore it is difficult to distinguish the specific roles each play through excess weight 

progression and when and how far the adipose tissue or a vascular signaling itself is 

contributing to bad vascular outcomes. 

 

The first indication for increased cytokine release in obesity was provided by the 

identification of increased expression of TNF-α in the adipose tissue of obese mice in the 

early 1990s11. TNF-α is expressed in and secreted by adipose tissue and its levels 

correlates with the degree of adiposity and the associated insulin resistance8, 15. 

Therefore, TNF-α can be assumed as inflammatory contributor of the elevated 

cardiovascular risk in obesity, since it is related to the low-grade inflammatory state in 

obesity12-13, 98, 231. 
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Figure 3. Figure extracted from P.A. Stapleton et al.20: a schematic representation of 

adipose tissue depositions, the adipokines, inflammatory markers and other factors that 

are released from these tissues, and their identified impact on elements of vascular 

function. Pointed arrows indicate potentiating effects on vascular outcome, while flat 

headed arrows indicate inhibitory effects on vascular outcome. 

 

Apart from the specific effects on endothelium and VSMCs already here described, 

concerning the obesity context TNF-α has been as well associated with impaired 

capillary recruitment, elevated adhesion of polymorphonuclear leukocytes to 

microvessels and induction of oxidative stress20.  

 

Recently, the proinflammatory state promoted by the adipose tissue around the vessels, 

the so-called perivascular adipose tissue (PVAT), has been proposed to importantly 

influence the vasculature due to the close relationship, virtually without any barrier 

(Figure 4).  The paracrine and vasocrine signaling originated from a dysfunctional PVAT 

might connect the obesity-associated pathologies to vascular diseases232-233. 

 

In obesity, PVAT becomes inflamed and secretes vasoconstrictor factors and 

proinflammatory adipokines such as TNF-α, inducing vascular dysfunction234-236. 
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small mesenteric artery

 

Figure 4. A small mesenteric artery and surrounding PVAT. The close anatomical 

relationship suggests that mediators secreted by PVAT can easily access the blood 

vessel wall. 

 

In this background, Greenstein et al. demonstrated that PVAT from small arteries from 

obese patients lost the anti-contractile mechanisms present in the healthy PVAT, which 

results in an enhanced vasoconstriction state, probably involving vascular inflammation 

elicit by TNF-α233. Its apparently elevated production by PVAT shows that circulating 

TNF-α measured in serum may give unrepresentatively low levels, in comparison to local 

active concentrations. 

 

The sympathetic nervous system is also involved in the physiopathology of excess 

weight-related vascular outcomes. Sympathetic neural hyperactivity has been shown to 

reduce vasodilatation, increase vascular resistance and decrease blood flow237-238.  

In summary, the physiopathological mechanism behind the relationship between excess 

weight and increased cardiovascular risk is certainly multifactorial.  However, a relevant 

role for vascular dysfunction itself, independent of the adipose tissue, has not been yet 

described in the context of overweight.  

 

The proposal of vascular dysfunction as a key interface between blood pressure 

elevation and excess weight is novel and challenging. A better understanding of this 

complex process may bring new ideas to understand the ongoing concept that the 

overweight status is as dangerous as obesity239-240. Therefore, the focus of this thesis is 

to study vascular features associated to increased cardiovascular risk in a mouse model 

of overweight induced by high-fat diet where some of the important factors present in 

obesity status that influence vascular function are not yet present, such as an inflamed 

adipose tissue, insulin resistance and systemic inflammation. 
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4. Aims of the study 

 

 

The following questions and respective aims will be addressed to gain insight in the 

physiopathology of cardiovascular risk factors associated to overweight: 

 

Is there a good mouse model to mimic the overweight condition with 

cardiovascular risk factors? 

1. To characterize a mouse model for overweight 

2. To describe the vascular features in overweight 

3. To identify possible determinants of the vascular features   

 

What is the role played by the adipose tissue on overweight concerning the 

vascular features? 

4. To characterize the fat tissue in overweight, when obesity has not yet developed 

and its role on the vascular features. 

 

What is the mechanism behind the vascular features associated to overweight? 

5. To describe a mechanism linking the vascular features and the overweight status. 
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5. Materials and Methods 

 

Animals and diets 

 

Male wild-type C57BL/6J (WT) mice, tumor necrosis factor receptor 1 knockout (TNFR1-/-

) and toll-like receptor 4 knockout (TLR4-/-) with C57BL/6J background mice were used 

for the studies. Mice were housed in temperature-controlled cages (20°C to 22°C) and 

maintained on a 12/12-hour light/dark cycle. The TNFR1-/- (B6.129-Tnfrsf1atm1Mak) and 

the TLR4-/-mice were originally purchased from the Jackson Laboratory (Bar Harbor, Me., 

USA) and bred in the Central Animal Facility (University Hospital Innenstadt, Ludwig-

Maximilians-University Munich). WT mice were obtained from Charles River Laboratories 

(Sulzfeld, Germany).  

 

At the age of 12 weeks mice were placed either on a normal diet containing 12.8 MJ/kg 

metabolizable energy with 9% of its energy from fat (V1534-000 Ssniff, Soest, Germany)  

or 2 weeks of high-fat diet containing 20.1 MJ/kg metabolizable energy with 51% of its 

energy from fat (E15126-34 Ssniff, Soest, Germany). The ingredients of both diets are 

given in Table 1. The standard diet derived its fat from soy oil, whereas the high-fat diet 

derived its fat from beef tallow. Animals had ad libitum access to water and diets. The 

principles of the NIH Guide for the Care and Use of Laboratory Animals as well as the 

German Law on the Protection of Animals were followed.  

 

Ingredients of normal diet and high-fat diet 

Ingredient Normal diet High-fat diet 

Crude nutrients proportion (%) 

Crude proteins 19.0 20.7 

Crude fat 3.3 30.2 

Crude fiber 4.9 5.0 

Dry substance 87.7 96.7 

Sodium 0.24 0.19 

Metabolizable energy MJ/kg 

 12.8 20.1 

 % of energy 

Fat 9.0 51.0 

Carbohydrate 58.0 26.0 

Protein 33.0 23.0 

Both diets contain vitamins, trace elements and minerals. 

 

Tabel 1. Composition of diets used in this thesis. 
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Materials 

 

Chemicals, reagents and kits: 

Acetic acid         Sigma-Aldrich, Missouri, USA 

Acetone         Sigma-Aldrich, Missouri, USA 

Acetylcholine         Sigma-Aldrich, Missouri, USA 

BCA Protein Assay Reagent Kit Pierce    Thermo Fisher Scientific, Waltham, USA 

β – Mercaptoethanol        Carl Roth, Karlsruhe, Germany Bovine Serum Albumin                               PAA, Linz, Austria 

Calcium chloride          Sigma-Aldrich, Missouri, USA 

CelLytic MT, Tissue Lysis/Extraction Reagent                             Sigma-Aldrich, Missouri, USA 

CelLytic MT, Cell Lysis/Extraction Reagent                                  Sigma-Aldrich, Missouri, USA 

Complete Ultra, Protease inhibitor cocktail                 Roche, Basel, Switzerland 

Distilled water (sterile)       B. Braun, Melsungen, Germany 

DTT (Dithiothreitol)          Sigma-Aldrich, Missouri, USA 

Dulbecco's Modified Eagle Medium High Glucose    PAA, Linz, Austria 

Dulbecco's PBS               PAA, Linz, Austria 

EDTA (Ethylenediaminetetraacetic acid)          Sigma-Aldrich, Missouri, USA 

Elastase  Sigma-Aldrich, Missouri, USA 

Eosin                   Carl Roth, Karlsruhe, Germany 

Etanercept (Enbrel®)         Pfizer, New York, USA 

Ethanol (70%, 96%, 100%)       Apotheke Klinikum r.d. Isar, Munich, Germany 

Fasudil LC laboratories 

Fetal Bovine Serum                    Sigma-Aldrich, Missouri, USA 

Glucose          Sigma-Aldrich, Missouri, USA 

HEPES (hydroxyethyl piperazineethanesulfonic acid)                 Sigma-Aldrich, Missouri, USA 

HBSS (Hanks' balanced salt solution)  Sigma-Aldrich, Missouri, USA 

Insulin ELISA  Shibayagi Co. Ltd. 

IL-6 ELISA       Peprotech, Hamburg, Germany 

Isofluran (Forane®)  Baxter, Illinois, USA  

iQ SYBR Green Supermix                    BioRad, Hercules, USA 

iScript cDNA Synthesis Kit                              BioRad, Hercules, USA 

Luminata Forte Western Substrate Millipore, Billerica, USA 

Magnesium sulfate 7-hydrate (MgSO4 7H20)        Carl Roth, Karlsruhe, Germany 

Methanol    Klinikum r.d. Isar‘s pharmacy, Munich, Germany 

Milk powder                  Carl Roth, Karlsruhe, Germany  

MOPS (3-(N-Morpholino)-Propansulfonsäure)                       Sigma-Aldrich, Missouri, USA 

http://www.google.de/url?sa=t&rct=j&q=dmem%20paa&source=web&cd=4&cad=rja&ved=0CEMQFjAD&url=http%3A%2F%2Fde.wikipedia.org%2Fwiki%2FDulbecco%25E2%2580%2599s_Modified_Eagle_Medium&ei=ndMPUezDK87ltQbzlID4Dw&usg=AFQjCNGbok-JZYLdsCKElbJB5kQg5d4w5A
http://www.google.de/url?sa=t&rct=j&q=dmem%20paa&source=web&cd=4&cad=rja&ved=0CEMQFjAD&url=http%3A%2F%2Fde.wikipedia.org%2Fwiki%2FDulbecco%25E2%2580%2599s_Modified_Eagle_Medium&ei=ndMPUezDK87ltQbzlID4Dw&usg=AFQjCNGbok-JZYLdsCKElbJB5kQg5d4w5A
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Noradrenaline          Sigma-Aldrich, Missouri, USA  

Paraformaldehyde         Sigma-Aldrich, Missouri, USA 

Paraffin        Carl Roth, Karlsruhe, Germany  

Pentobarbital  Sigma-Aldrich, Missouri, USA 

Phosphatase inhibitor cocktail (Phosstop)             Roche, Basel, Switzerland 

Ponceau S                                                                                    Sigma-Aldrich, Missouri, USA 

Potassium chloride (KCl)          Sigma-Aldrich, Missouri, USA 

Pravastatin (Pravachol®)       Bristol-Myers Squibb, New York, USA 

Primers                   Sigma-Aldrich, Missouri, USA  

Protein marker, Precision Plus                                                               BioRad, Hercules, USA 

Sodium chloride (NaCl)             Sigma-Aldrich, Missouri, USA 

Sodium chloride solution 0.9%                                     B. Braun, Melsungen, Germany 

Sodium dihydrogen phosphate (NaH2PO4)                              Carl Roth, Karlsruhe, Germany 

Sodium pyruvate                                                              Sigma-Aldrich, Missouri, USA 

Sodium palmitate         Sigma-Aldrich, Missouri, USA 

Soybean trypsin inhibitor  Life Technologies, Carlsbad, USA 

Recombinant mouse TNF-α Millipore, Billerica, USA 

Recombinant mouse adiponectin  Millipore, Billerica, USA 

Rho-associated kinase activity assay         Cell Biolabs, San Diego, USA 

RNeasy Mini Kit     Qiagen, Hilden, Germany  

TaqMan Protein Assay        Applied Biosystems, Foster City, USA 

TNF-α ELISA       Peprotech, Hamburg, Germany 

Tween 20        Carl Roth, Karlsruhe, Germany  

Xylol     Klinikum r.d. Isar‘s pharmacy, Munich, Germany  

Y-27632 compound         Sigma-Aldrich, Missouri, USA 

 

Antibodies: 

Anti-mouse TNF-α         Santa Cruz, Santa Cruz, USA 

Anti-mouse CD115        eBioscience, San Diego, USA 

Anti-mouse CD45        eBioscience, San Diego, USA 

Anti-mouse GR-1        eBioscience, San Diego, USA 

Anti-mouse GAPDH           Cell signaling, Beverly, USA 

Anti-mouse MYPT1       Millipore, Billerica, USA 

Anti-mouse phosphorylated MYPT1        Millipore, Billerica, USA 

Anti-goat horseradish peroxidase conjugated-donkey                 Santa Cruz, Santa Cruz, USA  

Goat anti-mouse adiponectin polyclonal antibody                  R&D Systems, Minneapolis, USA 
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Secondary antibody anti-rabbit         Santa Cruz, Santa Cruz, USA 

 

Buffers used in myograph experiments (concentration in mM): 

MOPS buffer: NaCl 145, KCl, 4.7, CaCl2 3.0, MgSO4 1.17, NaH2PO4 1.2, Pyruvate 2.0, 

Glucose 5.0, MOPS 3.0, EDTA 0.02  

Calcium-free MOPS buffer: NaCl 147, KCl, 4.7, MgSO4 1.17, NaH2PO4 1.2, Pyruvate 2.0, 

Glucose 5.0, MOPS 3.0, EDTA 1.00  

K+ 125 mM MOPS buffer, Ca2+ 0 mM: NaCl 26.5, KCl 125, MgSO4 1.17, NaH2PO4 1.2, 

Pyruvate 2.0, Glucose 5.0, MOPS 3.0, EDTA 1.00  

K+ 125 mM MOPS buffer, Ca2+ 0.5 mM: NaCl 27.2, KCl 125, CaCl2 0.5, MgSO4 1.17, 

NaH2PO4 1.2, Pyruvate 2.0, Glucose 5.0, MOPS 3.0, EDTA 0.02  

K+ 125 mM MOPS buffer, Ca2+ 1.0 mM: NaCl 26.7, KCl 125, CaCl2 1.0, MgSO4 1.17, 

NaH2PO4 1.2, Pyruvate 2.0, Glucose 5.0, MOPS 3.0, EDTA 0.02  

K+ 125 mM MOPS buffer, Ca2+ 2.0 mM: NaCl 25.7, KCl 125, CaCl2 2.0, MgSO4 1.17, 

NaH2PO4 1.2, Pyruvate 2.0, Glucose 5.0, MOPS 3.0, EDTA 0.02  

K+ 125 mM MOPS buffer, Ca2+ 3.0 mM: NaCl 24.7, KCl 125, CaCl2 3.0, MgSO4 1.17, 

NaH2PO4 1.2, Pyruvate 2.0, Glucose 5.0, MOPS 3.0, EDTA 0.02  

Concentrations given in the text refer to the final organ bath concentrations.  

 

Machines and Instruments: 

Autoclave, H+P/Varioklav    Thermo Fisher Scientific, Waltham, USA  

Incubator, Heracell          Heraeus, Osterode, Germany  

ELISA Reader, Multiskan FC    Thermo Fisher Scientific, Waltham, USA  

FLUOstar Omega Multidetection Microplate Reader         BMG Labtech, Ortenberg, 

Germany  

Freezer    Thermo Fisher Scientific, Waltham, USA  

iBlot 7-Minute Blotting System     Invitrogen, Carlsbad, USA 

Immobilon-P Transfer Membrane         Millipore, Billerica, USA 

Kryostat, Leica CM 3050                            Leica, Wetzlar, Germany  

Microscope, Leica MZ 16       Leica, Wetzlar, Germany  

Microtome, Leica RM 2145       Leica, Wetzlar, Germany 

http://www.google.de/url?sa=t&rct=j&q=transfer%20membranes%20millipore&source=web&cd=1&cad=rja&ved=0CDcQFjAA&url=http%3A%2F%2Fwww.millipore.com%2Fuserguides%2Ftech1%2Fpr02531&ei=jWdVUYiEDYaRtQb40oGIDg&usg=AFQjCNGaww1sW3q3VJ6boslTcCS_PXpvWg
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NanoDrop, ND-1000    Thermo Fisher Scientific, Waltham, USA  

pH-Meter        Sartorius, Göttingen, Germany 

Photometer, Multiscan FC    Thermo Fisher Scientific, Waltham, USA  

Real Time PCR System, MyiQ      BioRad, Hercules, USA 

Water purification system       Millipore, Billerica, USA  

Tissue lyser     Qiagen, Hilden, Germany  

Thriller thermoshaker incubator            Peqlab, Erlangen, Germany   

Thermo EC 3000P Programmable Controller             Thermo Fisher Scientific, Waltham,U SA 

Precise weighting machine        Sartorius, Göttingen, Germany 

Water bath with thermostat, SW 21             Julabo, Seelbach, Germany  

Wire Myograph, Model 620M            Danish Myograph Technology, Aarhus, Denmark  

Centrifuge, Biofuge/Multifuge 3 L-R               Thermo Fisher Scientific, Waltham, USA  

1.5T MRI System Achieva      Philips Medical Systems, Best, The Netherlands 

Blood pressure monitor BP1       World Prec. Instruments, Sarasota, USA 

Clamp forceps        Aesculap, Tuttlingen, Germany 

Microsurgery forceps      Fine Science Instruments, North Vancouver, Canada 

Microsurgery scissors        Fine Science Instruments, North Vancouver, Canada 

 

Accessories and supplies: 

Cell strainer  BD, Heidelberg, Germany 

Centrifuge tubes         Eppendorf, Hamburg, Germany 

Serum separator tubes  Microvette, USA 

Falcons                                                                          BD, Heidelberg, Germany  

Cuvettes       Eppendorf, Hamburg, Germany 

Pipettes      Eppendorf, Hamburg, Germany 

Polyvinylidene difluoride (PVDF) membranes      Millipore, Billerica, USA 

Syringes       B. Braun, Melsungen, Germany 

Tissue culture flasks             TPP Techno Plastic Products, Switzerland 

Tungsten wire (40 µm)   Danish Myograph Technology, Aarhus, Denmark 

 

 

 

 

 

 

 

http://www.google.de/url?sa=t&rct=j&q=%20%20tpp%2C%20switzerland&source=web&cd=9&cad=rja&ved=0CFQQFjAI&url=http%3A%2F%2Fwww.mbendi.com%2Forgs%2F1274%2Fe732.htm&ei=GGxVUdi0M8TVtAbLw4GoCw&usg=AFQjCNGalSvzjSVU-nE3CEQgGlRXKB9BsQ
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Methods 

 

Therapeutic interventions 

 WT mice were treated with the anti-TNF-α antibody etanercept 10 mg/kg twice 

per week as intraperitoneal injection. Corresponding control groups received 

etanercept as intraperitoneal injection. 

 One group of WT mice were treated with HFD plus concomitant treatment with 

the Rho-kinase inhibitor fasudil 30 mg/kg/day in drinking water.  

 WT mice were treated with HFD plus concomitant treatment with pravastatin, 50 

mg/kg/day in drinking water. Corresponding control groups received pravastatin 

in drinking water.  

 In another set of WT mice on HFD, the HFD was withdrawn and normal diet was 

returned for 2 weeks. Their control groups either received normal diet or were 

kept on HFD for 4 weeks. 

 

Magnetic resonance imaging 

Whole body magnetic resonance imaging was performed on mice anesthetized with 

intraperitoneal pentobarbital and placed in prone position onto a 47-mm microscopy 

surface coil inside the clinical 1.5 T MRI. An axial multi-slice turbo spin echo (TSE) 

sequence (resolution 0.25 x 0.25 x 0.35 mm3, 140 slices, echo time (TE) = 100 ms, 

repetition time (TR) = 1000 ms) was applied to allow signal suppression from tissue other 

than fat. The whole body images were reconstructed using OsiriX DICOM viewer. 

 

Organ harvesting and blood pressure measurement 

During isoflurane anesthesia mice were fixed on a heat-controlled plate and the left 

carotid artery was exposed. An intra-arterial pressure transducer was inserted in the left 

carotid artery under sterile conditions and continuous intra-arterial blood pressure was 

measured for 15 minutes. Thereafter animals were sacrificed and the entire intestine with 

vascular arcades was immediately excised and kept in cold MOPS buffer for myograph 

experiments. All animals were analyzed concerning changes in whole body weight and 

epididymal fat pad mass, as a parameter to assess visceral fat status. Serum was 

obtained in serum separator tubes and stored at -80°C for subsequent biochemical 

measurements.   
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Biochemical measurements 

Serum fasting total cholesterol, triglycerides and glucose levels were measured by 

enzymatic methods (Roche Diagnostics). Fasting insulin was measured by ELISA. 

Calculation of the insulin resistance index [homeostasis model assessment (HOMA-IR)] 

was made using fasting insulin and glucose values: [insulin (picomoles per liter) x 

glucose (millimolar)] /22.5.241-242 Serum TNF-α and IL-6 were measured by ELISA. 

 

Isolation of vascular smooth muscle cells and culture experiments 

Primary vascular smooth muscle cells (VSMCs) were isolated by enzymatic digestion in 

a solution containing collagenase type II 1mg/ml, soybean trypsin inhibitor 1mg/ml (Life 

Technologies), elastase 0,744u/ml in Hanks' Balanced Salt Solution (HBSS). Isolated 

aortas from 2 mice were cleaned from PVAT and predigested for 10min. Subsequently 

adventitia was removed, aortas were cut lengthwise and intima was removed by gentle 

scraping. Aortas were enzymatically digested for 1h at 37˚C243. After digestion aortas 

were passed through 100um cell strainer and left undisturbed on 3 wells of a 48 well 

plate for 1 week. Until passage number 3, cells were cultivated in Dulbecco`s Modified 

Eagle Medium (DMEM) medium with 20% fetal bovine serum. After the 3rd passage 

VSMCs were cultivated in DMEM medium containing 4,5mg/l Glucose, 2mM L-glu, 

supplemented with 100U/ml penicillin and 100μg/ml streptomycin and 10% fetal bovine 

serum. In one set of experiment VSMCs were treated with TNF-α 40 and 100ng/ml for 6 

hours. In another set, TNF-α was used in concentrations of 100ng/ml for 6 and 12 hours. 

Palmitate was used in the concentration of 200μM for 12 hours. 

 

Histology 

Epididymal fat pads were fixed in paraformaldehyde, embedded in paraffin and 

subsequently stained with hematoxylin-eosin. For each mouse the area of 50 randomly 

chosen adipocytes was measured in 5 representative sections using Image J software at 

10x magnification. Mean values given in pixels were compared. Analysis of infiltrating 

macrophages and lymphocytes in the fat pads was performed by immunohistochemical 

staining for CD45. Total CD45-positive cells were counted in 10 randomly chosen fields 

per mouse and averaging the number. Immunostaining for TNF-α was performed in 

mesenteric vascular beds and surrounding adipose tissue. 

Two-photon microscopy 

Small mesenteric arteries and surrounding adipocytes were visualized using a Leica SP5 

II MP two-photon laser scanning microscope coupled to a water dipping 20X;NA 1.00 
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objective and a pre-chirped Ti:Sa laser (Spectra Physics) tuned to 840nm244. Four Hybrid 

detectors (HyD) were spectrally tuned for optimal detection efficiency and low bleed 

through of signal: Second Harmonic Generation of collagen (HyD1: 400-425nm), 

autofluorescence of adipocytes and GR1/eFluor450 (HyD2: 445-500nm), 

autofluorescence of adipocytes/elastin, and CD115/Alexa488 (HyD3: 515-555nm) 

CD45/nanocrystal-605nm (HyD4: 590-625nm). Additional image processing was 

performed using Leica LAF AF 3.0 and ImagePro number of inflammatory cells was 

determined in 3D datasets in the adipose tissue directly surrounding the small 

mesenteric arteries (up to a distance of three times the average adipocyte diameter from 

the small artery). Quantification of inflammatory cells was performed by detection of the 

number of CD45 /CD115 and CD45/Gr-1 positive cells in each arterial segment recorded 

in 3D datasets (n = 3 arterial segments per mouse; n = 4 mice per group). The total 

number of positive cells is presented as inflammatory cells per adipocyte. Adipocyte 

volume was determined by measuring their maximal diameter in the corresponding 

arterial segment assuming spherical cell shape. 

 

RNA isolation and real-time PCR 

Dissected mesenteric PVAT and epididymal fat tissue were snap-frozen in liquid nitrogen 

and stored at -80ºC. The amount of 80 mg was used for RNA isolation using RNeasy 

Lipid Tissue mini kit according to the manufacturer’s protocol. The mesenteric arterial 

tree was rapidly cleaned of surrounding PVAT under a dissection microscope: 

 

PVAT dissectionmesenteric vascular bed isolated mesenteric arteries

 

 

The arterial tree was snap-frozen in liquid nitrogen, stored at -80ºC and used later on for 

RNA isolation, performed with RNeasy Mini kit according to the manufacturer’s protocol. 

Quality of RNA was assessed in agarose gel stained with ethidium bromide. 

Complementary DNA was synthesized using iScript cDNA Synthesis Kit, according to 

manufacturer’s protocol. Quantitative reverse transcriptase PCR was performed using 

SYBR Green I. Sense and anti-sense cDNA primers were as follows:  
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Gene Forward Reverse 

GAPDH TCGGTGTGAACGGATTTGGC TTTGGCTCCACCCTTCAAGTG 

TNF-α CCAAAGGGATGAGAAGTTCC GGCAGAGAGGAGGTTGACTTT 

IL-6 CTGGGAAATCGTGGAAATGAG ACTCTGGCTTTGTCTTTCTTG 

TLR4 ATTCCCTCAGCACTCTTGATT AGTTGCCGTTTCTTGTTCTTC 

MCP-1 GCTGTAGTTTTTGTCACCAAG GATTTACGGGTCAACTTCACA 

RhoA CTCTCTTATCCAGACACCGAT CAAAAACCTCTCTCACTCCATC 

ROCK1 AAGGCGGTGATGGCTATTATG TCCTCTACACCATTTCTGCCC 

ROCK2 ATGTGATTGGTGGTCTGTAGGT AGCTGCCGTCTCTCTTATGTTA 

 

The ddCt algorithm method was applied for quantification, including the normalization 

either to beta-actin or GAPDH of each sample. Values are reported as fold of controls 

245. 

 

Protein lysates preparation 

The whole mesenteric vascular tree was rapidly isolated and cleaned from PVAT to 

obtain only the arteries, (as similarly prepared for the RNA isolation). Per sample, 

mesenteric arteries or PVAT from one mouse were immediately lysed in lysis buffer 

(CellLytic MT Mammalian Tissue lysis/extraction reagent) containing phosphatases and 

proteases inhibitors tablets. The lysate was cleared by centrifugation at 15.000g for 15 

min at 4°C. The supernatant was collected. Protein concentration was measured by a 

bicinchoninic acid protein assay reagent kit and immediately used for Rho-associated 

kinase activity and TaqMan protein assays.  

 

Cultured VSMCs were harvested with lysis buffer (CellLytic Cell lysis/extraction reagent) 

containing phosphatases and proteases inhibitors tablets. The lysate was cleared by 

centrifugation at 15.000g for 15 min at 4°C. The supernatant was collected. Protein 

concentration was measured by a bicinchoninic acid protein assay reagent kit and used 

for Rho-associated kinase activity and pMYPT1/MYPT1 Western blotting. 

 

Western Blot 

Total adiponectin and adiponectin multimers were determined by western blotting in 

serum. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 
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performed. In brief, serum proteins were separated by 10% SDS-PAGE under non-

reducing and non-heating conditions, and transferred to nitrocellulose membranes. 

Membranes were blocked with Tris Buffered Saline (TBS)-Tween 20 containing 5% skim 

milk and incubated with a goat anti-mouse adiponectin polyclonal antibody (1:500). After 

being washed, membranes were incubated with horseradish peroxidase conjugated-

donkey antigoat antibody (1:4000). Bands were visualized by using lumi-light western 

blotting substrate, and the image was acquired with a Kodak IS440CF Imaging Station. 

Densitometry analysis was performed with Adobe Photoshop software. Relative 

distributions of adiponectin multimers were calculated by dividing band density by total 

density.  

 

Total MYPT1 and pMYPT1 were determined by western blotting in primary aortic smooth 

muscle cells. Primary VSMCs were starved overnight with DMEM medium containing 2% 

fetal bovine serum and subsequently treated with TNF-α 40 and 100ng/ml for 6 hours. 

Sixty ug of protein per sample was loaded per lane and resolved by SDS-PAGE under 

reducing conditions. Proteins were transferred onto polyvinylidene difluoride membranes 

using iBlot transfer device. Membranes were blocked by treatment with 5% bovine serum 

albumin in TBS and subsequently probed with antibodies against MYPT1 (1:800), 

phosphorylated MYPT1 (p-MYPT1, 1:80), GAPDH (1:15000) and then incubated with a 

horseradish peroxidase-conjugated secondary antibody (1:10000). Immunoreactivity was 

visualized by adding Luminata Forte Western Substrate and detected by Intas imaging 

system. 

 

Rho-associated kinase activity  

Rho-associated kinase activity was measured by an enzyme immunoassay in 

mesenteric arteries, mesenteric PVAT and epididymal fat. Experiments were performed 

according to the manufacturer’s protocol, using 10 μg of protein lysate. Values are 

reported as percentage of activity related to controls. 

 

TNF-α protein expression 

TNF-α protein expression was measured using TaqMan Protein assay in mesenteric 

arteries using a mouse TNF-α biotinylated antibody, according to the manufacturer’s 

instructions. Protein lysates from mesenteric arteries were incubated with two pools of 

TNF-α antibody labeled with two types of oligonucleotides. Subsequently, 

oligonucleotides ligation was performed and the prepared templates were amplified and 
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analyzed by quantitative PCR using TaqMan probes. Pure TNF-α was used as positive 

control. Values are reported as fold of controls. 

 

Wire myograph and contractility studies 

The mesenteric circulation from rodents influences regulation of peripheral vascular 

resistance and is widely accepted as a model to access microcirculation function63, 246, 

with good correlation to the human omental microcirculation247.  

 

Basic protocol 

First to second order branches from superior mesenteric artery (270-330 µm) were cut 

into 2 mm long rings and mounted in a 4-channel wire myograph. Each vessel segment 

was mounted on two tungsten wires (40 µm diameter) in the organ chamber filled with 

MOPS buffer (Figure 5).   

 

Vessels were pre-stretched to a tension representing a blood pressure of 13.3 kilopascal 

and equilibrated at this tension for 30 minutes at 37°C185. Subsequently, the organ bath 

solution was changed for a fresh pre-heated MOPS buffer and vascular functions were 

analyzed. During the experiments, the diameter of vessels is kept constant, so the 

vessels are examined under isometric conditions.  

 

The myograph gives output readings as absolute tension generated elicited by 

vasoconstriction/vasodilatation in millinewton (mN). 
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Figure 5. The wire myograph (620M) system. After cleaned from PVAT, small 

mesenteric arteries arteries are mounted in the myograph chamber with two tungsten 

wires. Each organ bath is connected to a force transducer. The device allows the study 

of 4 vessels in parallel.      
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For testing viability, vessels were subjected to noradrenaline-induced constriction 

followed by acetylcholine (Figure 6). Noradrenaline is a widely used constricting agent 

that exerts a well-sustained contractile response by activating α1-adrenoceptors. The 

main mechanism for α1- agonist-mediated vasoconstriction involves the release of Ca+2 

from the sarcoplasmic reticulum and subsequent depolarization by activation of chloride 

channels. This results in augmented extracellular Ca+2 influx through voltage gated L-

type Ca+2 channels in the plasma membrane of the VSMC leading to an increase in 

intracellular Ca+2 concentration and vasoconstriction248.  

Acetylcholine is the classical compound exerting endothelium-dependent vasodilatation 

due to stimulation of muscarinic receptors in the presence of an intact endothelium. 

Acetylcholine leads to liberation of nitric oxide from endothelium and also opening of the 

potassium channels in the VSMC thereby leading to hyperpolarization249.  Vessels with 

endothelium-dependent relaxation to acetylcholine above 70% of the maximal 

noradrenaline vasoconstriction were considered with intact endothelium.  

 

Viability test

 

Figure 6. In the viability test the small mesenteric artery is challenged with 10-5 mol/L of 

noradrenaline (Na) followed by 10-5 mol/L of acetylcholine (Ach). The generated force is 

displayed on the left axis in millinewtons. 

 

After washing out with MOPS buffer and resting for 15 minutes, noradrenaline and 

acetylcholine dose-response curves were performed (Figure 7). 
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Acetylcholine-induced vasodilatation

Noradrenaline-induced vasoconstriction

 

Figure 7. Noradrenaline-induced vasoconstriction and acetylcholine-induced 

vasodilatation in the wire myograph. 

 

Noradrenaline was used in stepwise increases in concentration, from 10-9 to 10-5 mol/L 

(N1 to N9 in Figure 7), followed by acetylcholine dose-response curve from 10-10 to 10-5 

mol/L (A1 to A11 in Figure 7). Following the dose-response curves, vessels were 

washed with MOPS buffer and left resting for 20 minutes.  

 

Next, calcium-induced vasoconstriction was performed, directly followed by sodium 

nitroprusside-induced vasodilatation (Figure 8). Vessels were first depleted of calcium 

with a calcium-free MOPS buffer plus high ethylenediaminetetraacetic acid (EDTA) 

concentration (0/4.7 mmol/L potassium buffer). Then a high-potassium calcium-free 

depolarizing solution plus high EDTA concentration was used (0/125 mmol/L potassium 

buffer), followed by stepwise increases in calcium concentration in the chamber, always 

under depolarizing conditions (0.25-3.0 mmol/L calcium + 125 mmol/L potassium 

buffers).  

To study endothelium-independent vasodilatation, sodium nitroprusside (NO donor) was 

used in concentrations from 10-10 to 10-5 mol/L (S1 to S11 in the myograph curves in 

Figure 8). 
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Calcium-induced vasoconstriction

Sodium nitroprusside-induced vasodilatation

 

Figure 8. Calcium-induced vasoconstriction and sodium nitroprusside-induced 

vasodilatation dose-response curves.  

 

Incubation with TNF-α 

Small mesenteric arteries from WT mice (on normal diet) were incubated with TNF-α in 

the concentration of 20ng/ml for 30 minutes. Noradrenaline-induced vasoconstriction 

was investigated before and after TNF-α exposure. Control experiments were also 

performed to investigate the influence of endothelium and of the incubation time on 

vascular responses.  

 

Incubation with Y-27632 (Rho-kinase inhibitor) 

Small mesenteric arteries from control and overweight WT mice were incubated in the 

chamber with the Rho-kinase inhibitor Y-27632 (1µM for 10 minutes). Y-27632 was 

dissolved in distilled water. Control experiments were also performed to investigate the 

influence of the incubation time on vascular responses. Calcium-induced 

vasoconstriction was performed before and after incubation with Y-27632. 

 

Removal of endothelium 

In some experiments, endothelium was removed by gently rubbing (one time) the intimal 

surface of the small mesenteric artery with a human hair. The effectiveness of the 

procedure was confirmed by the subsequent absence of relaxation to acetylcholine 10−5 

mol/L (Figure 9).  

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 37 

human hair

Viability test after endothelium removal:

removal of the endothelium with human hair

 

Figure 9. Flattened scales seen in human hair.  Gentle rubbing of the intimal surface of 

the artery with a human hair removes the endothelial layer, seen in the absence of 

relaxation to acetylcholine in the viability test. 

 

Statistical analysis 

All data are presented as mean ± SEM.  In cumulative dose-response curves of 

myograph experiments, logEC50 of each mouse (2-4 arteries) was calculated. 

Differences between logEC50 were calculated using a non-linear regression analysis. 

For comparisons of absolute tensions among groups, two-way ANOVA test with 

Bonferroni post hoc test was used. Student’s t test was used for comparisons between 

two groups. In other experiments, for comparisons between groups one-way ANOVA 

with Tukey post hoc test was used.  

All tests were performed with GraphPad Prism ® 5.0. A probability value <0.05 was 

considered statistically significant.  
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6. Results 

 

The obesity model 

With the aim to address cardiovascular risk factors present in overweight condition, we 

investigated initially the vascular features of a well-studied diet-induced obesity model.  

As expected, WT mice fed a HFD for 8 weeks developed features of obesity. There was 

markedly difference in percentage of body weight gain: control WT mice presented 17% 

± 4.0 and obese WT mice presented 24.2% ± 2.0, P<0.05.  

 

Intra-abdominal adipose tissue was importantly augmented. Particularly the visceral fat 

tissue represented here by the mesenteric PVAT and the epididymal fat pads were 

significantly increased compared to controls.  There was important adipocyte 

hypertrophy with mean adipocyte area 64% bigger in obese WT mice. The control group 

was age- and body weight-matched (Figure 10).  
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Figure 10. High-fat diet for 8 weeks in WT mice resulted in marked increase of visceral 

fat, apart from increase in total body weight.  White areas represent fat depots in 

magnetic resonance imaging (n = 3/group). Mesenteric PVAT and epididymal fat pads 

were also markedly increased with significant increase in adipocyte size. n = 10 

mice/group, **P<0.01, ***P < 0.001.  
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The obese mice presented with important hypercholesterolemia, insulin resistance and 

systemic inflammation mediated by TNF-α (Figure 11). Serum triglycerides and IL-6 

levels were not different between groups. 
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Figure 11. Metabolic results after 8 weeks of HFD. n = 10 mice/group, **P<0.01, ***P < 

0.001. 

Concerning the vascular features, small mesenteric arteries from obese WT mice had 

increased vasoconstriction responses to noradrenaline, shown by both measurement of 

sensitivity (control WT: logEC50 -6.170 vs. obese WT: logEC50 -6.664, ***P<0.001) and 

of absolute tension, **P<0.01. There was significant increase in mean blood pressure 

values in the obese group: control WT: 70.5 ± 2.1 mmHg vs. obese WT: 82.7 ± 1.6 

mmHg, **P<0.01.  

 

In endothelium-denuded arteries, the increase in vasoconstriction was still seen, 

suggesting that these responses are at least partly independent of endothelium. The 

bigger shift to the left seen in endothelium-denuded arteries suggests that endothelium 

function partly influences vasoconstriction responses in obesity (Figure 12). 
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Figure 12. Presence of cardiovascular risk factors such as increased noradrenaline-

induced vasoconstriction (sensitivity and absolute tension, n=2-3 arteries/mouse; 10 

mice/group) and blood pressure elevation. Results in endothelium-denuded arteries 

(sensitivity and absolute tension, n=2-3 arteries/mouse; 4-6 mice/group). **P < 0.01, ***P 

< 0.001. 

 

Concerning the vasodilatation features, relaxation induced by acetylcholine was 

diminished in relation to controls, suggesting endothelial dysfunction. Relaxation 

responses to an external NO donor - sodium nitroprusside - were increased (Figure 13). 
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Figure 13. Endothelium-dependent (acetylcholine) and endothelium-independent 

(sodium nitroprusside) relaxation responses (n=2-3 arteries/mouse, 10 mice/grou), *P < 

0.05, ***P < 0.001.  

.  

 

In obesity, the adipose tissue works as an active secretory tissue, serving as an 

important source of inflammation. In mouse models, the epididymal fat pads are one of 

the parameters used to assess visceral fat. The expression of proinflammatory genes 

was not increased after 8 weeks of HFD in epididymal fat pads (Figure 14). 
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Figure 14. Expression of inflammatory genes in epididymal fat tissue. N = 4-6 

mice/group, white columns control WT and black columns obese WT mice. Data 

represent the mean ± s.e.m. from 2-3 independent experiments. 

 

We checked as well the expression of inflammatory genes in the mesenteric PVAT.  

Differing from the epididymal fat tissue, this fat depot showed signs of activation of 

inflammation, with significant increase in gene expression of MCP-1 and TLR4 and a 

trend toward increasing in TNF-α expression (Figure 15).  
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Figure 15. Increased gene expression of inflammatory genes in mesenteric PVAT (n= 4-

6 mice/group, white columns control WT and black columns obese WT mice). Data 

represent the mean ± s.e.m. from 2-3 independent experiments; **P <0.01; ***P <0.001. 

 

Thus, mice fed a HFD for 8 week presented cardiovascular risk factors such as 

increased vasoconstriction (partly independent of endothelium integrity) and blood 

pressure elevation. These findings were associated with hypercholesterolemia, systemic 

inflammation, insulin resistance and adipose tissue inflammation, being difficult to 

separate the roles each play, since all these factors influence vascular function. 

 

The overweight model 

 

An ideal mouse model to study the clinical condition of overweight should reflect mild 

body weight gain and increased cardiovascular risk. To distinguish from obesity, large 

weight gain, insulin resistance and systemic inflammation should be not apparent. The 2 

weeks period of HFD fulfilled these characteristics for the overweight condition.  

 

After a short period of HFD, a modest weight gain was achieved: the control group 

presented body weight gain of 9.0 % ± 0.9 and the overweight group of 13.8 % ± 0.7, 

***P<0.001. There was increase in abdominal fat, seen in magnetic resonance. 

Mesenteric PVAT was already markedly increased and epididymal fat pads were twice 

heavier. There was significant hypertrophy of adipocytes, with a mean area increase of 

50% (Figure 16). 
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Figure 16. High-fat diet for 2 weeks in WT mice resulted in overweight.  White areas 

represent fat depots in magnetic resonance imaging (n = 3/group). There was increase in 

mesenteric PVAT, epididymal fat pads and adipocytes size. N=15-20 mice/group, **P 

<0.01, ***P <0.001. 

Contrasting with the obese WT mice, the overweight WT mice had no insulin resistance 

and no systemic inflammation. TNF-α and IL-6 were not detectable in serum. 

Hypercholesterolemia was as well important, as in obesity (Figure 17). 
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Figure 17. Overweight mice presented total hypercholesterolemia and no difference in 

triglyceride levels.  N=15-20 mice/group, ***P < 0.001. 

 

The vascular features in this model were similar to the obese group, fed a HFD for 8 

weeks. Vascular sensitivity to noradrenaline was significantly increased: control WT 

logEC50: -6.166 vs. overweight WT:  -6.487, P<0.001) as well as absolute tension 

responses, P<0.001. Blood pressure levels were significant increased in the overweight 

group (Figure 18). 
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Figure 18. Presence of cardiovascular risk factors such as increased noradrenaline-

induced vasoconstriction (sensitivity and absolute tension, n=2-3 arteries/mouse; 20 

mice/group) and blood pressure elevation (20 mice/group) after 2 weeks of HFD. ***P < 

0.001. 
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A very similar result was obtained in endothelium-denuded arteries, suggesting an 

independence of endothelium in vasoconstriction responses, especially because 

endothelium-dependent and independent relaxation responses did not differ between 

groups (Figure 19). 
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Figure 19. In endothelium-denuded arteries, vasoconstriction values (sensitivity and 

absolute tension) were still significantly higher in the overweight group (n=6 mice/group), 

**P<0.01. No difference between groups in relaxation responses induced by 

acetylcholine and sodium nitroprusside (n=20 mice/group). 

 

Recently, PVAT under normal conditions has been described to have protective vascular 

properties and when inflamed like in obesity, might influence vascular reactivity250. For 

that reason we investigated in our overweight model whether the PVAT would have any 

effect in vasoconstriction responses. Vascular responses were examined in arteries 

cleaned from PVAT or not. The results did not show any difference between control and 
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overweight, suggesting that PVAT has not lost its vasodilator properties, therefore, not 

influencing the vascular responses observed in our model (Figure 20).  
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Figure 20.  In the myograph chamber, the PVAT left around the vessel showed to 

influence vasoconstriction response in a similar manner after 2 weeks of HFD. (n=05 

mice/group). **P < 0.01.  

 

Furthermore, the protective effect of the normal PVAT has been credited to a vasodilator 

effect of adiponectin233.  In overweight WT, adiponectin and in particular high-molecular 

weight (HMW) adiponectin, was not changed as compared to controls. However, in 

obese mice HMW adiponectin was significantly decreased (*P<0.05, ns=not significant):  
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In summary, the HFD-induced overweight mouse model showed already the same 

cardiovascular risk factors present in obese mice, without confounding obesity-related 

factors and without influence of PVAT, which point to a direct role for the vasculature.  
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Localization of the inflammation 

 

Following our hypothesis of a vascular proinflammatory signaling occurring in 

overweight, the next step was to characterize and localize the inflammation, considering 

that the overweight state did not elicit systemic inflammation. As in obesity setting TNF-α 

is a key inflammatory mediator, we focused in this cytokine. The presence of TNF-α was 

analyzed in isolated mesenteric arteries, mesenteric PVAT and epididymal fat pads. 

 

Mesenteric arteries from overweight WT were cleaned from PVAT, veins and lymphatic 

vessels. TNF-α gene expression represented by mRNA expression had two-fold 

increase in comparison to control WT. In line with this, a TaqMan protein assay revealed 

a two-fold increase of TNF-α protein level in mesenteric of overweight WT (Figure 21).  
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Figure 21. Overweight WT (black columns) had increased expression of TNF-α mRNA 

and protein in mesenteric arteries compared to controls (white columns) *P < 0.05. 
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This finding was further corroborated by the positive immunostaining of mesenteric 

arteries for TNF-α (black arrows):  

 

Control WT Overweight WT

 

 

 

Since we hypothesized that the vasculature would be the main responsible for increasing 

vasoconstriction and blood pressure, we checked the inflammatory status of the adipose 

tissue after 2 weeks of HFD, to exclude it as a main source of inflammation. Visceral fat 

depots represented by epididymal fat pads and mesenteric PVAT did not show any 

significant elevation of inflammatory genes. In mesenteric PVAT there was a trend to 

increased levels of MCP-1 and TLR4 (Figure 22).  
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Figure 22. Overweight WT mice (black columns) had no elevation of TNF-α in visceral 

adipose tissue (epididymal and PVAT).  Data represent the mean ± s.e.m. from 3 

independent experiments. 
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In addition, investigation of inflammation was performed in mesenteric PVAT by 

histology. Infiltration of positive cells for CD45 was greater in obese compared to 

overweight mice (Figure 23). 
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Figure 23. Infiltration of CD45-positive cells in mesenteric PVAT. Obese mice had 

significantly larger number of positive cells. 

 

In two-photon laser scanning microscopy, small mesenteric arteries with PVAT were 

visualized and quantification of inflammatory cells was performed. The number of 

positive cells for CD45 /CD115 (CD115 is a marker for monocytes and macrophages) 

and CD45/Gr-1 (Gr-1 is a marker for neutrophil) in each arterial segment had a trend 

toward higher in obese mice (Figure 24). 
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Figure 24.  Representative images of two-photon microscopy a small mesenteric artery 

and correspondent PVAT. The number of positive cells for CD45/CD115 and CD45/Gr-1 

staining are shown. Overweight mice did not present with increased number of positive 

cells. In the obese mice group there was a trend toward quantitatively more positive cells 

(P=0.06). The column graph represents the number of positive cells per arterial segment 

examined (3 segments/mouse, n=4 mice/group, error bars, s.e.m.). 

 

 

We concluded that inflammation derived from the vasculature represented by TNF-α, 

plays a main role in overweight and is directly involved in the vascular findings, although 

the increase is visceral fat is already prominent. 
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Role of TNF-α on vasoconstriction 

 

TNF-α ex vivo 

In order to test the hypothesis that TNF-α plays a role in vascular dysfunction, we initially 

used mesenteric arteries from control WT in the myograph. The arteries were incubated 

with TNF-α 20ng/ml for 30 min. The incubation increased noradrenaline-induced 

vasoconstriction, suggesting that TNF- α has a direct effect on vasoconstriction (Figure 

25). 
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Figure 25. Noradrenaline dose-response curve in mesenteric arteries from WT mice on 

normal diet.  logEC50 pre TNF-α: -6.265; post TNF-α: -6.680, **P < 0.01. 

 

TNF-α loss-of-function models 

To answer the question whether in vivo interventions with TNF-α signaling would result in 

prevention of vascular changes induced by high-fat diet, we used two different strategies 

to block TNF-α: anti-TNF-α antibody (etanercept) and global TNFR1-/- mice. 

 

Overweight WT mice plus etanercept treatment 

In this experiment, WT mice received HFD concomitantly with treatment with the TNF-α 

antibody etanercept for 2 weeks, 10 mg/kg twice per week intraperitoneal injection.  

Upon exposure to HFD, pharmacological blockade of TNF-α did not interfere with the 

development of overweight, leading to a similar metabolic phenotype to untreated 

overweight WT. After 2 weeks, the fat pads weight and the amount of mesenteric PVAT 

were increased. The control group in this setting was made with WT under normal diet 

plus etanercept (Figure 26).  
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Figure 26. High-fat diet for 2 weeks plus etanercept treatment in WT mice did not 

prevent the increase in visceral fat. (n=5 mice/group, *P<0.05, **P<0.01). 

 

 

However, the vascular effects of high-fat diet were prevented by etanercept treatment.  

Noradrenaline-induced vasoconstriction was not changed and there was no blood 

pressure elevation (Figure 27). 
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Figure 27. High-fat diet for 2 weeks plus etanercept treatment in WT mice resulted 

prevention of the onset of increased vasoconstriction and blood pressure elevation. 

Noradrenaline-induced vasoconstriction in mesenteric arteries (sensitivity and absolute 

tension) (n=5 mice/group) and mean arterial blood pressure were not different between 

groups (n=5 mice/group). 

 

 

Overweight TNFR1-/- mice 

To confirm the findings with etanercept treatment, TNFR1-/- mice were used as an 

alternative strategy to block the action of TNF-α. They received HFD for 2 weeks and 

again the increase in adiposity was not prevented (Figure 28). 
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Figure 28. High-fat diet for 2 weeks in TNFR1 -/-  mice did prevent increase in visceral fat. 

N=6 mice/group, **P<0.01, ***P<0.001.  

 

Similarly to the result obtained with etanercept treatment, the absence of TNFR1 

protected against the increase in vasoconstriction and blood pressure (Figure 29). 
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Figure 29. High-fat diet for 2 weeks in TNFR1-/- mice resulted prevention of the onset of 

cardiovascular risk factors. Noradrenaline-induced vasoconstriction in mesenteric 

arteries (sensitivity and absolute tension, n=6 mice/group) and mean arterial blood 

pressure were not different between groups (n=6 mice/group).  

 

In summary, these data indicate that TNF-α signaling importantly participates in the 

vascular features observed in overweight.  
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A possible mechanism for vascular TNF-α signaling in overweight vascular 

changes: Rho-kinase activation 

 

We next focused on identifying vascular TNF-α downstream signaling events mediating 

vasoconstriction and blood pressure elevation, considering that one of the main 

regulators of contractility of the VSMCs, the RhoA/Rho-kinase pathway, can be activated 

by TNF-α96.  

 

Whole mesenteric arterial beds from WT mice on normal diet was incubated with TNF-α 

(20 and 100ng/ml, 30 minutes) and Rho-kinase activity was measured.  TNF-α caused 

more than two-fold increase in activation of Rho-kinase (Figure 30).  

 

0

50

100

150

200

250

Rho-associated kinase activity

(% related to controls)

**

Control 20ng/ml 100ng/ml

Mesenteric arteries

 

Figure 30. TNF-α increased Rho-kinase activity in the vasculature. Rho-kinase activity in 

isolated mesenteric arteries from control WT after incubation in culture medium with 

TNF-α (20 and 100ng/ml, 30 minutes). Data represent the mean ± s.e.m. from 3 

independent experiments. 

 

Apart from the important vascular signaling, activation of the RhoA/Rho-kinase 

pathway is also described in hypertrophied adipocytes91. Therefore we studied the 

visceral fat tissues. In overweight mice, expression of RhoA protein, ROCK1 and 

ROCK2 was not increased in adipose tissues, only a trend to increase in the PVAT. 

Rho-kinase activity was increased only in mesenteric arteries, suggesting that in the 

overweight condition the vasculature might be the main source of Rho-kinase and not 

the adipose tissue (Figure 31). 
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Figure 31. RhoA/Rho-kinase pathway in mesenteric arteries and visceral fat tissues of 

overweight WT mice. White columns represent control WT and black columns 

overweight WT mice. There was a significantly higher Rho-kinase activity in mesenteric 

arteries, but not in PVAT or epididymal fat tissues. Data represent the mean ± s.e.m. 

from 2-4 independent experiments, *P<0.05. 

 

On the other hand, obese WT mice had a markedly different profile. After 8 weeks of 

HFD the RhoA/Rho-kinase pathway continued to have its activity increased in the 

mesenteric arteries, which supports the vascular findings at this time point. In addition, 

the visceral fat tissues PVAT and epididymal fat showed signs that the pathway was 

activated (Figure 32). 
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Figure 32. RhoA/Rho-kinase pathway in mesenteric arteries and visceral fat tissues of 

obese mice. White columns represent control WT and black columns obese WT mice. 

There was a significantly higher Rho-kinase activity in mesenteric arteries and in PVAT 

and a trend in epididymal fat. Data represent the mean ± s.e.m. from 2 independent 

experiments, *P<0.05, **P<0.01. 

 

 

Calcium-induced vasoconstriction 

Calcium is the most important intracellular messenger that triggers smooth muscle 

contraction and undergo critical regulation of the Rho-kinase pathway69. In line with the 

vascular TNF-α/Rho-kinase activation, calcium-induced vasoconstriction was augmented 

in overweight WT mice as compared to controls:  
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Using the Rho-kinase inhibitor Y-27632 in mesenteric arteries of overweight mice, 

calcium-mediated vasoconstriction returned to a level similar to the one in normal diet. 

By contrast, in arteries from WT on normal diet the Y-27632 compound caused only a 

mild reduction of vasoconstriction:  
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In parallel to the ameliorated noradrenaline sensitivity and blood pressure levels by 

concomitant treatment with TNF-α antibody and HFD, in this group calcium-mediated 

vasoconstriction was also reduced. Similarly, TNFR1-/- mice upon HFD did not show 

augmented calcium-induced vasoconstriction.  Furthermore, vascular Rho-kinase activity 

was not increased neither in overweight WT mice treated with etanercept nor in 

overweight TNFR1-/- mice (Figure 33). 
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Figure 33. Calcium-induced vasoconstriction and Rho-kinase activity in overweight WT 

mice treated with etanercept and in overweight TNFR1-/- mice (n= 6 mice/group). 

 

 

Rho-kinase activity in VSMCs treated with TNF-α 

Experiments in cultured VSMCs treated with TNF-α supported the hypothesis of 

activation of Rho-kinase in this site (Figure 34). 
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Figure 34. Rho-associated kinase activity in vascular smooth muscle cells treated with 

vehicle (control) or TNF-α 100ng/ml for 6 and 12 hours. Western blot analysis showed 

increased phosphorylation of MYPT1 in cells treated with TNF-α 100ng/ml. Cells were 

treated with vehicle (control) or TNF-α 100 and 40ng/ml for 6 hours. Error bars, s.e.m., 

*P <0.05.  
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In vivo treatment with fasudil 

Finally, concomitant treatment of overweight mice with the specific Rho-kinase inhibitor 

fasudil for 2 weeks resulted in significantly less increase in noradrenaline-

vasoconstriction, with a very low mean blood pressure, suggesting once more a key role 

for Rho-kinase in the vascular responses observed in overweight (Figure 35). 
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Figure 35. Effect of fasudil treatment in overweight WT mice. Fasudil prevented 

increased noradrenaline-induced vasoconstriction and blood pressure elevation. N= 6 

mice/group, *P<0.05, **P<0.01, ***P<0.001. 

 

It was important to exclude the participation of an important adrenergic signaling and of 

increased activation of sphingosine-kinase in enhancing calcium sensitivity.  

 

Calcium sensitivity was investigated in the myograph setting by a pretreatment with 

phentolamine to block the adrenoceptors, followed by induction of intracellular calcium 

release with vasopressin. Mesenteric arteries of overweight WT mice showed an earlier 

and stronger response to intracellular calcium release independent of adrenergic 

signaling suggesting higher calcium sensitivity (Figure 36).  
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Figure 36. Overweight WT mice showed increase in calcium sensitivity, even after 

blockade of adrenoceptors. N=2-3 arteries/mouse, 5 mice/group, *P<0.05. 

 

TNF-α can induce vascular smooth muscle Rho-kinase activation directly or by activation 

of sphingosine kinase (Sphk) and subsequent sphingosin-1-phosphate production25. 

Therefore SphK was blocked with DMS in mesenteric arteries of control and overweight 

WT mice. Calcium-mediated vasoconstriction was reduced in both diets to the same 

extent, suggesting no differential participation of SphK in vascular Rho-kinase activation 

in overweight: 
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In summary, a downstream signaling involving vascular activation of Rho-kinase in 

overweight is strongly suggested by these results. 
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Interventional approaches to antagonize the vascular effects of HFD 

 

As we demonstrated the role of vascular inflammation for increased vasoconstriction and 

blood pressure elevation in overweight, we next aimed to investigate the effect of 

interventions with anti-inflammatory properties – statin treatment and withdrawal of the 

HFD - on the vascular findings in overweight. 

 

Pravastatin treatment 

Statin is an HMG-CoA reductase inhibitor that we used to stimulate pleiotropic anti-

inflammatory effects on overweight WT mice. Pravastatin was added to drinking water in 

the concentration of 50mg/kg/day. The control group received normal diet plus 

pravastatin. At the end of 2 weeks, there was had no effect in preventing visceral fat gain 

and adipocyte hypertrophy (Figure 37).  

 

 

Figure 37. Pravastatin treatment did not prevent increase in adiposity in overweight WT 

mice. N=10 mice/group, *P < 0.05, **P<0.01. 
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Importantly, pravastatin treatment did not affect the lipid profile (n = 10 mice/group, *** P 

< 0.001): 
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However, it protected from increase in vasoconstriction and blood pressure (n = 8-10 

mice/group): 
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In line, calcium-induced vasoconstriction was not different between groups and no 

increase in Rho-kinase activity was detected in small mesenteric arteries:  
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Return to normal diet 

As a diet rich in saturated fat is itself a potential source of inflammation, we checked 

whether the return from HFD to normal diet would lead to reversal and recovery of 

vascular function and blood pressure. After 2 weeks, WT mice had the diet switched 

from HFD to normal diet, as well for 2 weeks. In these mice, visceral fat gain was not 

significantly reduced as compared to the group kept continuously on HFD (Figure 38). 
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Figure 38. After 2 weeks of HFD, overweight WT mice were returned to normal diet for 2 

weeks. As control mice served aged-matched WT mice on normal diet and on HFD for 4 

weeks. N= 10/group, ns=not significant, *P<0.05, **P<0.01. 
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Levels of cholesterol were significantly reduced after HFD withdrawal (N=10 mice/group, 

ns=not significant, ***P <0.001): 
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Concerning the vascular features, noradrenaline-induced vasoconstriction was 

significantly ameliorated (logEC50 overweight -6.360 vs. HFD withdrawal -6.088, 

*P<0.05). The mean blood pressure was significantly lower after diet switch as compared 

to continuous HFD, although still significantly elevated as compared to controls on 

normal diet (Figure 39).  
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Figure 39. Increase in vasoconstriction was significantly ameliorated by HFD withdrawal 

(n=10 mice group, *P<0.05 and ***P<0.001refer to HFD withdrawal vs. the other groups). 

In line, blood pressure elevation was significantly ameliorated by HFD withdrawal (n= 7-

10/group, ***P <0.001). 

 

HFD withdrawal partially ameliorated as well the elevated calcium-induced 

vasoconstriction and caused decrease in Rho-kinase activity (Figure 40). 
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Figure 40. Calcium-induced vasoconstriction and Rho-kinase activity in mesenteric 

arteries. The intervention of withdrawing the HFD for 2 weeks partially corrected the 

increased calcium-induced vasoconstriction. *P<0.05 refers to HFD withdrawal vs. the 

other groups. Activation of Rho-kinase was significantly reduced compared to the other 

groups (*P<0.05). 

 

Possible sensing nutrients from the HFD for the vascular signaling 

 

A diet rich in saturated fat is an important source of lipids that work as ligands to activate 

proinflammatory signalings251-252.  After having identified a vascular signaling in 

overweight that could be successfully blocked, we investigated two possible causes for 

the vascular inflammatory signaling. 

 

Cholesterol and free fatty acids 

We found elevated levels of total cholesterol in all groups fed a HFD. Although most of 

the cholesterol found in the C57/BL6 strain is composed by HDL-cholesterol, the amount 

of LDL-cholesterol is also significantly higher in overweight WT: 

 

0

5

10

15

20

25

30

LDL Cholesterol (mg/dl)

Control
WT

**

Overweight
WT  



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 70 

LDL-cholesterol is known to be a ligand for the toll-like receptor 4 (TLR4), in its oxidized 

form253. Therefore we treated VSMCs from WT mice with oxidized LDL-cholesterol. We 

saw an increase in gene expression of ROCK1, which did not occur in cells from TLR4-/- 

mice (Figure 41). 
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Figure 41. ROCK1 gene expression in smooth muscle cells treated with oxidized LDL. 

Results represent results of two independent experiments. *P<0.05 

 

 

Apart from hypercholesterolemia, overweight mice had as well an important increase in 

the serum levels of free fatty acids (FFAs): 
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FFAs are also known ligands for TLR4. As palmitate is one of the most abundant 

saturated FFA found in serum, we tested the effect of palmitate in cultured VSMCs and 

in mesenteric arteries ex vivo and we saw an increase in Rho-kinase activity (Figure 42). 

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 71 

0

30

60

90

120

150

PalmitateControl

*

Vascular smooth muscle cells

treated with palmitate (200μM for 12h)

0

100

200

300

400

500

PalmitateControl

**

Mesenteric arteries

treated with palmitate (200μM for 12h)

Rho-associated kinase activity

(% related to controls)

 

 

Figure 42. VSMCs and mesenteric arteries (3 mice/group) treated with sodium palmitate 

12 hours. Data represent the mean ± s.e.m. from 2 independent experiments, *P<0.05, 

**P<0.01 

 

Next, we examined the effect of HFD in TLR4-/- mice. TLR4-/- mice developed overweight, 

with increase in visceral adipose tissue and body weight in similar proportions to WT 

mice. After 2 weeks of HFD, similarly to WT mice, they presented significant 

hypercholesterolemia and elevated FFA levels (6 mice/group, *P<0.05, ***P<0.001):  

0

50

100

150

200

Triglycerides (mg/dl)

Control

TLR4 -/-
Overweight

TLR4 -/-

0

50

100

150

200

Cholesterol  (mg/dl)

Control

TLR4 -/-
Overweight

TLR4 -/-

0

50

100

150

200

250

Free fatty acids 

(% related to controls)

Control

TLR4 -/-
Overweight

TLR4 -/-

***

*

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 72 

However, they showed to be protected against the vascular effects of HFD (Figure 43). 
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Figure 43. Noradrenaline-induced vasoconstriction and blood pressure were not 

different between controls and overweight TLR4 -/- mice. Calcium-induced 

vasoconstriction and Rho-kinase activity were not increased in overweight TLR4 -/- mice. 

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 73 

7. Discussion 

 

This work describes in a mouse model a mechanism by which high fat intake for a short 

period gives rise to vascular features related to increased cardiovascular risk. A mouse 

model to create a parallel with the clinical condition of overweight was induced with high-

fat diet, presenting with increased vasoconstriction and blood pressure elevation. In 

overweight mice, although increased adiposity was present, vascular but not adipose 

tissue inflammation contributed to these vascular findings. A vascular signaling involving 

TNF-α and activation of Rho-kinase mediated this mechanism. Different strategies either 

prevented or partially reversed the vascular effects of HFD, without affecting weight gain.  

 

Overweight mice present cardiovascular risk factors 

 

Despite numerous studies on animal models of obesity, to this point the overweight 

condition is not well defined or characterized in a mouse model with concomitant 

vascular alterations. The C57BL/6J mouse develops obesity in response to high caloric 

intake typically from saturated fat and is a relevant experimental model to study human 

diet-induced obesity254-255.  In line with this literature, after 8 weeks of HFD the WT mice 

– the obese group - developed features such as hypercholesterolemia, disturbance of 

glucose metabolism and systemic inflammation. The PVAT presented signs of activation 

of inflammation. It is known that hypercholesterolemia256, insulin resistance257, systemic 

inflammation258 and PVAT inflammation233, 250 interfere on vascular function and generate 

features associated to increased cardiovascular risk. In addition, as well great attention 

has been paid to endothelium dysfunction, an early marker of atherosclerotic170 and 

other cardiovascular diseases171 and obesity is also associated with endothelial 

dysfunction259-260. However, the observed increase in vasoconstriction responses was 

present in experiments with and without intact endothelium, suggested that this response 

was strongly dependent on the function of VSMCs. Along with this microvascular 

dysfunction, there was a 14% increase in mean arterial blood pressure value. A certain 

degree of endothelial dysfunction was seen in these experiments, accompanied by 

enhanced response to sodium nitroprusside, a NO donor. This was in line with the 

literature. Obesity is associated with impaired NO bioavailability with a compensatory 

increase in soluble guanylyl cyclase (sGC)261, the major cellular receptor for NO. This 

justifies the increased response to sodium nitroprusside. 

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 74 

As we wanted to investigate the vascular findings in a metabolic environment without the 

described confounders, we chose the time point of 2 weeks to perform further 

mechanistic investigations. After 2 weeks of HFD the WT mice - the overweight group - 

presented with weight gain, including important increase in visceral fat mass, along with 

increased vasoconstriction and elevation of blood pressure levels. Thus, we found this 

time point suitable to be used as a model to mimic the human clinical condition classified 

as overweight.  

 

Interestingly, we observed that the endothelium function was still preserved and did not 

influence the observed increased vasoconstriction. In line with this finding, the NO donor 

sodium nitroprusside did not elicit different relaxation responses. This suggests that no 

compensatory mechanism involving increase in sCG activity was present yet, as NO 

availability was still preserved.  

 

Concerning the role played by the PVAT, we did not observe any influence on 

vasoconstriction responses after this short period of HFD. Adiponectin, a hormone 

secreted by adipocytes, has been addressed as counter regulatory part of TNF-α. Lower 

levels of adiponectin, in particular the high-molecular weight (HMW) adiponectin, have 

been linked to the metabolic syndrome262, and Greenstein et al. reported a vascular 

effect dependent of adiponectin in obese subjects233. In PVAT from small arteries of 

obese patients, the vasodilator effect of adiponectin was lost. In our study, after short-

term HFD, a role for adiponectin on vascular function was not observed in myograph 

experiments. In particular, we did not observe a shift in adiponectin fractions in serum, 

which might be also an indicator that adiponectin action is not warranted at this stage in 

our model.  

 

Vascular TNF-α and the role on vascular responses 

The proinflammatory cytokine TNF-α was present in overweight mice arteries. The 

association between cytokines, cardiovascular risk and obesity8-9, 29 is well known. In our 

overweight mice the mesenteric arteries had elevated TNF-α, that has also been 

reported to be an adipocyte-derived cytokine11, 13, 15. However, TNF-α expression was not 

increased neither in PVAT nor in epididymal fat pads in overweight mice. This finding 

corresponds to the observation of Virdis et al., who demonstrated the existence of a 

vascular generation of TNF-α in small human visceral arteries, in individuals with severe 

abdominal obesity. However, in this report, the increased production of TNF-α was 

shown to reduce the NO availability, therefore the small arteries showed reduced 
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endothelium-dependent vasodilatation. Along with these findings the obese group 

presented increased serum levels of TNF-α18.   

 

An important role for TNF-α in influencing vascular function in overweight is confirmed by 

the results demonstrated in this work. To understand the molecular mechanisms 

involving vascular TNF-α in overweight, we showed in ex vivo myograph experiments 

that TNF-α elicits vasoconstriction in mesenteric arteries of WT mice on normal diet. A 

pharmacological approach to antagonize TNF-α in the course of HFD prevented the 

increase in vasoconstriction and blood pressure without affecting the overweight status.  

As overweight TNFR1 deficient mice were similarly protected, the role of vascular TNF-α 

in overweight-induced vasoconstriction and blood pressure elevation was further 

strengthened. These results are in line with a report of a mouse model of vasculitis, 

where treatment with a TNF-α antibody lowered blood pressure263. 

 

 

The involvement of the RhoA/Rho-kinase pathway 

We investigated the role of a specific mechanism involving the RhoA/Rho-kinase 

pathway in vasoconstriction responses and consequently blood pressure levels. The 

RhoA/Rho-kinase pathway is known to be a key regulator of vasoconstriction264 and was 

found to  be upregulated in hypertensive states and other cardiovascular diseases77. 

Furthermore, TNF-α (through TNFR1) has been reported to activate RhoA in airway 

smooth muscle cells96. However, there is currently no evidence of similar signaling 

occurring in vascular smooth muscle cells.  

 

We demonstrated ex vivo that TNF-α activates Rho-kinase in mesenteric arteries from 

WT mice on normal diet. In this line, mesenteric arteries of overweight WT presented 

with increased TNF-α expression along with increased Rho-kinase activity. Recently, a 

vicious circle was described in hypertrophied adipocytes involving adipocyte stretch, 

Rho-kinase signaling and inflammation of adipose tissue. They reported that lipid 

accumulation in adipocytes activated the RhoA/Rho-kinase signaling, at least in part 

through mechanical stretch. RhoA/Rho-kinase signaling would be implicated in 

inflammatory changes in adipose tissue in obesity, contributing and aggravating features 

of obesity such as weight gain, adipose tissue inflammation and insulin resistance91. In 

parallel with these published data, our obese mice indeed showed signs of RhoA/Rho-

kinase activation, in arteries and in visceral fat tissue, suggesting that this might be 

contributing to the vascular signaling, later on in obesity development. Interestingly, 
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although already hypertrophied, visceral adipose tissues in overweight mice did not show 

evidence of Rho-kinase activation. This suggests that the Rho-kinase vascular signaling 

was more important, or at least, not influenced by Rho-kinase activation in the 

surrounding hypertrophied adipocytes. 

 

The RhoA/Rho-kinase pathway regulates especially calcium-mediated vasoconstriction. 

In line, vasoconstriction induced by increase in extracellular calcium concentration was 

increased in overweight WT mice and blocked in a more effective way by a Rho-kinase 

inhibitor, strengthening the hypothesis of over activation of Rho-kinase, leading to an 

increased sensitivity of the calcium-dependent contractile apparatus. Furthermore, the 

functional link between TNF-α and Rho-kinase activity was evidenced as overweight WT 

mice treated with etanercept and overweight TNFR1-/- mice did not present increase in 

vascular Rho-kinase activity, vasoconstriction and blood pressure. In vivo treatment of 

overweight WT mice with fasudil prevented increase in blood pressure and attenuated 

the increase in vasoconstriction.  

 

Blood pressure elevation related to obesity has among its suggested mechanisms 

activation of the sympathetic nervous system, which regulates total and regional 

peripheral vascular resistance265-266. The increase in calcium-induced vasoconstriction 

we observed in overweight was still present after blockade of the adrenoceptors with 

phentolamine and release of intracellular calcium by vasopressin, suggesting 

independency of the adrenoceptors. 

 

To cover another aspect from vasoconstriction regulation, we investigated the role of 

sphingosine-kinase. Rho-kinase activity induced by TNF-α has been described to 

happen either directly or by activation of SphK168. Blockade of SphK in arteries in the 

myograph caused a similar decrease in arteries from both control WT and overweight 

WT, suggesting absence of upregulation of SphK activity in overweight. Therefore, a 

SphK-dependent mechanism remained unlikely, favoring a direct TNF-α effect on Rho-

kinase activity. In summary, these findings strongly suggest that the calcium contractile 

apparatus was sensitized in overweight, due to activation of Rho-kinase by TNF-α. 

Supporting our idea of the link between TNF-α/Rho-kinase and bad microvascular 

outcomes, a recent study in early diabetic retinopathy described that Rho-kinase is a key 

mediator of TNF-α signaling in retinal microvessels92. Together, our data offer the 

vascular TNF-α/Rho-kinase signaling as an explanatory link between overweight and 

bad cardiovascular outcomes.  
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Interventional strategies 

 

Blockade of TNF-α action through etanercept and lack of TNFR1 avoided increased 

vasoconstriction and blood pressure elevation in overweight WT mice. Thus, we 

investigated whether we could break the link between the vascular inflammatory 

signaling and blood pressure increase with strategies that could be reasonable to apply 

in the clinical setting. We questioned in how far unspecific anti-inflammatory treatment 

with a HMG-CoA reductase inhibitor267 or with the withdrawal of high-fat content in diet 

for a short period of time would have a considerable impact on the vascular features. 

 

The use of statin 

Statins are largely used in patients with hypercholesteremia and overweight, both in 

primary and secondary prevention268. They have been shown to have pleiotropic anti-

inflammatory effects that include decrease in levels of TNF-α267, C-reactive protein269 and 

improve of vascular inflammation through lipid independent mechanisms268, 270, such as 

the reduction of IL-6 release in VSMCs271-272. Besides anti-inflammatory effects, statins 

modulate the RhoA/Rho-kinase signaling78. Kansui et al. reported that treatment with 

statin reduced the contractile response associated with Rho/Rho-kinase in arteries of 

hypertensive rats273. Administration of 80mg of atorvastatin per day to patients with 

stable atherosclerosis caused a rapid and significant reduction in leukocyte Rho-kinase 

activity, within 2 weeks of treatment, independent of cholesterol reduction274. Thus, one 

of the beneficial effects of statin therapy might be due to inhibitory effects on Rho-kinase 

activity.  

 

Statins are reported to reduce blood pressure levels, although the exact mechanisms 

remain unclear. It is known that they can increase nitric oxide bioavailability, affecting the 

expression and activity of endothelial nitric oxide synthase275-276 and consequently 

modulating Rho-kinase-mediated vascular contraction277. Statins also decrease serum 

levels of endothelin-1278, downregulate the expression of angiotensin II type-1 receptor 

and reduce vascular endothelial production of reactive oxygen species279. However, 

apart from all the endothelial benefits, the effect in reducing Rho-kinase activity in the 

VSMCs should be considered as a potential explanation for the hypotensive effect, 

especially because it has been demonstrated that Rho-kinase can be modulate by 

statins independently of the nitric oxide synthase277. In the clinical setting recent meta-

analysis studies still show conflicting data. In a meta-analysis of 18 trials and 5628 

subjects randomized to receive either statins or placebo, statin therapy did not lead to 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 78 

significant reductions in blood pressure, in normotensive or hypertensive patients280. On 

the other hand, larger meta-analysis reports have shown a modest but significant effect 

in reducing blood pressure, independent of the lipid-lowering effect. In a meta-analysis 

including 20 trials and 828 patients systolic blood pressure was significantly lower in 

patients on statin than in those on placebo or control. Interestingly, the higher the 

baseline blood pressure, the greater was the effect of statins281. More recently, a large 

meta-analysis of 40 studies examining 22511 controls and 22602 patients taking statins 

showed that the mean systolic blood pressure in the statin group decreased by 2.62 

mmHg and diastolic blood pressure by 0.94 mmHg. In hypertensive patients, the 

decrease in blood pressure was bigger282. Therefore, statins can be assumed to have a 

relatively small but significant effect in reducing blood pressure and might provide 

additional cardiovascular protection. 

 

In our model pravastatin reduced blood pressure and noradrenaline-induced 

vasoconstriction in a similar manner as the TNF-α signaling blockade, without affecting 

the extent of fat gain and without lowering cholesterol levels. It is known that statins have 

different lipid-lowering effects depending on the mouse strain and in C57BL/6J mice it 

was not expected to lower cholesterol283, which turned into an advantage to study the 

pleiotropic effects. We observed that Rho-kinase activity was not increased in 

mesenteric arteries from the overweight group treated with statin, as well the 

vasoconstriction responses to calcium were not different from the control group. These 

results suggest that a vascular modulatory effect resulting in lower blood pressure might 

be expected from the use of statin in overweight, independent of other benefits.  

 

Withdrawal of high-fat diet 

Studies on the acute effects of HFD intake provide some background to support the idea 

of this experiment. Independent of the degree of overweight/obesity and even in healthy 

subjects, the acute ingestion of saturated fat has been described as a trigger of 

inflammation. A single meal rich in fat is enough to increase plasma levels of pro-

inflammatory cytokines such as interleukin-6 (IL-6)284, IL-17285, TNF-α285 and soluble 

intercellular adhesion molecule-1286. Recently, TNF-α was reported to reach maximum 

concentrations in healthy subjects 8h after a high-fat meal consumption287. In subjects 

with metabolic syndrome TNF-alpha levels increased more than in healthy subjects, after 

a single high-fat meal288.  
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Over the last few years, it has been proposed that high-fat diet, especially the ones with 

high content of saturated fat, can cause postprandial inflammation by means of low-

grade endotoxemia289. Endotoxin derived from gut leads to subsequent endotoxemia. A 

high-fat meal in healthy men increased in 50% the endotoxin concentrations and induced 

cellular activation via TNF-α, increasing the endothelial cell expression of E-selectin252. 

Thus, dietary fat intake even as a single meal causes acute inflammation and is able to 

modulate endotoxemia290. On a repeated basis, this is certainly part of a cascade for the 

establishment of diseases that have inflammation involved in their physiopathology, such 

as diabetes and cardiovascular diseases. 

 

Here it is appropriate to refer once more to the parallel we made with published studies 

on bronchial smooth muscle cells. Inflammation of the airways mediated by TNF-α 

activates the Rho-kinase pathway and triggers constriction, causing bronchospasm96. 

Related to this mechanism, it is now accepted that dietary saturated fat can trigger 

asthma and a reduction in intake reduces airway inflammation291-292. Moreover, 

adherence to the Mediterranean diet tended to be associated with lower occurrence of 

asthma293.  

 

According to our hypothesis, if the dietary habit is strongly involved in the development of 

a localized vascular signaling in overweight state, the return to a normal diet should 

result in a protective effect, independent of the adipose tissue. In this case, targeting the 

effect of high-fat diet on vascular inflammation could represent not only a preventive 

strategy, but as well a therapeutic alternative. We aimed to describe in how far the 

withdrawal of the HFD for a short time would influence the vascular features, even when 

the overweight state would still be present. Therefore we exchanged HFD to standard 

diet after two weeks and allowed the mice to adapt for two weeks on normal diet. Indeed, 

the return to normal diet in overweight WT mice partially treated the increase in 

vasoconstriction and reduced blood pressure without significantly altering the overweight 

status. Of note, total cholesterol levels decreased significantly. This finding supports a 

potential link between hypercholesterolemia and blood pressure elevation in overweight, 

in line with epidemiological observations showing a high prevalence of elevated 

cholesterol levels in patients with hypertension294-296. Hypercholesterolemia can cause 

vascular dysfunction. It has been shown that hypercholesterolemia is associated with 

endothelial cell dysfunction, decrease of nitric oxide bioavailability and elevated oxidative 

stress, creating an important proinflammatory condition297-298. Nevertheless, in the other 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 80 

strategies we used such as etanercept treatment or statin treatment, the protective effect 

on vascular outcomes was independent of hypercholesterolemia.  

We suggest that the downstream vascular signaling that involves TNF-α and/or Rho-

kinase can be targeted, independent of lowering cholesterol levels. Feasible strategies 

such as statin treatment and low-fat diet might prevent or at least ameliorate increase in 

vasoconstriction and blood pressure elevation associated to overweight. 

 

Possible triggers of the vascular TNF-α/Rho-kinase signaling 

 

Although not part of the scope of this work, we discuss here some possible causes for 

the vascular findings. Food rich in saturated fat is an important source of nutrients that 

could work as triggers for the vascular TNF-α/Rho-kinase signaling described, such as 

cholesterol and free fatty acids.  

 

Cholesterol and free fatty acids – ligands for toll-like receptor 4 

In our model we can consider cholesterol and free fatty acids as ligands for TLR4 and 

therefore triggers for the vascular signaling involving TNF-α.  

TLR4 is an evolutionarily ancient pattern recognition receptor that plays a key role in the 

innate immune response, as TLR4 is the receptor for lipopolysaccharide. Ligation of 

these receptors initiates the activation of nuclear factor-kappa B in a variety of cell types, 

resulting in the expression of a wide array of proinflammatory genes, such as TNF-α 299. 

Interestingly, lipids can activate members of the Toll-like receptor family.  

 

There is now strong evidence linking TLR4-mediated inflammation and metabolic signals 

in conditions such as obesity, insulin-resistance and diabetes300. In obesity, it is well 

described a vicious cycle in the hypertrophied adipocytes involving release of saturated 

fatty acids, activation of Toll-like receptors and inflammatory changes in adipose tissue98, 

301-302. Moreover, HFD can alter the gut microbiota composition and increase intestinal 

permeability through the induction of TLR4, thereby accelerating obesity303. 

 

Concerning the vascular field, TLR4 is constitutively expressed in VSMCs304 and  

overexpressed in VSMCs of atherosclerotic arteries, even in regions with few 

inflammatory cells305. Studies point to an important role of TLR4 in intimal hyperplasia306, 

atherosclerotic lesion progression307 and arterial hypertension308-309. Supporting a role for 

TLR4 in the connection between metabolic and vascular features, type 2 diabetic mice 

with mutated TLR4 do not develop hyperglycemia and hypertension, although they had 
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increased body weight310. Therefore the link between TLR4-mediated nutrient sensing 

and cardiovascular disease is a novel and promising field of research.  

Apart from free fatty acids, OxLDL cholesterol also serves as ligand for TLR4. This 

supports the involvement of TNF-α. It has been described that hypercholesterolemia and 

inflammation alter constriction responses directly by acting in the VSMC, increasing 

calcium sensitivity through upregulation of the RhoA/Rho-kinase pathway256, 311-313. 

Furthermore, the stimulation of RhoA by OxLDL was reported to contribute to 

vasospasm in atherosclerotic arteries314.  

 

In our study the vascular features in overweight could be prevented independent of 

elevated cholesterol levels in the cases of blocking TNF-α or inhibition of Rho-kinase 

activity with statin. However these findings can only mean that the downstream signaling 

was blocked. In addition, the protection seen with the HFD withdrawal was accompanied 

by lower cholesterol levels. Therefore, hypercholesterolemia as a trigger for the vascular 

signaling cannot be excluded in this model, although the C57BL6/J fed a HFD is not an 

ideal model to study dyslipidemia, as this strain develops hypercholesterolemia mainly 

due to increase in the HDL fraction315.  

 

Our results showing the protection of overweight TLR4-/- mice against the vascular 

effects of HFD suggest a key role for TLR4 in cardiovascular risk factors found in 

overweight. Thus, it is conceivable that in our study the HFD is working as a source of 

TLR4 ligands, such as cholesterol and free fatty acids.  
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8. Summary 

 

These results demonstrate that mice fed a high-fat diet for a short period such as 2 

weeks results in overweight with increased vasoconstriction and blood pressure 

elevation through a mechanism involving a vascular TNF-α/Rho-kinase signaling. The 

vasculature and the adipose tissue can behave as independent sources of inflammation. 

Our data strongly suggest that the vasculature can be regarded as an independent factor 

contributing to cardiovascular risk in overweight. These findings pave the way for 

improved therapeutic strategies beyond antihypertensive drugs and weight loss, to 

specifically target vascular proinflammatory signaling as a means of preventing early 

cardiovascular consequences of overweight. 

 

 

Schematic representation of the mechanism proposed in this thesis: 
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9. Clinical significance 

 

Consumption of food rich in saturated fat is a dominant habit of millions of people in 

modern societies. Overweight is a typical consequence of this western diet and it is 

associated with blood pressure increase. The exact mechanisms linking high-fat diet, 

overweight and elevated cardiovascular risk are yet not fully understood and involve 

important networks making the interaction between immune responses and sensing 

derived from nutrients. Our mouse model of overweight with cardiovascular risk factors 

that can be ameliorated through anti-inflammatory strategies brings new insights and 

might represent a potential target for interventions in human overweight aiming to 

decrease cardiovascular risk. The need to significantly reduce adiposity to improve 

cardiovascular risk is not confirmed by our experiments. To reduce vascular 

proinflammatory signaling seems a realistic therapeutic strategy that can be 

accomplished by HMG-CoA reductase inhibitors or by a reduced fat content in the diet.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 84 

10. References 

 

1. Nguyen DM, El-Serag HB. The epidemiology of obesity. Gastroenterol Clin North 
Am. 2010;39:1-7 

2. Wilson PW, D'Agostino RB, Sullivan L, Parise H, Kannel WB. Overweight and 
obesity as determinants of cardiovascular risk: The framingham experience. Arch 
Intern Med. 2002;162:1867-1872 

3. Must A, Spadano J, Coakley EH, Field AE, Colditz G, Dietz WH. The disease burden 
associated with overweight and obesity. JAMA. 1999;282:1523-1529 

4. Pischon T, Boeing H, Hoffmann K, Bergmann M, Schulze MB, Overvad K, van der 
Schouw YT, Spencer E, Moons KG, Tjonneland A, Halkjaer J, Jensen MK, Stegger 
J, Clavel-Chapelon F, Boutron-Ruault MC, Chajes V, Linseisen J, Kaaks R, 
Trichopoulou A, Trichopoulos D, Bamia C, Sieri S, Palli D, Tumino R, Vineis P, 
Panico S, Peeters PH, May AM, Bueno-de-Mesquita HB, van Duijnhoven FJ, 
Hallmans G, Weinehall L, Manjer J, Hedblad B, Lund E, Agudo A, Arriola L, 
Barricarte A, Navarro C, Martinez C, Quiros JR, Key T, Bingham S, Khaw KT, 
Boffetta P, Jenab M, Ferrari P, Riboli E. General and abdominal adiposity and risk 
of death in europe. N Engl J Med. 2008;359:2105-2120 

5. Bramlage P, Pittrow D, Wittchen HU, Kirch W, Boehler S, Lehnert H, Hoefler M, 
Unger T, Sharma AM. Hypertension in overweight and obese primary care patients 
is highly prevalent and poorly controlled. Am J Hypertens. 2004;17:904-910 

6. Graziani F, Cialdella P, Liuzzo G, Basile E, Brugaletta S, Pedicino D, Leccesi L, 
Guidone C, Iaconelli A, Mingrone G, Biasucci LM, Crea F. Cardiovascular risk in 
obesity: Different activation of inflammation and immune system between obese 
and morbidly obese subjects. Eur J Intern Med. 2011;22:418-423 

7. Mangge H, Almer G, Truschnig-Wilders M, Schmidt A, Gasser R, Fuchs D. 
Inflammation, adiponectin, obesity and cardiovascular risk. Curr Med Chem. 
2010;17:4511-4520 

8. Dandona P, Aljada A, Bandyopadhyay A. Inflammation: The link between insulin 
resistance, obesity and diabetes. Trends Immunol. 2004;25:4-7 

9. Popa C, Netea MG, van Riel PL, van der Meer JW, Stalenhoef AF. The role of tnf-
alpha in chronic inflammatory conditions, intermediary metabolism, and 
cardiovascular risk. J Lipid Res. 2007;48:751-762 

10. Deboer MD. Obesity, systemic inflammation, and increased risk for cardiovascular 
disease and diabetes among adolescents: A need for screening tools to target 
interventions. Nutrition. 2013;29:379-386 

11. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor 
necrosis factor-alpha: Direct role in obesity-linked insulin resistance. Science. 
1993;259:87-91 

12. Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS. Protection from obesity-
induced insulin resistance in mice lacking tnf-alpha function. Nature. 1997;389:610-
614 

13. Xu H, Uysal KT, Becherer JD, Arner P, Hotamisligil GS. Altered tumor necrosis 
factor-alpha (tnf-alpha) processing in adipocytes and increased expression of 
transmembrane tnf-alpha in obesity. Diabetes. 2002;51:1876-1883 

14. Dandona P, Weinstock R, Thusu K, Abdel-Rahman E, Aljada A, Wadden T. Tumor 
necrosis factor-alpha in sera of obese patients: Fall with weight loss. J Clin 
Endocrinol Metab. 1998;83:2907-2910 

15. Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM. Increased adipose 
tissue expression of tumor necrosis factor-alpha in human obesity and insulin 
resistance. J Clin Invest. 1995;95:2409-2415 

16. Hajer GR, van Haeften TW, Visseren FL. Adipose tissue dysfunction in obesity, 
diabetes, and vascular diseases. Eur Heart J. 2008;29:2959-2971 

17. Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross JS, 
Tartaglia LA, Chen H. Chronic inflammation in fat plays a crucial role in the 
development of obesity-related insulin resistance. J Clin Invest. 2003;112:1821-
1830 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 85 

18. Virdis A, Santini F, Colucci R, Duranti E, Salvetti G, Rugani I, Segnani C, Anselmino 
M, Bernardini N, Blandizzi C, Salvetti A, Pinchera A, Taddei S. Vascular generation 
of tumor necrosis factor-alpha reduces nitric oxide availability in small arteries 
from visceral fat of obese patients. J Am Coll Cardiol. 2011;58:238-247 

19. Fliser D, Buchholz K, Haller H. Antiinflammatory effects of angiotensin ii subtype 1 
receptor blockade in hypertensive patients with microinflammation. Circulation. 
2004;110:1103-1107 

20. Stapleton PA, James ME, Goodwill AG, Frisbee JC. Obesity and vascular 
dysfunction. Pathophysiology. 2008;15:79-89 

21. Savoia C, Sada L, Zezza L, Pucci L, Lauri FM, Befani A, Alonzo A, Volpe M. Vascular 
inflammation and endothelial dysfunction in experimental hypertension. Int J 
Hypertens. 2011;2011:281240 

22. Patel AR, Hui H, Kuvin JT, Pandian NG, Karas RH. Modestly overweight women 
have vascular endothelial dysfunction. Clin Cardiol. 2009;32:269-273 

23. Sesso HD, Buring JE, Rifai N, Blake GJ, Gaziano JM, Ridker PM. C-reactive protein 
and the risk of developing hypertension. JAMA. 2003;290:2945-2951 

24. Virdis A, Schiffrin EL. Vascular inflammation: A role in vascular disease in 
hypertension? Curr Opin Nephrol Hypertens. 2003;12:181-187 

25. Scherer EQ, Yang J, Canis M, Reimann K, Ivanov K, Diehl CD, Backx PH, Wier WG, 
Strieth S, Wangemann P, Voigtlaender-Bolz J, Lidington D, Bolz SS. Tumor 
necrosis factor-alpha enhances microvascular tone and reduces blood flow in the 
cochlea via enhanced sphingosine-1-phosphate signaling. Stroke. 2010;41:2618-
2624 

26. Scherer EQ, Lidington D, Oestreicher E, Arnold W, Pohl U, Bolz SS. Sphingosine-1-
phosphate modulates spiral modiolar artery tone: A potential role in vascular-
based inner ear pathologies? Cardiovasc Res. 2006;70:79-87 

27. Clinical guidelines on the identification, evaluation, and treatment of overweight 
and obesity in adults: Executive summary. Expert panel on the identification, 
evaluation, and treatment of overweight in adults. Am J Clin Nutr. 1998;68:899-917 

28. Arnlov J, Ingelsson E, Sundstrom J, Lind L. Impact of body mass index and the 
metabolic syndrome on the risk of cardiovascular disease and death in middle-
aged men. Circulation. 2010;121:230-236 

29. Ritchie SA, Connell JM. The link between abdominal obesity, metabolic syndrome 
and cardiovascular disease. Nutr Metab Cardiovasc Dis. 2007;17:319-326 

30. Rodgers A, Lawes C, MacMahon S. Reducing the global burden of blood pressure-
related cardiovascular disease. J Hypertens Suppl. 2000;18:S3-6 

31. Lawes CM, Vander Hoorn S, Rodgers A. Global burden of blood-pressure-related 
disease, 2001. Lancet. 2008;371:1513-1518 

32. Kannel WB. Blood pressure as a cardiovascular risk factor: Prevention and 
treatment. JAMA. 1996;275:1571-1576 

33. Lloyd-Jones DM, Leip EP, Larson MG, Vasan RS, Levy D. Novel approach to 
examining first cardiovascular events after hypertension onset. Hypertension. 
2005;45:39-45 

34. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R. Age-specific relevance of 
usual blood pressure to vascular mortality: A meta-analysis of individual data for 
one million adults in 61 prospective studies. Lancet. 2002;360:1903-1913 

35. Staessen JA, Gasowski J, Wang JG, Thijs L, Den Hond E, Boissel JP, Coope J, 
Ekbom T, Gueyffier F, Liu L, Kerlikowske K, Pocock S, Fagard RH. Risks of 
untreated and treated isolated systolic hypertension in the elderly: Meta-analysis of 
outcome trials. Lancet. 2000;355:865-872 

36. Kannel WB, Brand N, Skinner JJ, Jr., Dawber TR, McNamara PM. The relation of 
adiposity to blood pressure and development of hypertension. The framingham 
study. Ann Intern Med. 1967;67:48-59 

37. Chiang BN, Perlman LV, Epstein FH. Overweight and hypertension. A review. 
Circulation. 1969;39:403-421 

38. Stamler R, Stamler J, Riedlinger WF, Algera G, Roberts RH. Weight and blood 
pressure. Findings in hypertension screening of 1 million americans. JAMA. 
1978;240:1607-1610 

39. Dyer AR, Elliott P. The intersalt study: Relations of body mass index to blood 
pressure. Intersalt co-operative research group. J Hum Hypertens. 1989;3:299-308 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 86 

40. Staessen J, Fagard R, Amery A. The relationship between body weight and blood 
pressure. J Hum Hypertens. 1988;2:207-217 

41. Clinical guidelines on the identification, evaluation, and treatment of overweight 
and obesity in adults--the evidence report. National institutes of health. Obes Res. 
1998;6 Suppl 2:51S-209S 

42. Ardern CI, Katzmarzyk PT, Janssen I, Ross R. Discrimination of health risk by 
combined body mass index and waist circumference. Obes Res. 2003;11:135-142 

43. Bergman RN, Kim SP, Catalano KJ, Hsu IR, Chiu JD, Kabir M, Hucking K, Ader M. 
Why visceral fat is bad: Mechanisms of the metabolic syndrome. Obesity (Silver 
Spring). 2006;14 Suppl 1:16S-19S 

44. Bjorntorp P. Visceral fat accumulation: The missing link between psychosocial 
factors and cardiovascular disease? J Intern Med. 1991;230:195-201 

45. Matsuzawa Y, Nakamura T, Shimomura I, Kotani K. Visceral fat accumulation and 
cardiovascular disease. Obes Res. 1995;3 Suppl 5:645S-647S 

46. Despres JP. Intra-abdominal obesity: An untreated risk factor for type 2 diabetes 
and cardiovascular disease. J Endocrinol Invest. 2006;29:77-82 

47. Pijl H, Romijn JA, Benthem L, Meinders AE. Neuroendocrine sequelae of visceral 
fat accumulation: Implications for cardiovascular disease and diabetes. Neth J 
Med. 2000;56:76-79 

48. Siervogel RM, Roche AF, Chumlea WC, Morris JG, Webb P, Knittle JL. Blood 
pressure, body composition, and fat tissue cellularity in adults. Hypertension. 
1982;4:382-386 

49. Sironi AM, Gastaldelli A, Mari A, Ciociaro D, Positano V, Buzzigoli E, Ghione S, 
Turchi S, Lombardi M, Ferrannini E. Visceral fat in hypertension: Influence on 
insulin resistance and beta-cell function. Hypertension. 2004;44:127-133 

50. Larsson B. Obesity, fat distribution and cardiovascular disease. Int J Obes. 1991;15 
Suppl 2:53-57 

51. Faria AN, Ribeiro Filho FF, Gouveia Ferreira SR, Zanella MT. Impact of visceral fat 
on blood pressure and insulin sensitivity in hypertensive obese women. Obes Res. 
2002;10:1203-1206 

52. Vaz M, Jennings G, Turner A, Cox H, Lambert G, Esler M. Regional sympathetic 
nervous activity and oxygen consumption in obese normotensive human subjects. 
Circulation. 1997;96:3423-3429 

53. Hall JE. The kidney, hypertension, and obesity. Hypertension. 2003;41:625-633 
54. Sharma AM. Is there a rationale for angiotensin blockade in the management of 

obesity hypertension? Hypertension. 2004;44:12-19 
55. Massiera F, Bloch-Faure M, Ceiler D, Murakami K, Fukamizu A, Gasc JM, Quignard-

Boulange A, Negrel R, Ailhaud G, Seydoux J, Meneton P, Teboul M. Adipose 
angiotensinogen is involved in adipose tissue growth and blood pressure 
regulation. FASEB J. 2001;15:2727-2729 

56. Carlyle M, Jones OB, Kuo JJ, Hall JE. Chronic cardiovascular and renal actions of 
leptin: Role of adrenergic activity. Hypertension. 2002;39:496-501 

57. De Boer MP, Meijer RI, Wijnstok NJ, Jonk AM, Houben AJ, Stehouwer CD, Smulders 
YM, Eringa EC, Serne EH. Microvascular dysfunction: A potential mechanism in the 
pathogenesis of obesity-associated insulin resistance and hypertension. 
Microcirculation. 2012;19:5-18 

58. Jonk AM, Houben AJ, de Jongh RT, Serne EH, Schaper NC, Stehouwer CD. 
Microvascular dysfunction in obesity: A potential mechanism in the pathogenesis 
of obesity-associated insulin resistance and hypertension. Physiology (Bethesda). 
2007;22:252-260 

59. Wesselman JP, Ratz PH, Prewitt RL. Isolated resistance artery preparation. 
Methods Mol Med. 2001;51:471-487 

60. Levy BI, Ambrosio G, Pries AR, Struijker-Boudier HA. Microcirculation in 
hypertension: A new target for treatment? Circulation. 2001;104:735-740 

61. Mulvany MJ. Structure and function of small arteries in hypertension. J Hypertens 
Suppl. 1990;8:S225-232 

62. Christensen KL, Mulvany MJ. Mesenteric arcade arteries contribute substantially to 
vascular resistance in conscious rats. J Vasc Res. 1993;30:73-79 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 87 

63. Fenger-Gron J, Mulvany MJ, Christensen KL. Intestinal blood flow is controlled by 
both feed arteries and microcirculatory resistance vessels in freely moving rats. J 
Physiol. 1997;498 ( Pt 1):215-224 

64. Fenger-Gron J, Mulvany MJ, Christensen KL. Mesenteric blood pressure profile of 
conscious, freely moving rats. J Physiol. 1995;488 ( Pt 3):753-760 

65. Davis MJ. Myogenic response gradient in an arteriolar network. Am J Physiol. 
1993;264:H2168-2179 

66. Feihl F, Liaudet L, Waeber B, Levy BI. Hypertension: A disease of the 
microcirculation? Hypertension. 2006;48:1012-1017 

67. Lee RM, Owens GK, Scott-Burden T, Head RJ, Mulvany MJ, Schiffrin EL. 
Pathophysiology of smooth muscle in hypertension. Can J Physiol Pharmacol. 
1995;73:574-584 

68. Webb RC. Smooth muscle contraction and relaxation. Adv Physiol Educ. 
2003;27:201-206 

69. Somlyo AP, Somlyo AV. Ca2+ sensitivity of smooth muscle and nonmuscle myosin 
ii: Modulated by g proteins, kinases, and myosin phosphatase. Physiol Rev. 
2003;83:1325-1358 

70. Neves SR, Ram PT, Iyengar R. G protein pathways. Science. 2002;296:1636-1639 
71. Pfitzer G. Invited review: Regulation of myosin phosphorylation in smooth muscle. 

J Appl Physiol. 2001;91:497-503 
72. Takai Y, Kaibuchi K, Kikuchi A, Kawata M. Small gtp-binding proteins. Int Rev 

Cytol. 1992;133:187-230 
73. Zhao ZS, Manser E. Pak and other rho-associated kinases--effectors with 

surprisingly diverse mechanisms of regulation. Biochem J. 2005;386:201-214 
74. Bustelo XR, Sauzeau V, Berenjeno IM. Gtp-binding proteins of the rho/rac family: 

Regulation, effectors and functions in vivo. Bioessays. 2007;29:356-370 
75. Somlyo AP, Somlyo AV. Signal transduction and regulation in smooth muscle. 

Nature. 1994;372:231-236 
76. Kimura K, Ito M, Amano M, Chihara K, Fukata Y, Nakafuku M, Yamamori B, Feng J, 

Nakano T, Okawa K, Iwamatsu A, Kaibuchi K. Regulation of myosin phosphatase 
by rho and rho-associated kinase (rho-kinase). Science. 1996;273:245-248 

77. Shimokawa H, Takeshita A. Rho-kinase is an important therapeutic target in 
cardiovascular medicine. Arterioscler Thromb Vasc Biol. 2005;25:1767-1775 

78. Zhou Q, Liao JK. Rho kinase: An important mediator of atherosclerosis and 
vascular disease. Curr Pharm Des. 2009;15:3108-3115 

79. Seasholtz TM, Brown JH. Rho signaling in vascular diseases. Mol Interv. 
2004;4:348-357 

80. Seko T, Ito M, Kureishi Y, Okamoto R, Moriki N, Onishi K, Isaka N, Hartshorne DJ, 
Nakano T. Activation of rhoa and inhibition of myosin phosphatase as important 
components in hypertension in vascular smooth muscle. Circ Res. 2003;92:411-418 

81. Asano M, Nomura Y. Comparison of inhibitory effects of y-27632, a rho kinase 
inhibitor, in strips of small and large mesenteric arteries from spontaneously 
hypertensive and normotensive wistar-kyoto rats. Hypertens Res. 2003;26:97-106 

82. Hilgers RH, Todd J, Jr., Webb RC. Increased pdz-rhogef/rhoa/rho kinase signaling 
in small mesenteric arteries of angiotensin ii-induced hypertensive rats. J 
Hypertens. 2007;25:1687-1697 

83. Failli P, Alfarano C, Franchi-Micheli S, Mannucci E, Cerbai E, Mugelli A, Raimondi L. 
Losartan counteracts the hyper-reactivity to angiotensin ii and rock1 over-
activation in aortas isolated from streptozotocin-injected diabetic rats. Cardiovasc 
Diabetol. 2009;8:32 

84. Uehata M, Ishizaki T, Satoh H, Ono T, Kawahara T, Morishita T, Tamakawa H, 
Yamagami K, Inui J, Maekawa M, Narumiya S. Calcium sensitization of smooth 
muscle mediated by a rho-associated protein kinase in hypertension. Nature. 
1997;389:990-994 

85. Mukai Y, Shimokawa H, Matoba T, Kandabashi T, Satoh S, Hiroki J, Kaibuchi K, 
Takeshita A. Involvement of rho-kinase in hypertensive vascular disease: A novel 
therapeutic target in hypertension. FASEB J. 2001;15:1062-1064 

86. Masumoto A, Hirooka Y, Shimokawa H, Hironaga K, Setoguchi S, Takeshita A. 
Possible involvement of rho-kinase in the pathogenesis of hypertension in 
humans. Hypertension. 2001;38:1307-1310 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 88 

87. Loirand G, Pacaud P. The role of rho protein signaling in hypertension. Nat Rev 
Cardiol. 2010;7:637-647 

88. Smith CJ, Santhanam L, Alexander LM. Rho-kinase activity and cutaneous 
vasoconstriction is upregulated in essential hypertensive humans. Microvasc Res. 
2013 

89. Liu PY, Chen JH, Lin LJ, Liao JK. Increased rho kinase activity in a taiwanese 
population with metabolic syndrome. J Am Coll Cardiol. 2007;49:1619-1624 

90. Nakayama Y, Komuro R, Yamamoto A, Miyata Y, Tanaka M, Matsuda M, Fukuhara A, 
Shimomura I. Rhoa induces expression of inflammatory cytokine in adipocytes. 
Biochem Biophys Res Commun. 2009;379:288-292 

91. Hara Y, Wakino S, Tanabe Y, Saito M, Tokuyama H, Washida N, Tatematsu S, 
Yoshioka K, Homma K, Hasegawa K, Minakuchi H, Fujimura K, Hosoya K, Hayashi 
K, Nakayama K, Itoh H. Rho and rho-kinase activity in adipocytes contributes to a 
vicious cycle in obesity that may involve mechanical stretch. Sci Signal. 2011;4:ra3 

92. Arita R, Nakao S, Kita T, Kawahara S, Asato R, Yoshida S, Enaida H, Hafezi-
Moghadam A, Ishibashi T. A key role for rock in tnf-alpha-mediated diabetic 
microvascular damage. Invest Ophthalmol Vis Sci. 2013 

93. Mong PY, Petrulio C, Kaufman HL, Wang Q. Activation of rho kinase by tnf-alpha is 
required for jnk activation in human pulmonary microvascular endothelial cells. J 
Immunol. 2008;180:550-558 

94. Wang Z, Cheng Z, Cristofaro V, Li J, Xiao X, Gomez P, Ge R, Gong E, Strle K, 
Sullivan MP, Adam RM, White MF, Olumi AF. Inhibition of tnf-alpha improves the 
bladder dysfunction that is associated with type 2 diabetes. Diabetes. 
2012;61:2134-2145 

95. Parris JR, Cobban HJ, Littlejohn AF, MacEwan DJ, Nixon GF. Tumour necrosis 
factor-alpha activates a calcium sensitization pathway in guinea-pig bronchial 
smooth muscle. J Physiol. 1999;518 ( Pt 2):561-569 

96. Hunter I, Cobban HJ, Vandenabeele P, MacEwan DJ, Nixon GF. Tumor necrosis 
factor-alpha-induced activation of rhoa in airway smooth muscle cells: Role in the 
ca2+ sensitization of myosin light chain20 phosphorylation. Mol Pharmacol. 
2003;63:714-721 

97. Tracey KJ, Cerami A. Metabolic responses to cachectin/tnf. A brief review. Ann N Y 
Acad Sci. 1990;587:325-331 

98. Cawthorn WP, Sethi JK. Tnf-alpha and adipocyte biology. FEBS Lett. 2008;582:117-
131 

99. Sethi JK, Hotamisligil GS. The role of tnf alpha in adipocyte metabolism. Semin Cell 
Dev Biol. 1999;10:19-29 

100. Fiers W, Beyaert R, Boone E, Cornelis S, Declercq W, Decoster E, Denecker G, 
Depuydt B, De Valck D, De Wilde G, Goossens V, Grooten J, Haegeman G, 
Heyninck K, Penning L, Plaisance S, Vancompernolle K, Van Criekinge W, 
Vandenabeele P, Vanden Berghe W, Van de Craen M, Vandevoorde V, Vercammen 
D. Tnf-induced intracellular signaling leading to gene induction or to cytotoxicity 
by necrosis or by apoptosis. J Inflamm. 1995;47:67-75 

101. Rastogi S, Rizwani W, Joshi B, Kunigal S, Chellappan SP. Tnf-alpha response of 
vascular endothelial and vascular smooth muscle cells involve differential 
utilization of ask1 kinase and p73. Cell Death Differ. 2012;19:274-283 

102. Tracey D, Klareskog L, Sasso EH, Salfeld JG, Tak PP. Tumor necrosis factor 
antagonist mechanisms of action: A comprehensive review. Pharmacol Ther. 
2008;117:244-279 

103. Rothe J, Lesslauer W, Lotscher H, Lang Y, Koebel P, Kontgen F, Althage A, 
Zinkernagel R, Steinmetz M, Bluethmann H. Mice lacking the tumour necrosis 
factor receptor 1 are resistant to tnf-mediated toxicity but highly susceptible to 
infection by listeria monocytogenes. Nature. 1993;364:798-802 

104. Madge LA, Pober JS. Tnf signaling in vascular endothelial cells. Exp Mol Pathol. 
2001;70:317-325 

105. Mackay F, Loetscher H, Stueber D, Gehr G, Lesslauer W. Tumor necrosis factor 
alpha (tnf-alpha)-induced cell adhesion to human endothelial cells is under 
dominant control of one tnf receptor type, tnf-r55. J Exp Med. 1993;177:1277-1286 

106. Slowik MR, De Luca LG, Fiers W, Pober JS. Tumor necrosis factor activates human 
endothelial cells through the p55 tumor necrosis factor receptor but the p75 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 89 

receptor contributes to activation at low tumor necrosis factor concentration. Am J 
Pathol. 1993;143:1724-1730 

107. Collins T. Endothelial nuclear factor-kappa b and the initiation of the 
atherosclerotic lesion. Lab Invest. 1993;68:499-508 

108. Viemann D, Goebeler M, Schmid S, Nordhues U, Klimmek K, Sorg C, Roth J. Tnf 
induces distinct gene expression programs in microvascular and macrovascular 
human endothelial cells. J Leukoc Biol. 2006;80:174-185 

109. Wallace CS, Truskey GA. Direct-contact co-culture between smooth muscle and 
endothelial cells inhibits tnf-alpha-mediated endothelial cell activation. Am J 
Physiol Heart Circ Physiol. 2010;299:H338-346 

110. Gao X, Zhang H, Belmadani S, Wu J, Xu X, Elford H, Potter BJ, Zhang C. Role of tnf-
alpha-induced reactive oxygen species in endothelial dysfunction during 
reperfusion injury. Am J Physiol Heart Circ Physiol. 2008;295:H2242-2249 

111. Gao X, Belmadani S, Picchi A, Xu X, Potter BJ, Tewari-Singh N, Capobianco S, 
Chilian WM, Zhang C. Tumor necrosis factor-alpha induces endothelial dysfunction 
in lepr(db) mice. Circulation. 2007;115:245-254 

112. Moncada S, Higgs EA. Nitric oxide and the vascular endothelium. Handb Exp 
Pharmacol. 2006:213-254 

113. Moncada S, Higgs EA. The discovery of nitric oxide and its role in vascular biology. 
Br J Pharmacol. 2006;147 Suppl 1:S193-201 

114. Bove K, Neumann P, Gertzberg N, Johnson A. Role of ecnos-derived no in 
mediating tnf-induced endothelial barrier dysfunction. Am J Physiol Lung Cell Mol 
Physiol. 2001;280:L914-922 

115. Zhang H, Park Y, Wu J, Chen X, Lee S, Yang J, Dellsperger KC, Zhang C. Role of 
tnf-alpha in vascular dysfunction. Clin Sci (Lond). 2009;116:219-230 

116. Feletou M, Vanhoutte PM. Endothelial dysfunction: A multifaceted disorder (the 
wiggers award lecture). Am J Physiol Heart Circ Physiol. 2006;291:H985-1002 

117. Wimalasundera R, Fexby S, Regan L, Thom SA, Hughes AD. Effect of tumour 
necrosis factor-alpha and interleukin 1beta on endothelium-dependent relaxation in 
rat mesenteric resistance arteries in vitro. Br J Pharmacol. 2003;138:1285-1294 

118. Gillham JC, Myers JE, Baker PN, Taggart MJ. Tnf-alpha alters nitric oxide- and 
endothelium-derived hyperpolarizing factor-mediated vasodilatation in human 
omental arteries. Hypertens Pregnancy. 2008;27:29-38 

119. Kessler P, Popp R, Busse R, Schini-Kerth VB. Proinflammatory mediators 
chronically downregulate the formation of the endothelium-derived hyperpolarizing 
factor in arteries via a nitric oxide/cyclic gmp-dependent mechanism. Circulation. 
1999;99:1878-1884 

120. Corder R, Carrier M, Khan N, Klemm P, Vane JR. Cytokine regulation of endothelin-
1 release from bovine aortic endothelial cells. J Cardiovasc Pharmacol. 1995;26 
Suppl 3:S56-58 

121. Barath P, Fishbein MC, Cao J, Berenson J, Helfant RH, Forrester JS. Detection and 
localization of tumor necrosis factor in human atheroma. Am J Cardiol. 
1990;65:297-302 

122. Albaugh G, Kann B, Strande L, Vemulapalli P, Hewitt C, Alexander JB. Nicotine 
induces endothelial tnf-alpha expression, which mediates growth retardation in 
vitro. J Surg Res. 2001;99:381-384 

123. Imaizumi T, Itaya H, Fujita K, Kudoh D, Kudoh S, Mori K, Fujimoto K, Matsumiya T, 
Yoshida H, Satoh K. Expression of tumor necrosis factor-alpha in cultured human 
endothelial cells stimulated with lipopolysaccharide or interleukin-1alpha. 
Arterioscler Thromb Vasc Biol. 2000;20:410-415 

124. Freyer D, Manz R, Ziegenhorn A, Weih M, Angstwurm K, Docke WD, Meisel A, 
Schumann RR, Schonfelder G, Dirnagl U, Weber JR. Cerebral endothelial cells 
release tnf-alpha after stimulation with cell walls of streptococcus pneumoniae and 
regulate inducible nitric oxide synthase and icam-1 expression via autocrine loops. 
J Immunol. 1999;163:4308-4314 

125. Bry K, Hallman M. Transforming growth factor-beta 2 prevents preterm delivery 
induced by interleukin-1 alpha and tumor necrosis factor-alpha in the rabbit. Am J 
Obstet Gynecol. 1993;168:1318-1322 

126. Baggia S, Gravett MG, Witkin SS, Haluska GJ, Novy MJ. Interleukin-1 beta intra-
amniotic infusion induces tumor necrosis factor-alpha, prostaglandin production, 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 90 

and preterm contractions in pregnant rhesus monkeys. J Soc Gynecol Investig. 
1996;3:121-126 

127. Fitzgibbon J, Morrison JJ, Smith TJ, O'Brien M. Modulation of human uterine 
smooth muscle cell collagen contractility by thrombin, y-27632, tnf alpha and 
indomethacin. Reprod Biol Endocrinol. 2009;7:2 

128. Yuge A, Nasu K, Tsusue H, Ikegami E, Nishida M, Matsumoto H, Narahara H. 
Regulation of contractility of cultured human endometrial stromal cells by tumor 
necrosis factor-alpha. Eur J Obstet Gynecol Reprod Biol. 2008;138:66-70 

129. Bellucci F, Cucchi P, Santicioli P, Lazzeri M, Turini D, Meini S. Characterization of 
kinin receptors in human cultured detrusor smooth muscle cells. Br J Pharmacol. 
2007;150:192-199 

130. Kips JC, Tavernier J, Pauwels RA. Tumor necrosis factor causes bronchial 
hyperresponsiveness in rats. Am Rev Respir Dis. 1992;145:332-336 

131. Shah A, Church MK, Holgate ST. Tumour necrosis factor alpha: A potential 
mediator of asthma. Clin Exp Allergy. 1995;25:1038-1044 

132. Babu KS, Davies DE, Holgate ST. Role of tumor necrosis factor alpha in asthma. 
Immunol Allergy Clin North Am. 2004;24:583-597, v-vi 

133. Berry MA, Hargadon B, Shelley M, Parker D, Shaw DE, Green RH, Bradding P, 
Brightling CE, Wardlaw AJ, Pavord ID. Evidence of a role of tumor necrosis factor 
alpha in refractory asthma. N Engl J Med. 2006;354:697-708 

134. Amrani Y, Bronner C. Tumor necrosis factor alpha potentiates the increase in 
cytosolic free calcium induced by bradykinin in guinea-pig tracheal smooth muscle 
cells. C R Acad Sci III. 1993;316:1489-1494 

135. Amrani Y, Martinet N, Bronner C. Potentiation by tumour necrosis factor-alpha of 
calcium signals induced by bradykinin and carbachol in human tracheal smooth 
muscle cells. Br J Pharmacol. 1995;114:4-5 

136. Amrani Y, Panettieri RA, Jr., Frossard N, Bronner C. Activation of the tnf alpha-p55 
receptor induces myocyte proliferation and modulates agonist-evoked calcium 
transients in cultured human tracheal smooth muscle cells. Am J Respir Cell Mol 
Biol. 1996;15:55-63 

137. Amrani Y, Krymskaya V, Maki C, Panettieri RA, Jr. Mechanisms underlying tnf-
alpha effects on agonist-mediated calcium homeostasis in human airway smooth 
muscle cells. Am J Physiol. 1997;273:L1020-1028 

138. Amrani Y, Tliba O, Deshpande DA, Walseth TF, Kannan MS, Panettieri RA, Jr. 
Bronchial hyperresponsiveness: Insights into new signaling molecules. Curr Opin 
Pharmacol. 2004;4:230-234 

139. Couffinhal T, Duplaa C, Labat L, Lamaziere JM, Moreau C, Printseva O, Bonnet J. 
Tumor necrosis factor-alpha stimulates icam-1 expression in human vascular 
smooth muscle cells. Arterioscler Thromb. 1993;13:407-414 

140. Goetze S, Xi XP, Kawano Y, Kawano H, Fleck E, Hsueh WA, Law RE. Tnf-alpha-
induced migration of vascular smooth muscle cells is mapk dependent. 
Hypertension. 1999;33:183-189 

141. Warner SJ, Libby P. Human vascular smooth muscle cells. Target for and source of 
tumor necrosis factor. J Immunol. 1989;142:100-109 

142. Peppel K, Zhang L, Orman ES, Hagen PO, Amalfitano A, Brian L, Freedman NJ. 
Activation of vascular smooth muscle cells by tnf and pdgf: Overlapping and 
complementary signal transduction mechanisms. Cardiovasc Res. 2005;65:674-682 

143. Wang Z, Rao PJ, Castresana MR, Newman WH. Tnf-alpha induces proliferation or 
apoptosis in human saphenous vein smooth muscle cells depending on 
phenotype. Am J Physiol Heart Circ Physiol. 2005;288:H293-301 

144. Lee SJ, Kim WJ, Moon SK. Tnf-alpha regulates vascular smooth muscle cell 
responses in genetic hypertension. Int Immunopharmacol. 2009;9:837-843 

145. Davis R, Pillai S, Lawrence N, Sebti S, Chellappan SP. Tnf-alpha-mediated 
proliferation of vascular smooth muscle cells involves raf-1-mediated inactivation 
of rb and transcription of e2f1-regulated genes. Cell Cycle. 2012;11:109-118 

146. Niemann-Jonsson A, Ares MP, Yan ZQ, Bu DX, Fredrikson GN, Branen L, Porn-Ares 
I, Nilsson AH, Nilsson J. Increased rate of apoptosis in intimal arterial smooth 
muscle cells through endogenous activation of tnf receptors. Arterioscler Thromb 
Vasc Biol. 2001;21:1909-1914 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 91 

147. Tang V, Dhirapong A, Yabes AP, Weiss RH. Tnf-alpha-mediated apoptosis in 
vascular smooth muscle cells requires p73. Am J Physiol Cell Physiol. 
2005;289:C199-206 

148. Barath P, Fishbein MC, Cao J, Berenson J, Helfant RH, Forrester JS. Tumor 
necrosis factor gene expression in human vascular intimal smooth muscle cells 
detected by in situ hybridization. Am J Pathol. 1990;137:503-509 

149. Rus HG, Niculescu F, Vlaicu R. Tumor necrosis factor-alpha in human arterial wall 
with atherosclerosis. Atherosclerosis. 1991;89:247-254 

150. Tanaka H, Sukhova G, Schwartz D, Libby P. Proliferating arterial smooth muscle 
cells after balloon injury express tnf-alpha but not interleukin-1 or basic fibroblast 
growth factor. Arterioscler Thromb Vasc Biol. 1996;16:12-18 

151. Jovinge S, Hultgardh-Nilsson A, Regnstrom J, Nilsson J. Tumor necrosis factor-
alpha activates smooth muscle cell migration in culture and is expressed in the 
balloon-injured rat aorta. Arterioscler Thromb Vasc Biol. 1997;17:490-497 

152. Clausell N, Molossi S, Sett S, Rabinovitch M. In vivo blockade of tumor necrosis 
factor-alpha in cholesterol-fed rabbits after cardiac transplant inhibits acute 
coronary artery neointimal formation. Circulation. 1994;89:2768-2779 

153. Tanaka H, Swanson SJ, Sukhova G, Schoen FJ, Libby P. Smooth muscle cells of 
the coronary arterial tunica media express tumor necrosis factor-alpha and 
proliferate during acute rejection of rabbit cardiac allografts. Am J Pathol. 
1995;147:617-626 

154. Naziri W, Joshua IG. Role of tumor necrosis factor-alpha in small intestinal 
microcirculation. Am Surg. 1998;64:203-209; discussion 209-210 

155. Baudry N, Rasetti C, Vicaut E. Differences between cytokine effects in the 
microcirculation of the rat. Am J Physiol. 1996;271:H1186-1192 

156. Chang SW. Tnf potentiates paf-induced pulmonary vasoconstriction in the rat: Role 
of neutrophils and thromboxane a2. J Appl Physiol. 1994;77:2817-2826 

157. Giardina JB, Green GM, Cockrell KL, Granger JP, Khalil RA. Tnf-alpha enhances 
contraction and inhibits endothelial no-cgmp relaxation in systemic vessels of 
pregnant rats. Am J Physiol Regul Integr Comp Physiol. 2002;283:R130-143 

158. Sibson NR, Blamire AM, Perry VH, Gauldie J, Styles P, Anthony DC. Tnf-alpha 
reduces cerebral blood volume and disrupts tissue homeostasis via an endothelin- 
and tnfr2-dependent pathway. Brain. 2002;125:2446-2459 

159. Vecchione C, Frati A, Di Pardo A, Cifelli G, Carnevale D, Gentile MT, Carangi R, 
Landolfi A, Carullo P, Bettarini U, Antenucci G, Mascio G, Busceti CL, Notte A, 
Maffei A, Cantore GP, Lembo G. Tumor necrosis factor-alpha mediates hemolysis-
induced vasoconstriction and the cerebral vasospasm evoked by subarachnoid 
hemorrhage. Hypertension. 2009;54:150-156 

160. Park Y, Prisby RD, Behnke BJ, Dominguez JM, 2nd, Lesniewski LA, Donato AJ, 
Muller-Delp J, Delp MD. Effects of aging, tnf-alpha, and exercise training on 
angiotensin ii-induced vasoconstriction of rat skeletal muscle arterioles. J Appl 
Physiol. 2012;113:1091-1100 

161. Klemm P, Warner TD, Hohlfeld T, Corder R, Vane JR. Endothelin 1 mediates ex vivo 
coronary vasoconstriction caused by exogenous and endogenous cytokines. Proc 
Natl Acad Sci U S A. 1995;92:2691-2695 

162. Shahid M, Francis J, Majid DS. Tumor necrosis factor-alpha induces renal 
vasoconstriction as well as natriuresis in mice. Am J Physiol Renal Physiol. 
2008;295:F1836-1844 

163. Wagner EM. Tnf-alpha induced bronchial vasoconstriction. Am J Physiol Heart Circ 
Physiol. 2000;279:H946-951 

164. LaMarca B, Speed J, Fournier L, Babcock SA, Berry H, Cockrell K, Granger JP. 
Hypertension in response to chronic reductions in uterine perfusion in pregnant 
rats: Effect of tumor necrosis factor-alpha blockade. Hypertension. 2008;52:1161-
1167 

165. Khalil RA, Granger JP. Vascular mechanisms of increased arterial pressure in 
preeclampsia: Lessons from animal models. Am J Physiol Regul Integr Comp 
Physiol. 2002;283:R29-45 

166. Iversen PO, Nicolaysen A, Kvernebo K, Benestad HB, Nicolaysen G. Human 
cytokines modulate arterial vascular tone via endothelial receptors. Pflugers Arch. 
1999;439:93-100 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 92 

167. White LR, Juul R, Skaanes KO, Aasly J. Cytokine enhancement of endothelin et(b) 
receptor-mediated contraction in human temporal artery. Eur J Pharmacol. 
2000;406:117-122 

168. Bolz SS, Vogel L, Sollinger D, Derwand R, Boer C, Pitson SM, Spiegel S, Pohl U. 
Sphingosine kinase modulates microvascular tone and myogenic responses 
through activation of rhoa/rho kinase. Circulation. 2003;108:342-347 

169. Intengan HD, Schiffrin EL. Structure and mechanical properties of resistance 
arteries in hypertension: Role of adhesion molecules and extracellular matrix 
determinants. Hypertension. 2000;36:312-318 

170. Bonetti PO, Lerman LO, Lerman A. Endothelial dysfunction: A marker of 
atherosclerotic risk. Arterioscler Thromb Vasc Biol. 2003;23:168-175 

171. Luscher TF. The endothelium and cardiovascular disease--a complex relation. N 
Engl J Med. 1994;330:1081-1083 

172. Lund-Johansen P. Haemodynamics in early essential hypertension--still an area of 
controversy. J Hypertens. 1983;1:209-213 

173. Risler NR, Cruzado MC, Miatello RM. Vascular remodeling in experimental 
hypertension. ScientificWorldJournal. 2005;5:959-971 

174. Aalkjaer C, Eiskjaer H, Mulvany MJ, Jespersen B, Kjaer T, Sorensen SS, Pedersen 
EB. Abnormal structure and function of isolated subcutaneous resistance vessels 
from essential hypertensive patients despite antihypertensive treatment. J 
Hypertens. 1989;7:305-310 

175. Mulvany MJ. Structural abnormalities of the resistance vasculature in 
hypertension. J Vasc Res. 2003;40:558-560 

176. Noon JP, Walker BR, Webb DJ, Shore AC, Holton DW, Edwards HV, Watt GC. 
Impaired microvascular dilatation and capillary rarefaction in young adults with a 
predisposition to high blood pressure. J Clin Invest. 1997;99:1873-1879 

177. Struijker Boudier HA, le Noble JL, Messing MW, Huijberts MS, le Noble FA, van 
Essen H. The microcirculation and hypertension. J Hypertens Suppl. 1992;10:S147-
156 

178. Taddei S, Salvetti A. Endothelial dysfunction in essential hypertension: Clinical 
implications. J Hypertens. 2002;20:1671-1674 

179. Versari D, Daghini E, Virdis A, Ghiadoni L, Taddei S. Endothelial dysfunction as a 
target for prevention of cardiovascular disease. Diabetes Care. 2009;32 Suppl 
2:S314-321 

180. Virdis A, Neves MF, Duranti E, Bernini G, Taddei S. Microvascular endothelial 
dysfunction in obesity and hypertension. Curr Pharm Des. 2012 

181. Vanhoutte PM. Endothelial dysfunction in hypertension. J Hypertens Suppl. 
1996;14:S83-93 

182. Doyle AE, Fraser JR, Marshall RJ. Reactivity of forearm vessels to vasoconstrictor 
substances in hypertensive and normotensive subjects. Clin Sci. 1959;18:441-454 

183. Doyle AE, Fraser JR. Vascular reactivity in hypertension. Circ Res. 1961;9:755-761 
184. Asano M, Aoki K, Matsuda T. Quantitative changes of maximum contractile 

response to norepinephrine in mesenteric arteries from spontaneously 
hypertensive rats during the development of hypertension. J Cardiovasc 
Pharmacol. 1984;6:727-731 

185. Mulvany MJ, Halpern W. Contractile properties of small arterial resistance vessels 
in spontaneously hypertensive and normotensive rats. Circ Res. 1977;41:19-26 

186. Schiffrin EL, Deng LY, Larochelle P. Morphology of resistance arteries and 
comparison of effects of vasoconstrictors in mild essential hypertensive patients. 
Clin Invest Med. 1993;16:177-186 

187. Touyz RM, Tolloczko B, Schiffrin EL. Mesenteric vascular smooth muscle cells 
from spontaneously hypertensive rats display increased calcium responses to 
angiotensin ii but not to endothelin-1. J Hypertens. 1994;12:663-673 

188. McCurley A, Pires PW, Bender SB, Aronovitz M, Zhao MJ, Metzger D, Chambon P, 
Hill MA, Dorrance AM, Mendelsohn ME, Jaffe IZ. Direct regulation of blood pressure 
by smooth muscle cell mineralocorticoid receptors. Nat Med. 2012 

189. Harrison DG, Marvar PJ, Titze JM. Vascular inflammatory cells in hypertension. 
Front Physiol. 2012;3:128 

190. Harrison DG, Guzik TJ, Lob HE, Madhur MS, Marvar PJ, Thabet SR, Vinh A, Weyand 
CM. Inflammation, immunity, and hypertension. Hypertension. 2011;57:132-140 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 93 

191. Schillaci G, Pirro M, Gemelli F, Pasqualini L, Vaudo G, Marchesi S, Siepi D, 
Bagaglia F, Mannarino E. Increased c-reactive protein concentrations in never-
treated hypertension: The role of systolic and pulse pressures. J Hypertens. 
2003;21:1841-1846 

192. Chae CU, Lee RT, Rifai N, Ridker PM. Blood pressure and inflammation in 
apparently healthy men. Hypertension. 2001;38:399-403 

193. Chrysohoou C, Pitsavos C, Panagiotakos DB, Skoumas J, Stefanadis C. 
Association between prehypertension status and inflammatory markers related to 
atherosclerotic disease: The attica study. Am J Hypertens. 2004;17:568-573 

194. Sesso HD, Wang L, Buring JE, Ridker PM, Gaziano JM. Comparison of interleukin-6 
and c-reactive protein for the risk of developing hypertension in women. 
Hypertension. 2007;49:304-310 

195. Niskanen L, Laaksonen DE, Nyyssonen K, Punnonen K, Valkonen VP, Fuentes R, 
Tuomainen TP, Salonen R, Salonen JT. Inflammation, abdominal obesity, and 
smoking as predictors of hypertension. Hypertension. 2004;44:859-865 

196. Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S, Goronzy J, 
Weyand C, Harrison DG. Role of the t cell in the genesis of angiotensin ii induced 
hypertension and vascular dysfunction. J Exp Med. 2007;204:2449-2460 

197. Theuer J, Dechend R, Muller DN, Park JK, Fiebeler A, Barta P, Ganten D, Haller H, 
Dietz R, Luft FC. Angiotensin ii induced inflammation in the kidney and in the heart 
of double transgenic rats. BMC Cardiovasc Disord. 2002;2:3 

198. Shi P, Diez-Freire C, Jun JY, Qi Y, Katovich MJ, Li Q, Sriramula S, Francis J, 
Sumners C, Raizada MK. Brain microglial cytokines in neurogenic hypertension. 
Hypertension. 2010;56:297-303 

199. Wenzel P, Knorr M, Kossmann S, Stratmann J, Hausding M, Schuhmacher S, 
Karbach SH, Schwenk M, Yogev N, Schulz E, Oelze M, Grabbe S, Jonuleit H, Becker 
C, Daiber A, Waisman A, Munzel T. Lysozyme m-positive monocytes mediate 
angiotensin ii-induced arterial hypertension and vascular dysfunction. Circulation. 
2011;124:1370-1381 

200. Clozel M, Kuhn H, Hefti F, Baumgartner HR. Endothelial dysfunction and 
subendothelial monocyte macrophages in hypertension. Effect of angiotensin 
converting enzyme inhibition. Hypertension. 1991;18:132-141 

201. Ko EA, Amiri F, Pandey NR, Javeshghani D, Leibovitz E, Touyz RM, Schiffrin EL. 
Resistance artery remodeling in deoxycorticosterone acetate-salt hypertension is 
dependent on vascular inflammation: Evidence from m-csf-deficient mice. Am J 
Physiol Heart Circ Physiol. 2007;292:H1789-1795 

202. Marvar PJ, Thabet SR, Guzik TJ, Lob HE, McCann LA, Weyand C, Gordon FJ, 
Harrison DG. Central and peripheral mechanisms of t-lymphocyte activation and 
vascular inflammation produced by angiotensin ii-induced hypertension. Circ Res. 
2010;107:263-270 

203. Marvar PJ, Lob H, Vinh A, Zarreen F, Harrison DG. The central nervous system and 
inflammation in hypertension. Curr Opin Pharmacol. 2011;11:156-161 

204. Marvar PJ, Vinh A, Thabet S, Lob HE, Geem D, Ressler KJ, Harrison DG. T 
lymphocytes and vascular inflammation contribute to stress-dependent 
hypertension. Biol Psychiatry. 2012;71:774-782 

205. Tang EH, Vanhoutte PM. Endothelial dysfunction: A strategic target in the 
treatment of hypertension? Pflugers Arch. 2010;459:995-1004 

206. Nagano M, Nakamura M, Sato K, Tanaka F, Segawa T, Hiramori K. Association 
between serum c-reactive protein levels and pulse wave velocity: A population-
based cross-sectional study in a general population. Atherosclerosis. 
2005;180:189-195 

207. Park S, Lakatta EG. Role of inflammation in the pathogenesis of arterial stiffness. 
Yonsei Med J. 2012;53:258-261 

208. Touyz RM, Briones AM. Reactive oxygen species and vascular biology: 
Implications in human hypertension. Hypertens Res. 2011;34:5-14 

209. Takagi H, Mizuno Y, Yamamoto H, Goto SN, Umemoto T. Effects of telmisartan 
therapy on interleukin-6 and tumor necrosis factor-alpha levels: A meta-analysis of 
randomized controlled trials. Hypertens Res. 2012 

210. Laffer CL, Elijovich F. Inflammation and therapy for hypertension. Curr Hypertens 
Rep. 2010;12:233-242 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 94 

211. Fernandez-Real JM, Lainez B, Vendrell J, Rigla M, Castro A, Penarroja G, Broch M, 
Perez A, Richart C, Engel P, Ricart W. Shedding of tnf-alpha receptors, blood 
pressure, and insulin sensitivity in type 2 diabetes mellitus. Am J Physiol 
Endocrinol Metab. 2002;282:E952-959 

212. Furumoto T, Saito N, Dong J, Mikami T, Fujii S, Kitabatake A. Association of 
cardiovascular risk factors and endothelial dysfunction in japanese hypertensive 
patients: Implications for early atherosclerosis. Hypertens Res. 2002;25:475-480 

213. Al-Daghri NM, Bindahman LS, Al-Attas OS, Saleem TH, Alokail MS, Alkharfy KM, 
Draz HM, Yakout S, Mohamed AO, Harte AL, McTernan PG. Increased circulating 
ang ii and tnf-alpha represents important risk factors in obese saudi adults with 
hypertension irrespective of diabetic status and bmi. PLoS One. 2012;7:e51255 

214. Stumpf C, John S, Jukic J, Yilmaz A, Raaz D, Schmieder RE, Daniel WG, Garlichs 
CD. Enhanced levels of platelet p-selectin and circulating cytokines in young 
patients with mild arterial hypertension. J Hypertens. 2005;23:995-1000 

215. Bautista LE, Vera LM, Arenas IA, Gamarra G. Independent association between 
inflammatory markers (c-reactive protein, interleukin-6, and tnf-alpha) and essential 
hypertension. J Hum Hypertens. 2005;19:149-154 

216. Hanafy KA, Stuart RM, Khandji AG, Connolly ES, Badjatia N, Mayer SA, Schindler C. 
Relationship between brain interstitial fluid tumor necrosis factor-alpha and 
cerebral vasospasm after aneurysmal subarachnoid hemorrhage. J Clin Neurosci. 
2010;17:853-856 

217. Mathiesen T, Edner G, Ulfarsson E, Andersson B. Cerebrospinal fluid interleukin-1 
receptor antagonist and tumor necrosis factor-alpha following subarachnoid 
hemorrhage. J Neurosurg. 1997;87:215-220 

218. Zhang ZH, Wei SG, Francis J, Felder RB. Cardiovascular and renal sympathetic 
activation by blood-borne tnf-alpha in rat: The role of central prostaglandins. Am J 
Physiol Regul Integr Comp Physiol. 2003;284:R916-927 

219. Gu JW, Tian N, Shparago M, Tan W, Bailey AP, Manning RD, Jr. Renal nf-kappab 
activation and tnf-alpha upregulation correlate with salt-sensitive hypertension in 
dahl salt-sensitive rats. Am J Physiol Regul Integr Comp Physiol. 2006;291:R1817-
1824 

220. Elmarakby AA, Quigley JE, Imig JD, Pollock JS, Pollock DM. Tnf-alpha inhibition 
reduces renal injury in doca-salt hypertensive rats. Am J Physiol Regul Integr 
Comp Physiol. 2008;294:R76-83 

221. Ferreri NR, Zhao Y, Takizawa H, McGiff JC. Tumor necrosis factor-alpha-
angiotensin interactions and regulation of blood pressure. J Hypertens. 
1997;15:1481-1484 

222. Takahashi M, Suzuki E, Takeda R, Oba S, Nishimatsu H, Kimura K, Nagano T, Nagai 
R, Hirata Y. Angiotensin ii and tumor necrosis factor-alpha synergistically promote 
monocyte chemoattractant protein-1 expression: Roles of nf-kappab, p38, and 
reactive oxygen species. Am J Physiol Heart Circ Physiol. 2008;294:H2879-2888 

223. Sriramula S, Haque M, Majid DS, Francis J. Involvement of tumor necrosis factor-
alpha in angiotensin ii-mediated effects on salt appetite, hypertension, and cardiac 
hypertrophy. Hypertension. 2008;51:1345-1351 

224. Elmarakby AA, Quigley JE, Pollock DM, Imig JD. Tumor necrosis factor alpha 
blockade increases renal cyp2c23 expression and slows the progression of renal 
damage in salt-sensitive hypertension. Hypertension. 2006;47:557-562 

225. Berg AH, Scherer PE. Adipose tissue, inflammation, and cardiovascular disease. 
Circ Res. 2005;96:939-949 

226. Calabro P, Golia E, Maddaloni V, Malvezzi M, Casillo B, Marotta C, Calabro R, 
Golino P. Adipose tissue-mediated inflammation: The missing link between obesity 
and cardiovascular disease? Intern Emerg Med. 2009;4:25-34 

227. de Jongh RT, Serne EH, RG IJ, de Vries G, Stehouwer CD. Impaired microvascular 
function in obesity: Implications for obesity-associated microangiopathy, 
hypertension, and insulin resistance. Circulation. 2004;109:2529-2535 

228. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW, Jr. 
Obesity is associated with macrophage accumulation in adipose tissue. J Clin 
Invest. 2003;112:1796-1808 

229. Furuhashi M, Fucho R, Gorgun CZ, Tuncman G, Cao H, Hotamisligil GS. 
Adipocyte/macrophage fatty acid-binding proteins contribute to metabolic 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 95 

deterioration through actions in both macrophages and adipocytes in mice. J Clin 
Invest. 2008;118:2640-2650 

230. Nguyen MT, Favelyukis S, Nguyen AK, Reichart D, Scott PA, Jenn A, Liu-Bryan R, 
Glass CK, Neels JG, Olefsky JM. A subpopulation of macrophages infiltrates 
hypertrophic adipose tissue and is activated by free fatty acids via toll-like 
receptors 2 and 4 and jnk-dependent pathways. J Biol Chem. 2007;282:35279-35292 

231. Tzanavari T, Giannogonas P, Karalis KP. Tnf-alpha and obesity. Curr Dir 
Autoimmun. 2010;11:145-156 

232. Yudkin JS, Eringa E, Stehouwer CD. "Vasocrine" Signalling from perivascular fat: A 
mechanism linking insulin resistance to vascular disease. Lancet. 2005;365:1817-
1820 

233. Greenstein AS, Khavandi K, Withers SB, Sonoyama K, Clancy O, Jeziorska M, 
Laing I, Yates AP, Pemberton PW, Malik RA, Heagerty AM. Local inflammation and 
hypoxia abolish the protective anticontractile properties of perivascular fat in 
obese patients. Circulation. 2009;119:1661-1670 

234. Rajsheker S, Manka D, Blomkalns AL, Chatterjee TK, Stoll LL, Weintraub NL. 
Crosstalk between perivascular adipose tissue and blood vessels. Curr Opin 
Pharmacol. 2010;10:191-196 

235. Gao YJ, Takemori K, Su LY, An WS, Lu C, Sharma AM, Lee RM. Perivascular 
adipose tissue promotes vasoconstriction: The role of superoxide anion. 
Cardiovasc Res. 2006;71:363-373 

236. Gu P, Xu A. Interplay between adipose tissue and blood vessels in obesity and 
vascular dysfunction. Rev Endocr Metab Disord. 2013;14:49-58 

237. Vollenweider P, Randin D, Tappy L, Jequier E, Nicod P, Scherrer U. Impaired 
insulin-induced sympathetic neural activation and vasodilation in skeletal muscle 
in obese humans. J Clin Invest. 1994;93:2365-2371 

238. Frisbee JC. Vascular adrenergic tone and structural narrowing constrain reactive 
hyperemia in skeletal muscle of obese zucker rats. Am J Physiol Heart Circ 
Physiol. 2006;290:H2066-2074 

239. Burke GL, Bertoni AG, Shea S, Tracy R, Watson KE, Blumenthal RS, Chung H, 
Carnethon MR. The impact of obesity on cardiovascular disease risk factors and 
subclinical vascular disease: The multi-ethnic study of atherosclerosis. Arch Intern 
Med. 2008;168:928-935 

240. Ingelsson E, Sullivan LM, Fox CS, Murabito JM, Benjamin EJ, Polak JF, Meigs JB, 
Keyes MJ, O'Donnell CJ, Wang TJ, D'Agostino RB, Wolf PA, Vasan RS. Burden and 
prognostic importance of subclinical cardiovascular disease in overweight and 
obese individuals. Circulation. 2007;116:375-384 

241. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. 
Homeostasis model assessment: Insulin resistance and beta-cell function from 
fasting plasma glucose and insulin concentrations in man. Diabetologia. 
1985;28:412-419 

242. Mather K. Surrogate measures of insulin resistance: Of rats, mice, and men. Am J 
Physiol Endocrinol Metab. 2009;296:E398-399 

243. Tabas I. The tabas laboratory. 2005 
244. Megens RT, Reitsma S, Schiffers PH, Hilgers RH, De Mey JG, Slaaf DW, oude 

Egbrink MG, van Zandvoort MA. Two-photon microscopy of vital murine elastic and 
muscular arteries. Combined structural and functional imaging with subcellular 
resolution. J Vasc Res. 2007;44:87-98 

245. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time 
quantitative pcr and the 2(-delta delta c(t)) method. Methods. 2001;25:402-408 

246. Christensen KL, Mulvany MJ. Location of resistance arteries. J Vasc Res. 
2001;38:1-12 

247. Aalkjaer C, Mulvany MJ. Human and rat resistance vessels: A comparison of their 
morphological and pharmacological characteristics. Gen Pharmacol. 1983;14:85-87 

248. van Breemen C, Cauvin C, Leyten P, Lodge N, Saida K. Regulation of cytoplasmic 
ca2+ in vascular smooth muscle. Prog Clin Biol Res. 1986;219:157-168 

249. Beny JL, Nguyen MN, Marino M, Matsui M. Muscarinic receptor knockout mice 
confirm involvement of m3 receptor in endothelium-dependent vasodilatation in 
mouse arteries. J Cardiovasc Pharmacol. 2008;51:505-512 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 96 

250. Ouwens DM, Sell H, Greulich S, Eckel J. The role of epicardial and perivascular 
adipose tissue in the pathophysiology of cardiovascular disease. J Cell Mol Med. 
2010;14:2223-2234 

251. Hotamisligil GS, Erbay E. Nutrient sensing and inflammation in metabolic diseases. 
Nat Rev Immunol. 2008;8:923-934 

252. Erridge C, Attina T, Spickett CM, Webb DJ. A high-fat meal induces low-grade 
endotoxemia: Evidence of a novel mechanism of postprandial inflammation. Am J 
Clin Nutr. 2007;86:1286-1292 

253. Goldklang M, Golovatch P, Zelonina T, Trischler J, Rabinowitz D, Lemaitre V, 
D'Armiento J. Activation of the tlr4 signaling pathway and abnormal cholesterol 
efflux lead to emphysema in apoe-deficient mice. Am J Physiol Lung Cell Mol 
Physiol. 2012;302:L1200-1208 

254. Gallou-Kabani C, Vige A, Gross MS, Rabes JP, Boileau C, Larue-Achagiotis C, 
Tome D, Jais JP, Junien C. C57bl/6j and a/j mice fed a high-fat diet delineate 
components of metabolic syndrome. Obesity (Silver Spring). 2007;15:1996-2005 

255. Burcelin R, Crivelli V, Dacosta A, Roy-Tirelli A, Thorens B. Heterogeneous 
metabolic adaptation of c57bl/6j mice to high-fat diet. Am J Physiol Endocrinol 
Metab. 2002;282:E834-842 

256. Morikage N, Kishi H, Sato M, Guo F, Shirao S, Yano T, Soma M, Hamano K, Esato K, 
Kobayashi S. Cholesterol primes vascular smooth muscle to induce ca2 
sensitization mediated by a sphingosylphosphorylcholine-rho-kinase pathway: 
Possible role for membrane raft. Circ Res. 2006;99:299-306 

257. Anfossi G, Russo I, Doronzo G, Trovati M. Contribution of insulin resistance to 
vascular dysfunction. Arch Physiol Biochem. 2009;115:199-217 

258. Vila E, Salaices M. Cytokines and vascular reactivity in resistance arteries. Am J 
Physiol Heart Circ Physiol. 2005;288:H1016-1021 

259. Barton M, Baretella O, Meyer MR. Obesity and risk of vascular disease: Importance 
of endothelium-derived vasoconstriction. Br J Pharmacol. 2011 

260. Arcaro G, Zamboni M, Rossi L, Turcato E, Covi G, Armellini F, Bosello O, Lechi A. 
Body fat distribution predicts the degree of endothelial dysfunction in 
uncomplicated obesity. Int J Obes Relat Metab Disord. 1999;23:936-942 

261. Jebelovszki E, Kiraly C, Erdei N, Feher A, Pasztor ET, Rutkai I, Forster T, Edes I, 
Koller A, Bagi Z. High-fat diet-induced obesity leads to increased no sensitivity of 
rat coronary arterioles: Role of soluble guanylate cyclase activation. Am J Physiol 
Heart Circ Physiol. 2008;294:H2558-2564 

262. Hara K, Horikoshi M, Yamauchi T, Yago H, Miyazaki O, Ebinuma H, Imai Y, Nagai R, 
Kadowaki T. Measurement of the high-molecular weight form of adiponectin in 
plasma is useful for the prediction of insulin resistance and metabolic syndrome. 
Diabetes Care. 2006;29:1357-1362 

263. Venegas-Pont M, Manigrasso MB, Grifoni SC, LaMarca BB, Maric C, Racusen LC, 
Glover PH, Jones AV, Drummond HA, Ryan MJ. Tumor necrosis factor-alpha 
antagonist etanercept decreases blood pressure and protects the kidney in a 
mouse model of systemic lupus erythematosus. Hypertension. 2010;56:643-649 

264. Fukata Y, Amano M, Kaibuchi K. Rho-rho-kinase pathway in smooth muscle 
contraction and cytoskeletal reorganization of non-muscle cells. Trends Pharmacol 
Sci. 2001;22:32-39 

265. Masuo K. Obesity-related hypertension: Role of the sympathetic nervous system, 
insulin, and leptin. Curr Hypertens Rep. 2002;4:112-118 

266. da Silva AA, do Carmo J, Dubinion J, Hall JE. The role of the sympathetic nervous 
system in obesity-related hypertension. Curr Hypertens Rep. 2009;11:206-211 

267. Solheim S, Seljeflot I, Arnesen H, Eritsland J, Eikvar L. Reduced levels of tnf alpha 
in hypercholesterolemic individuals after treatment with pravastatin for 8 weeks. 
Atherosclerosis. 2001;157:411-415 

268. Jain MK, Ridker PM. Anti-inflammatory effects of statins: Clinical evidence and 
basic mechanisms. Nat Rev Drug Discov. 2005;4:977-987 

269. Arnaud C, Burger F, Steffens S, Veillard NR, Nguyen TH, Trono D, Mach F. Statins 
reduce interleukin-6-induced c-reactive protein in human hepatocytes: New 
evidence for direct antiinflammatory effects of statins. Arterioscler Thromb Vasc 
Biol. 2005;25:1231-1236 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 97 

270. Verschuren L, Kleemann R, Offerman EH, Szalai AJ, Emeis SJ, Princen HM, 
Kooistra T. Effect of low dose atorvastatin versus diet-induced cholesterol lowering 
on atherosclerotic lesion progression and inflammation in apolipoprotein e*3-
leiden transgenic mice. Arterioscler Thromb Vasc Biol. 2005;25:161-167 

271. Loppnow H, Zhang L, Buerke M, Lautenschlager M, Chen L, Frister A, Schlitt A, 
Luther T, Song N, Hofmann B, Rose-John S, Silber RE, Muller-Werdan U, Werdan K. 
Statins potently reduce the cytokine-mediated il-6 release in smc/mnc cocultures. J 
Cell Mol Med. 2011;15:994-1004 

272. Ito T, Ikeda U, Shimpo M, Ohki R, Takahashi M, Yamamoto K, Shimada K. Hmg-coa 
reductase inhibitors reduce interleukin-6 synthesis in human vascular smooth 
muscle cells. Cardiovasc Drugs Ther. 2002;16:121-126 

273. Kansui Y, Fujii K, Goto K, Oniki H, Iida M. Chronic fluvastatin treatment alters 
vascular contraction by inhibiting the rho/rho-kinase pathway. Clin Exp Pharmacol 
Physiol. 2006;33:673-678 

274. Nohria A, Prsic A, Liu PY, Okamoto R, Creager MA, Selwyn A, Liao JK, Ganz P. 
Statins inhibit rho kinase activity in patients with atherosclerosis. Atherosclerosis. 
2009;205:517-521 

275. Laufs U, Gertz K, Dirnagl U, Bohm M, Nickenig G, Endres M. Rosuvastatin, a new 
hmg-coa reductase inhibitor, upregulates endothelial nitric oxide synthase and 
protects from ischemic stroke in mice. Brain Res. 2002;942:23-30 

276. Ma FX, Han ZC. Statins, nitric oxide and neovascularization. Cardiovasc Drug Rev. 
2005;23:281-292 

277. Budzyn K, Marley PD, Sobey CG. Chronic mevastatin modulates receptor-
dependent vascular contraction in enos-deficient mice. Am J Physiol Regul Integr 
Comp Physiol. 2004;287:R342-348 

278. Hernandez-Perera O, Perez-Sala D, Navarro-Antolin J, Sanchez-Pascuala R, 
Hernandez G, Diaz C, Lamas S. Effects of the 3-hydroxy-3-methylglutaryl-coa 
reductase inhibitors, atorvastatin and simvastatin, on the expression of endothelin-
1 and endothelial nitric oxide synthase in vascular endothelial cells. J Clin Invest. 
1998;101:2711-2719 

279. Wassmann S, Laufs U, Baumer AT, Muller K, Ahlbory K, Linz W, Itter G, Rosen R, 
Bohm M, Nickenig G. Hmg-coa reductase inhibitors improve endothelial 
dysfunction in normocholesterolemic hypertension via reduced production of 
reactive oxygen species. Hypertension. 2001;37:1450-1457 

280. Banach M, Nikfar S, Rahimi R, Bielecka-Dabrowa A, Pencina MJ, Mikhailidis DP, 
Narkiewicz K, Rysz J, Ray KK, Abdollahi M. The effects of statins on blood 
pressure in normotensive or hypertensive subjects - a meta-analysis of randomized 
controlled trials. Int J Cardiol. 2013 

281. Strazzullo P, Kerry SM, Barbato A, Versiero M, D'Elia L, Cappuccio FP. Do statins 
reduce blood pressure?: A meta-analysis of randomized, controlled trials. 
Hypertension. 2007;49:792-798 

282. Briasoulis A, Agarwal V, Valachis A, Messerli FH. Antihypertensive effects of 
statins: A meta-analysis of prospective controlled studies. J Clin Hypertens 
(Greenwich). 2013;15:310-320 

283. Zadelaar S, Kleemann R, Verschuren L, de Vries-Van der Weij J, van der Hoorn J, 
Princen HM, Kooistra T. Mouse models for atherosclerosis and pharmaceutical 
modifiers. Arterioscler Thromb Vasc Biol. 2007;27:1706-1721 

284. Lundman P, Boquist S, Samnegard A, Bennermo M, Held C, Ericsson CG, Silveira 
A, Hamsten A, Tornvall P. A high-fat meal is accompanied by increased plasma 
interleukin-6 concentrations. Nutr Metab Cardiovasc Dis. 2007;17:195-202 

285. Peluso I, Raguzzini A, Villano DV, Cesqui E, Toti E, Catasta G, Serafini M. High fat 
meal increase of il-17 is prevented by ingestion of fruit juice drink in healthy 
overweight subjects. Curr Pharm Des. 2012;18:85-90 

286. Peairs AD, Rankin JW, Lee YW. Effects of acute ingestion of different fats on 
oxidative stress and inflammation in overweight and obese adults. Nutr J. 
2011;10:122 

287. Miglio C, Peluso I, Raguzzini A, Villano DV, Cesqui E, Catasta G, Toti E, Serafini M. 
Antioxidant and inflammatory response following high-fat meal consumption in 
overweight subjects. Eur J Nutr. 2013;52:1107-1114 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 98 

288. Esposito K, Ciotola M, Sasso FC, Cozzolino D, Saccomanno F, Assaloni R, Ceriello 
A, Giugliano D. Effect of a single high-fat meal on endothelial function in patients 
with the metabolic syndrome: Role of tumor necrosis factor-alpha. Nutr Metab 
Cardiovasc Dis. 2007;17:274-279 

289. Laugerette F, Vors C, Geloen A, Chauvin MA, Soulage C, Lambert-Porcheron S, 
Peretti N, Alligier M, Burcelin R, Laville M, Vidal H, Michalski MC. Emulsified lipids 
increase endotoxemia: Possible role in early postprandial low-grade inflammation. 
J Nutr Biochem. 2011;22:53-59 

290. Mani V, Hollis JH, Gabler NK. Dietary oil composition differentially modulates 
intestinal endotoxin transport and postprandial endotoxemia. Nutr Metab (Lond). 
2013;10:6 

291. Berthon BS, Macdonald-Wicks LK, Gibson PG, Wood LG. Investigation of the 
association between dietary intake, disease severity and airway inflammation in 
asthma. Respirology. 2013;18:447-454 

292. Scott HA, Gibson PG, Garg ML, Pretto JJ, Morgan PJ, Callister R, Wood LG. Dietary 
restriction and exercise improve airway inflammation and clinical outcomes in 
overweight and obese asthma: A randomized trial. Clin Exp Allergy. 2013;43:36-49 

293. Garcia-Marcos L, Castro-Rodriguez JA, Weinmayr G, Panagiotakos DB, Priftis KN, 
Nagel G. Influence of mediterranean diet on asthma in children: A systematic 
review and meta-analysis. Pediatr Allergy Immunol. 2013 

294. Kannel WB. Fifty years of framingham study contributions to understanding 
hypertension. J Hum Hypertens. 2000;14:83-90 

295. Castelli WP, Anderson K. A population at risk. Prevalence of high cholesterol levels 
in hypertensive patients in the framingham study. Am J Med. 1986;80:23-32 

296. Wong ND, Lopez V, Tang S, Williams GR. Prevalence, treatment, and control of 
combined hypertension and hypercholesterolemia in the united states. Am J 
Cardiol. 2006;98:204-208 

297. Stapleton PA, Goodwill AG, James ME, Brock RW, Frisbee JC. 
Hypercholesterolemia and microvascular dysfunction: Interventional strategies. J 
Inflamm (Lond). 2010;7:54 

298. Stokes KY, Cooper D, Tailor A, Granger DN. Hypercholesterolemia promotes 
inflammation and microvascular dysfunction: Role of nitric oxide and superoxide. 
Free Radic Biol Med. 2002;33:1026-1036 

299. Palsson-McDermott EM, O'Neill LA. Signal transduction by the lipopolysaccharide 
receptor, toll-like receptor-4. Immunology. 2004;113:153-162 

300. Tsukumo DM, Carvalho-Filho MA, Carvalheira JB, Prada PO, Hirabara SM, Schenka 
AA, Araujo EP, Vassallo J, Curi R, Velloso LA, Saad MJ. Loss-of-function mutation 
in toll-like receptor 4 prevents diet-induced obesity and insulin resistance. 
Diabetes. 2007;56:1986-1998 

301. Suganami T, Tanimoto-Koyama K, Nishida J, Itoh M, Yuan X, Mizuarai S, Kotani H, 
Yamaoka S, Miyake K, Aoe S, Kamei Y, Ogawa Y. Role of the toll-like receptor 4/nf-
kappab pathway in saturated fatty acid-induced inflammatory changes in the 
interaction between adipocytes and macrophages. Arterioscler Thromb Vasc Biol. 
2007;27:84-91 

302. Schaeffler A, Gross P, Buettner R, Bollheimer C, Buechler C, Neumeier M, Kopp A, 
Schoelmerich J, Falk W. Fatty acid-induced induction of toll-like receptor-4/nuclear 
factor-kappab pathway in adipocytes links nutritional signalling with innate 
immunity. Immunology. 2009;126:233-245 

303. Kim KA, Gu W, Lee IA, Joh EH, Kim DH. High fat diet-induced gut microbiota 
exacerbates inflammation and obesity in mice via the tlr4 signaling pathway. PLoS 
One. 2012;7:e47713 

304. Yang X, Murthy V, Schultz K, Tatro JB, Fitzgerald KA, Beasley D. Toll-like receptor 3 
signaling evokes a proinflammatory and proliferative phenotype in human vascular 
smooth muscle cells. Am J Physiol Heart Circ Physiol. 2006;291:H2334-2343 

305. Otsui K, Inoue N, Kobayashi S, Shiraki R, Honjo T, Takahashi M, Hirata K, 
Kawashima S, Yokoyama M. Enhanced expression of tlr4 in smooth muscle cells in 
human atherosclerotic coronary arteries. Heart Vessels. 2007;22:416-422 

306. Zhang LL, Gao CY, Fang CQ, Wang YJ, Gao D, Yao GE, Xiang J, Wang JZ, Li JC. 
Ppargamma attenuates intimal hyperplasia by inhibiting tlr4-mediated inflammation 
in vascular smooth muscle cells. Cardiovasc Res. 2011;92:484-493 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 99 

307. Higashimori M, Tatro JB, Moore KJ, Mendelsohn ME, Galper JB, Beasley D. Role of 
toll-like receptor 4 in intimal foam cell accumulation in apolipoprotein e-deficient 
mice. Arterioscler Thromb Vasc Biol. 2011;31:50-57 

308. Eissler R, Schmaderer C, Rusai K, Kuhne L, Sollinger D, Lahmer T, Witzke O, Lutz 
J, Heemann U, Baumann M. Hypertension augments cardiac toll-like receptor 4 
expression and activity. Hypertens Res. 2011;34:551-558 

309. Bomfim GF, Dos Santos RA, Oliveira MA, Giachini FR, Akamine EH, Tostes RC, 
Fortes ZB, Webb RC, Carvalho MH. Toll-like receptor 4 contributes to blood 
pressure regulation and vascular contraction in spontaneously hypertensive rats. 
Clin Sci (Lond). 2012;122:535-543 

310. Liang CF, Liu JT, Wang Y, Xu A, Vanhoutte PM. Toll-like receptor 4 mutation 
protects obese mice against endothelial dysfunction by decreasing nadph oxidase 
isoforms 1 and 4. Arterioscler Thromb Vasc Biol. 2013;33:777-784 

311. Liao JK. Rho-kinase: A potential link between hypercholesterolemia and abnormal 
vascular smooth muscle contraction. Circ Res. 2006;99:238-239 

312. Hiroki J, Shimokawa H, Higashi M, Morikawa K, Kandabashi T, Kawamura N, 
Kubota T, Ichiki T, Amano M, Kaibuchi K, Takeshita A. Inflammatory stimuli 
upregulate rho-kinase in human coronary vascular smooth muscle cells. J Mol Cell 
Cardiol. 2004;37:537-546 

313. Bolz SS, Galle J, Derwand R, de Wit C, Pohl U. Oxidized ldl increases the sensitivity 
of the contractile apparatus in isolated resistance arteries for ca(2+) via a rho- and 
rho kinase-dependent mechanism. Circulation. 2000;102:2402-2410 

314. Galle J, Mameghani A, Bolz SS, Gambaryan S, Gorg M, Quaschning T, Raff U, Barth 
H, Seibold S, Wanner C, Pohl U. Oxidized ldl and its compound 
lysophosphatidylcholine potentiate angii-induced vasoconstriction by stimulation 
of rhoa. J Am Soc Nephrol. 2003;14:1471-1479 

315. Moghadasian MH, Frohlich JJ, McManus BM. Advances in experimental 
dyslipidemia and atherosclerosis. Lab Invest. 2001;81:1173-1183 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 100 

11. Acknowledgements 

  

This work is a result from the collaboration of many people working closely together. I 

take this opportunity to extend my sincere gratitude and appreciation to all those who 

made this Ph.D thesis possible.  

 

My deepest gratitude to my scientific mentor PD Dr. Marcus Baumann, who continuously 

supported me, encouraged me and allowed me the necessary creative freedom. I 

express my sincere gratitude towards my scientific mentors Prof. Dr. Uwe Heemann and 

PD Dr. Elias Scherer for the continuous academic support of my Ph.D study and 

research. 

 

I also thank the PhD Program Medical Life Science and Technology, in special Dr. Katrin 

Offe, for all the academic support and advices. 

 

I am grateful to the essential technical work from Marcel Konhäuser, Sandra Haderer 

and Alina Schmidt. I am extremely grateful to Dr. Ruth Eißler (myograph technique) and 

Stefan Chmielewski (cell culture and molecular biology experiments) for their guidance in 

my laboratory work, in addition to invaluable friendship and support during all these 

years.  

 

Last but not the least, I would like to thank my family: my parents Maria Assunção Aoqui 

and Milton Aoqui, my sister Caroline Aoqui and my brother Ronaldo Aoqui, for the 

enormous support and unconditional love, in addition to encouragement throughout 

these years. I want to express my gratitude to Patrick Guenoub, a precious source of 

peace and happiness, for giving me an inestimable support. 

 

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 101 

12. Curriculum Vitae 

 

 

IDENTIFICATION: 

Name:    Cristiane Mapurunga Aoqui 

Address:    Schneckenburgerstr. 19 81675 Munich, Germany 

Telephone:   +49/8978796152 

Email:    cristianeaoqui@hotmail.com 

Date of Birth:   09.02.1974 

Place of Birth:   Braúna, São Paulo, Brazil 

Nationality:   Brazilian 

 

 

EDUCATIONAL BACKGROUND: 

Medical School:     Federal University of Rio Grande do Norte (1992-1998), Natal, Brazil 

       1992-1998: Medical School  

Residency:       Federal University of São Paulo, São Paulo, Brazil 

     Internal Medicine and Nephrology  

     1999-2002 

Ph.D.:        Klinikum rechts der Isar – Nephrology research laboratory 

                       Set. 2009- Set. 2013 

 

CERTIFICATION 

2003: Certification as Nephrology specialist by the Brazilian Society of Nephrology.                    

 

 

FOREIGN LANGUAGES: 

Portuguese - mother language 

English - advanced level 

German - intermediate level           

 

 
 

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 102 

WORK EXPERIENCE: 

Position Institution Dates 

Attending physician Rim e Hipertensão Hospital 
Hemodialysis Unit  
Federal University of São Paulo 
São Paulo-SP BRAZIL 
 

2002 to 04/2009 

Attending physician Nephrology Ward 
Rim e Hipertensão Hospital 
Federal University of São Paulo 
São Paulo-SP BRAZIL 
 

2002 to 04/2009 

Attending physician Transplantation Unit 
Rim e Hipertensão Hospital 
Oswaldo Ramos Foundation 
São Paulo-SP BRAZIL 
 

2002 to 04/2009 

Attending physician Division of Nephrology  
Mandaqui Hospital 
São Paulo-SP BRAZIL 
 

2004 to 04/2009 

Attending physician Organ Procurement Service 
Oswaldo Ramos Foundation 
São Paulo-SP BRAZIL 
 

2001 to 2006 

 

 

Attending physician Transrim – Medical Services 
Clinical nephrology and mobile dialysis 
São Paulo-SP BRAZIL 

2002 to 04/2009 
 
 
 

Consultant nephrologist  
 

Hoffmann-La Roche Inc. (Roche) Produtos 
Químicos e Farmacêuticos S.A.  
São Paulo-SP BRAZIL 

 

10/2006 to 
07/2007  

Attending physician 
 
 
 

Sírio Libanês Hospital 
Clinical Nephrology 
São Paulo-SP BRAZIL 
 

11/2007 to 
04/2009 

 
 

 

 

 

 

 

 

 

 

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 103 

RESEARCH EXPERIENCE: 

 

Co-investigator Anemia clinical trial sponsored by Amgen 
Phase III Study 
Cardiovascular Events in patients with 
CKD and type 2 Diabetes Mellitus 
Division of Nephrology (Chronic Kidney 
Disease) 
Oswaldo Ramos Foundation 
Federal University of São Paulo 

05/2006 to 
03/2009 

Co-investigator 
 
 

Anemia clinical trial sponsored by 
BioGenerix 
Division of Nephrology (Chronic Kidney 
Disease) 
Oswaldo Ramos Foundation 
Federal University of São Paulo 
 

06/2006 to 
04/2007 

Co-investigator 
 

Dyslipidemia clinical trial sponsored by 
Astra-Zeneca 
Division of Nephrology (Chronic Kidney 
Disease) 
Oswaldo Ramos Foundation 
Federal University of São Paulo 
 

12/2007 to 
12/2008 

Co-investigator 
 

Anemia clinical trial sponsored by Roche 
RO 0503821 – CERA versus Alpha 
Epoetin in chronic renal anemia 
Division of Nephrology (Hemodialysis) 
Oswaldo Ramos Foundation 
Federal University of São Paulo 
 
 

01/2008 to 
04/2009 

Co-investigator 
 

Phase IIb Study 
Prospective evaluation of proteinuria and 
renal function in diabetic patients with 
progressive renal disease. 
Division of Nephrology (Hemodialysis) 
Oswaldo Ramos Foundation 
Federal University of São Paulo 
 

08/2007 to 
04/2009 

 

 

GRANT AND AWARD 
 

 2010-2012: Grant of the KKF (Kooperationsgruppe Klinische Forschung of the Technical 
University Munich), nummer 8733185. 

  
 

 June, 2011: Nephrologisches-Forum München “Fellows Night’s Prize” – Best oral 
presentation:  
Short time of high fat intake increases vascular constriction – Possible role of local 
inflammation 

 
 
 
 
 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 104 

PUBLICATIONS 
 

 Increased visceral adiposity is associated with coronary artery calcification in male 
patients with chronic kidney disease. 

 
Aoqui C, Cuppari L, Kamimura MA, Canziani ME. 
Eur J Clin Nutr. 2013 Mar 27. doi: 10.1038/ejcn.2013.66. [Epub ahead of print 

 
 

 Hemoglobin levels in hemodialysis patients treated with epoetin: a Brazilian 
experience. 

 
 Ammirati AL, Watanabe R, Aoqui C, Draibe SA, Carvalho AB, Abensur H, Drumond SS, 

Moreira J, Bevilacqua JL, Silva AC, Tatsch F, Canziani ME. 
 Rev Assoc Med Bras. 2010 Mar-Apr;56(2):209-13.  
 

 Deceased organ donation in Brazil: how can we improve? 
 
 Medina-Pestana JO, Sampaio EM, Santos TH, Aoqui CM, Ammirati AL, Caron D, Galvao-

Pereira M. 
 Transplant Proc. 2007 Mar; 39(2):401-2. 
 
 

 Role of Toll-like receptor 4 in the modulation of blood pressure and vascular 
contractility 

 
 Eißler R., Sollinger D., Chmielewski S., Aoqui C., Schmaderer C., Liskova S., Zicha J., 

Bluijssen H., Witzke O., Benz M., Scherer E., Lutz J., Heemann U., Baumann M. 
 Cardiovasc Res (accepted) 
 

 
ABSTRACTS IN CONGRESSES RELATED TO THIS WORK: 
 

 Sphingosine-1-phosphate in Calcium Sensitization of Small Mesenteric Arteries in 
Spontaneously Hypertensive Rats (POSTER) 
 
Aoqui C, Eißler R, Chmielewski S , Schmaderer C, Sollinger D, Heemann U, Baumann M 
21st annual scientific meeting of the European Society of Hypertension (ESH), Milan, Italy 
(June, 2011) 
 
 

 Short time of high fat intake increases vascular constriction – possible role of local 
inflammation (ORAL PRESENTATION) 
 
Aoqui C, Chmielewski S, Eißler R, Schmaderer C, Sollinger D, Vielhauer V, Heemann U, 
Baumann M 
Nephrologisches Forum München: Fellows Night – Munich, Germany (June 2011) 
 
 

 High-fat diet without weight gain increases vascular constriction – possible role of 
inflammation (ORAL PRESENTATION) 
 
Aoqui C, Chmielewski S, Eißler R, Schmaderer C, Sollinger D, Witzke O, Vielhauer V, 
Heemann U, Baumann M 
16th Annual Meeting of the European Council for Cardiovascular Research (ECCR), La Colle 
sur Loup, Nice, France (October, 2011) 
 

http://www.ncbi.nlm.nih.gov/pubmed/23531780
http://www.ncbi.nlm.nih.gov/pubmed/23531780
http://www.ncbi.nlm.nih.gov/pubmed/20498997
http://www.ncbi.nlm.nih.gov/pubmed/20498997
http://www.ncbi.nlm.nih.gov/pubmed/17362741


Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 105 

 A short period of high fat intake increases blood pressure through vascular inflammation 
involving TNF-alpha/TNFR1/Rho-kinase activation 
(ORAL PRESENTATIONS) 
 
Aoqui C, Chmielewski S, Eißler R, Schmaderer C, Sollinger D, Vielhauer V, Heemann U, 
Baumann M 
22nd European Meeting of Hypertension and Cardiovascular Protection (ESH), London, UK 
(April, 2012) and 78th Annual Meeting of the German Society of Cardiology, Mannheim, Germany 
(April, 2012) 
 
 
 
 
PAPER RELATED TO THIS WORK (Attached) 

Status in December 2013: Submitted 

 

 

 Vascular TNF-α/Rho-kinase Signaling Mediates Vasoconstriction and Blood Pressure 

Elevation in Overweight 

 

First author: Cristiane Aoqui¹     

Co-authors: Stefan Chmielewski1,2, Elias Scherer3, Ruth Eißler¹, Volker Vielhauer4, Daniel 

Sollinger¹, Irina Heid5, Rickmer Braren5, Christoph Schmaderer¹, Remco T.A. Megens6,7, Christian 

Weber6,7, Uwe Heemann¹, Matthias Tschöp8, Marcus Baumann¹ 

 

Affiliation: 

 

¹Dept of Nephrology, Klinikum rechts der Isar der Technischen Universität München, Munich, 

Germany 
2Institute of Molecular Biology and Biotechnology, Adam Mickiewicz University, Poznan, Poland 

³Dept of Otorhinolaryngology, Klinikum rechts der Isar der Technischen Universität München, 

Munich, Germany 
4Dept of Nephrology, Klinikum Innenstadt, Ludwig-Maximilian-Universität, Munich, Germany 
5Institute of Radiology, Klinikum rechts der Isar der Technischen Universität München, Munich, 

Germany 
6Institute for Cardiovascular Prevention, Ludwig-Maximilian-Universität, Munich, Germany 
7Cardiovascular Research Institute Maastricht (CARIM), Maastricht University, the Netherlands. 
8Institute for Diabetes and Obesity, Helmholtz Center, Munich, Germany 

 

 

 
 
 

 

 

 

 

 

 

 



Vascular TNF-α/Rho-kinase signaling in overweight – Ph.D. thesis Cristiane Aoqui 
______________________________________________________________________________________ 
 
 
 

 106 

Abstract 

Objective-Large epidemiological trials have demonstrated that overweight is 

associated with increased cardiovascular risk and has a high prevalence of 

hypertension. However, the exact molecular underpinnings linking overweight 

to blood pressure elevation remain unclear. We hypothesized that vascular 

proinflammatory signaling independent of adipose tissue inflammation, 

contributes to the onset of blood pressure elevation in overweight. 

 

Approach and Results-To study the human condition of overweight, we 

defined overweight in a mouse model in which male C57/Bl6 mice were fed a 

high-fat diet for 2 weeks. We showed that increased vasoconstriction and 

blood pressure elevation following brief exposure of mice to a high-fat diet is 

dependent on vascular TNF-α signaling, leading to increased Rho-kinase 

activity. Inhibition of TNF-α signaling normalized vascular Rho-kinase activity, 

vasoconstriction and blood pressure elevation without affecting overweight. 

Interestingly, statin treatment or return to normal diet were similarly protective 

in ameliorating the effects of vascular signaling in overweight.  

 

Conclusions-These results indicate that vascular TNF-α/Rho-kinase 

signaling plays a role in vasoconstriction and blood pressure elevation in 

overweight.  Our findings pave the way for improved therapeutic strategies 

specifically targeting vascular TNF-α/Rho-kinase signaling to prevent early 

cardiovascular consequences associated to overweight. 

 

Non-standard Abbreviations and Acronyms 

PVAT perivascular adipose tissue 

HFD high-fat diet 

TNFR1-/- tumor necrosis factor receptor 1 knockout 

MOPS 3-(N-morpholino)propanesulfonic acid 

HOMA homeostasis model assessment 

 

Introduction 

Globally, more than 1 billion people have excess weight1. Similar to obesity, 

overweight is associated with increased cardiovascular risk2-3. Large 

epidemiological studies demonstrate that overweight is associated with 

hypertension, an established cardiovascular risk factor3-4 with prevalence 
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reaching 60%5. The molecular mechanisms underlying blood pressure 

elevation in overweight, however, remain unclear.  

 

Several epidemiological studies have demonstrated an association between 

proinflammatory cytokines, cardiovascular risk and obesity6-7. In particular, 

tumor necrosis factor-α (TNF-α) has been widely linked to obesity8-11 and 

also overweight-related pathologies8-9, 12. Interestingly, TNF-α is also linked to 

the pathology of hypertension13 and its levels are clearly increased in the 

vasculature of obese individuals14. Overweight individuals are known to 

exhibit features of vascular dysfunction typically associated with 

hypertension, such as increased vasoconstriction15-16 and endothelial 

dysfunction16-17. Given the link between hypertension and vascular 

inflammation16, 18-19 via its effects on vasoconstriction16, 20, we hypothesized 

that the proinflammatory cytokine TNF-α plays a role in the development of 

cardiovascular risk in overweight via an effect on vasoconstriction and blood 

pressure elevation. However the underlying molecular mechanism remains 

unclear. Targeting vascular dysfunction in overweight could reduce blood 

pressure and therefore cardiovascular risk beyond common antihypertensive 

treatment. One suggestion for the underlying molecular mechanism for 

vascular dysfunction is vascular proinflammatory signaling, as inflammatory 

processes can modulate vascular function 16, 20-21.  

 

Here we analyse the development of cardiovascular risk factors in a mouse 

model of overweight. We hypothesized that in overweight vascular 

proinflammatory signaling increases vasoconstriction resulting in blood 

pressure elevation.  

 

Materials and Methods 

Animal Procedures 

Male wild-type C57BL/6J (WT) and tumor necrosis factor receptor 1 knockout 

(TNFR1-/-) mice were housed in temperature-controlled cages (20°C to 22°C) 

and maintained on a 12/12-hour light/dark cycle. At the age of 12 weeks mice 

were placed (10-12/group) ad libitum either on a normal diet (4% crude fat) or 

2 weeks of high-fat diet (HFD, 30% crude fat, Ssniff, Germany). Additionally, 

WT mice were treated with HFD plus concomitant treatment either with 

pravastatin (Bristol-Myers Squibb, USA, 50mg/kg/day in drinking water) or 
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etanercept (Abbott, USA, 10 mg/kg twice per week intraperitoneal, ip, 

injection). Corresponding control groups received normal diet plus either 

pravastatin in drinking water or vehicle/etanercept as ip injection. 

 

In one set of experiments with WT mice, the HFD was withdrawn and normal 

diet was returned for 2 weeks. Their control groups either received normal 

diet or were kept on HFD for 4 weeks. The TNFR1-/-mice (B6.129-

Tnfrsf1atm1Mak) were purchased from the Jackson Laboratory (Bar Harbour, 

Me., USA) and bred in the Central Animal Facility (University Hospital 

Innenstadt, Ludwig-Maximilians-University Munich). WT mice were obtained 

from Charles River Laboratories (Sulzfeld, Germany).  

 

During isoflurane anesthesia mice were fixed on a heat-controlled plate, and 

the left carotid artery was exposed. An intra-arterial pressure transducer was 

inserted in the left carotid artery under sterile conditions and continuous intra-

arterial blood pressure was measured for 15 minutes (Blood Pressure 

Monitor BP1, World Prec. Instruments, USA). Thereafter, animals were 

sacrificed and the entire intestine, including vascular arcades, was 

immediately excised and stored in cold 3-(N-morpholino)propanesulfonic acid 

(MOPS) buffer for wire-myography.  

 

Changes in whole body weight and epididymal fat pad weight were assessed 

as parameters of visceral fat status. Serum was obtained in serum separator 

tubes (Microvette, USA) and stored at -80°C for subsequent biochemical 

measurements and western blot.   

 

The principles of the NIH Guide for the Care and Use of Laboratory Animals 

as well as the German Law on the Protection of Animals were followed. 

 

Magnetic resonance imanging 

Whole body magnetic resonance imaging (MRI) was performed on mice 

anesthetized with ip pentobarbital and placed in prone position onto a 47-mm 

microscopy surface coil inside the clinical 1.5 T MRI System (Achieva 1.5T, 

Philips Medical Systems, Best, The Netherlands). An axial, multi-slice, turbo 

spin echo (TSE) sequence (resolution 0.25 x 0.25 x 0.35 mm3, 140 slices, 

echo time (TE) = 100 ms, repetition time (TR) = 1000 ms, FOW) was applied 
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to suppress signal from tissue other than fat. The whole body images were 

reconstructed using OsiriX DICOM viewer. 

 

Biochemical measurements 

Serum fasting total cholesterol, triglycerides and glucose levels were 

measured by enzymatic methods (Roche Diagnostics). Fasting insulin was 

measured by ELISA kit (Shibayagi Co. Ltd.). Calculation of the insulin 

resistance index [homeostasis model assessment (HOMA-IR)] was done 

using fasting insulin and glucose values: [insulin (picomoles per liter) x 

glucose (millimolar)] /22.5.22-23 Serum TNF-α was measured with murine 

ELISA kit (Peprotech). 

 

Histology 

Epididymal fat pads and mesenteric vascular beds with perivascular adipose 

tissue (PVAT) were fixed in paraformaldehyde, embedded in paraffin and 

subsequently stained with hematoxylin-eosin. For each mouse the area of 50 

randomly chosen adipocytes was measured in 5 representative sections 

using Image J software (National Institutes of Health, USA) at 10x 

magnification. Mean values given in pixels were compared. Analysis of 

infiltrating leukocytes in epididymal fat pads and in mesenteric vascular beds 

was performed by immunohistochemical staining for CD45 (Beckton & 

Dickenson, USA). Total CD45-positive cells were counted in 10 randomly 

chosen arteries per whole mesenteric vascular bed per mouse and averaging 

the number. 

 

Two-photon microscopy 

Small mesenteric arteries and correspondent PVAT were visualized using a 

Leica SP5 II MP two-photon laser scanning microscope coupled to a water 

dipping 20X ;NA 1.00 objective and a pre-chirped Ti:Sa laser (Spectra 

Physics) tuned to 840nm24. Four Hybrid detectors (HyD) were spectrally 

tuned for optimal detection efficiency and low bleed through of signal: 

Second Harmonic Generation of collagen (HyD1: 400-425nm), 

autofluorescence of adipocytes and GR1/eFluor450 (HyD2: 445-500nm), 

autofluorescence of adipocytes/elastin, and CD115/Alexa488 (HyD3: 515-

555nm) CD45/nanocrystal-605nm (HyD4: 590-625nm). Additional image 

processing was performed using Leica LAF AF 3.0 and ImagePro number of 
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inflammatory cells was determined in 3D datasets in the PVAT of the small 

mesenteric arteries (up to a distance of three times the average adipocyte 

diameter from the small artery).  

 

Quantification of inflammatory cells was performed by detection of the 

number of CD45 /CD115 and CD45/Gr-1 positive cells in each arterial 

segment recorded in 3D datasets (n = 3 arterial segments per mouse, n = 4 

mice per group). The total number of positive cells is presented as 

inflammatory cells per adipocyte (adipocyte volume was determined by 

measuring their maximal diameter in the corresponding arterial segment 

assuming spherical cell shape. 

 

RNA isolation and real-time PCR 

Dissected mesenteric PVAT and epididymal fat tissue were snap-frozen in 

liquid nitrogen and stored at - 80ºC. Tissue (80 mg) was used for RNA 

isolation using RNeasy Lipid Tissue mini kit (Qiagen) according to the 

manufacturer’s protocol. The mesenteric arterial tree was rapidly cleared of 

PVAT under a dissection microscope, snap-frozen in liquid nitrogen, stored at 

- 80ºC and used later on for RNA isolation, performed with RNeasy micro kit 

(Qiagen). Quality of RNA was assessed in agarose gels stained with 

ethidium bromide. Complementary DNA was synthesized using iScript cDNA 

Synthesis Kit (Bio-Rad), according to manufacturer’s protocol. Quantitative 

reverse transcriptase PCR was performed using SYBR Green I (MyiQ 

ICycler, Bio-Rad). Sense and anti-sense cDNA primers are depicted in Table 

I in Data Supplement. The ddCt algorithm method was applied for 

quantification, including the normalization to GAPDH of each sample25. The 

results are expressed as fold of controls from two to four independent 

assays. 

 

Tissue lysates 

Protein extracts were isolated from mesenteric tissues and epididymal fat 

tissue. The whole mesenteric vascular tree was rapidly isolated and cleaned 

to obtain separated arteries and PVAT. Per sample, snap-frozen mesenteric 

arteries, epididymal fat tissue and PVAT from one mouse were lysed in buffer 

(CellLytic MT Mammalian Tissue lysis/extraction reagent, Sigma) containing 

proteases inhibitors (Roche).The lysate was cleared by centrifugation at 
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16.000g for 15 min at 4°C. The supernatant was collected. Protein 

concentration was measured by a bicinchoninic acid protein assay reagent kit 

(Pierce) and used for Rho-associated kinase activity and TaqMan protein 

assays. 

 

Rho-associated kinase activity  

Rho-associated kinase activity was measured by an enzyme immunoassay 

(Cell Biolabs) in mesenteric arteries from all mice groups and after incubation 

with TNF-α in in vitro experiments. In overweight WT mice Rho-kinase 

activity was measured as well in epididymal fat pads and PVAT. Experiments 

were performed according to the manufacturer’s protocol, using 10 μg of 

protein lysate. Values are reported as percentage relative to controls. 

 

TNF-α protein expression 

TNF-α protein expression was measured using TaqMan Protein Assay 

(Applied Biosystems) in mesenteric arteries using a mouse TNF-α 

biotinylated antibody (R&D Systems), according to the manufacturer’s 

instructions. Protein lysates from mesenteric arteries were incubated with two 

pools of TNF-α antibody labeled with two types of oligonucleotides. 

Subsequently, oligonucleotide ligation was performed and the prepared 

templates were amplified and analyzed by quantitative PCR using TaqMan 

probes. Pure antigen (TNF-α, Invitrogen) was used as positive control. The 

results are expressed as fold of control from two independent assays. 

 

Wire myograph and vasoconstriction studies 

First to second order branches from superior mesenteric artery (270-330 µm) 

were cut into 2 mm long rings and mounted in a 4-channel wire myograph 

(Model 620M, Danish Myo. Technology). Each vessel segment was mounted 

on two tungsten wires (40 µm diameter) in the organ chamber filled with 

MOPS buffer. MOPS buffer consisted of (in mM) NaCl 145, KCl 4.7, CaCl2 

3.0, MgSO4 1.17, NaH2PO4 1.2, pyruvate 2.0, EDTA 0.02, MOPS 3.0, and 

glucose 5.0. Vessels were pre-stretched to a tension representing a blood 

pressure of 13.3 kilopascal and equilibrated at this tension for 30 minutes at 

37°C.26 Subsequently the organ bath solution was changed for a fresh pre-

heated MOPS buffer and vascular functions were analyzed.  
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Vessels were subjected to noradrenaline-induced vasoconstriction followed 

by acetylcholine for viability testing. During the experiments, vessel diameter 

was kept constant for  examination under isometric conditions26. After 

washing out with MOPS buffer and resting for 15 minutes, noradrenaline and 

acetylcholine dose response curves were performed. After washing out with 

MOPS buffer and resting again for 15 minutes, calcium sensitivity was 

assessed by stepwise increases in calcium concentration (0 - 3 mmol/L) in 

the chamber, under depolarizing conditions (125 mmol/L potassium). Vessels 

were first depleted of calcium with a calcium-free MOPS buffer plus EDTA 

that consisted of (in mM) NaCl 147, KCI 4.7, MgSO4 1.17, NaH2PO4 1.2, 

pyruvate 2.0, glucose 5.0, MOPS 3.0, EDTA 1.0. This solution was then 

substituted for a high-potassium, calcium-free depolarizing solution plus 

EDTA (NaCl 26.5, KCI 125, MgSO4 1.17, NaH2PO4 1.2, pyruvate 2.0, glucose 

5.0, MOPS 3.0, EDTA 1.0). 

 

 In separate sets of experiments, vessels from WT mice on normal diet and 

HFD were incubated in the chamber with the Rho-kinase inhibitor Y-27632 

(1µM, 10 minutes). Arteries from the same animals were used for time 

controls. The protocol to study vasoconstriction was performed before and 

after incubation. 

 

In another set of experiments, mesenteric arteries of WT mice receiving 

normal diet were exposed to TNF 20ng/ml for 30 minutes 

and noradrenaline-induced vasoconstriction was investigated before and 

after TNF  exposure. Arteries from the same WT mice but without TNF  

treatment were used for time control. Further control experiments were 

performed to investigate the influence of endothelium and incubation time on 

vascular responses. In some experiments, endothelium was removed by 

gently rubbing the intimal surface with a wire, to obtain acetylcholine-induced 

vasodilation of less than 20%.  

 

The myograph gives output readings as absolute tension generated elicited 

by vasodilation or vasoconstriction in millinewton (mN). Data are presented 

as absolute tension and in percentaqe related to the maximal tension 

developed. Noradrenaline was obtained from Fluka, Switzerland; 

acetylcholine, Y-27632 and all the others chemical components of myograph 
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buffer solutions were from Sigma-Aldrich, USA. Y-27632 was dissolved in 

distilled water. Concentrations given in the text refer to final bath 

concentrations.  

To examine the vasoconstriction dependent of intracellular calcium stores, 

we first made a blockade of α1-receptors with phentolamine10 μM. This 

excludes the contribution from nerve-released noradrenaline27.  After 10 

minutes vasoconstriction was induced with vasopressin 1 μM28.  

 

Histology 

Immunostaining for TNF-α was performed in mesenteric vascular beds with 

adipose tissue. Immediately after dissection, the mesenteric vessels together 

with perivascular adipose tissue (PVAT) were placed in 4% 

paraformaldehyde in phosphate buffered saline for 24 hours and 

subsequently processed to paraffin wax blocks. Consecutive 5μm sections 

were de-waxed, rehydrated and immunostained for pro-inflammatory 

cytokine TNF-α (Abcam, Cambridge, UK; dilution 1: 100). Antigen retrieval 

was performed followed by blocking of endogenous peroxidase and 

nonspecific protein binding with Dako blocking solutions. Tissue sections 

were incubated with primary antibodies for 18 hours followed by anti-

rabbit/anti-mouse EnVision-HRP (Dako) and finally by Vector SG chromogen 

kit (Vector Laboratories, Burlingame, CA), used to disclose the presence of 

TNF-α.  

 

Isolation of smooth muscle cells  

Primary smooth muscle cells (SMC) were isolated by enzymatic digestion in 

a solution containing collagenase type II 1mg/ml, soybean trypsin inhibitor 

1mg/ml (Life Technologies), elastase 0,744u/ml (Sigma) in HBSS (Life 

Technologies). Isolated aortas from 2 mice were cleaned from PVAT and 

predigested for 10min. Subsequently adventitia was removed, aortas were 

cut lengthwise and intima was removed by gentle scraping. Aortas were 

enzymatically digested for 1h at 37˚C29. After digestion aortas were passed 

through 100um cell strainer (BD Falcon) and left undisturbed on 3 wells of a 

48 well plate for 1 week. Until passage number 3 cells were cultivated in 

DMEM (PAA) medium with 20% FBS.   After 3rd passage SMC were 

cultivated in DMEM (PAA) medium containing 4,5mg/l Glucose, 2mM L-glu, 
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supplemented with 100U/ml penicillin and 100μg/ml streptomycin and  10% 

FBS (PAA).  

 

Western Blot 

Total adiponectin and adiponectin multimers were determined by western 

blotting in serum. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed. In brief, serum proteins were separated by 

10% SDS-PAGE under non-reducing and non-heating conditions, and 

transferred to nitrocellulose membranes. Membranes were blocked with TBS-

Tween 20 containing 5% skim milk and incubated with a goat anti-mouse 

adiponectin polyclonal antibody (1:500, R&D Systems). After being washed, 

membranes were incubated with horseradish peroxidase conjugated-donkey 

antigoat antibody (1:4000, Santa Cruz Biotechnology). Bands were visualized 

by use of lumi-light Western blotting substrate (Roche Diagnostics), and the 

image was acquired with a Kodak IS440CF Imaging Station. Densitometry 

analysis was performed with Adobe Photoshop software. Relative 

distributions of adiponectin multimers were calculated by dividing band 

density by total density.  

 

Rho-kinase phosphorilates myosin phosphatase target subunit 1 (MYPT1), 

inactivating myosin phosphatase activity, favoring the phosphorilated status 

of myosin light chain, thereby promoting vasoconstriction30.  Total MYPT1 

and phosphorylated MYPT1 were determined by western blotting in primary 

aortic smooth muscle cells. Primary SMC were starved overnight with DMEM 

medium containing 2%FBS and subsequently treated with TNF-α 40 and 

100ng/ml for 6 hours. Cells were homogenized in a lysis buffer (CeLytic, 

Sigma-Aldrich) containing phosphatases and proteases inhibitors (Roche). 

Protein concentration was determined using a bicinchoninic acid protein 

assay kit (Perce). 60ug of protein per sample was loaded per lane and 

resolved by SDS-poly-acrylamide gel electrophoresis (PAGE) under reducing 

conditions. Proteins were transferred onto PVDV membrane using iBlot 

transfer device (Life Technologies). Membranes were blocked by treatment 

with 5% BSA (PAA) in TBS and subsequently probed with antibodies against 

MYPT1 (1:800, EMD Millipore), phosphorylated MYPT1 (p-MYPT1, 1:80, 

EMD Millipore), GAPDH (1:15000, EMD Millipore ) and then incubated with a 

horseradish peroxidase-conjugated secondary antibody (1:10000, Santa 
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Cruz ). Immunoreactivity was detected by adding Luminata Forte Western 

Substrate (EMD Millipore) and detected by Intas imaging system 

 

  

Data Analysis and Statistical Procedures 

Data are presented as mean ± SEM.  In myograph experiments differences 

between logEC50 in cumulative dose-response curves were calculated using 

a non-linear regression analysis. For comparisons between absolute tensions 

two-way ANOVA with Bonferroni post hoc test was used. For comparisons 

between more than two groups one-way ANOVA with Tukey post-hoc test 

was used. In all other experiments comparing two groups, Student’s t-test 

was used. A probability value <0.05 was considered statistically significant 

(GraphPad Prism ® 5.0).  

 

Results 

 

A mouse model for overweight 

To address the putative role of vascular TNF-α signalling in overweight-

induced hypertension, we developed a mouse model of overweight. As 

expected, wild-type (WT) mice fed HFD for 8 weeks were obese (Fig. 1A). 

serum TNF-α was elevated and insulin resistance was present (Fig. 1B). We 

observed increased vasoconstriction (Fig. 1C) and elevated blood pressure 

(Fig. 1D). Overweight mice fed HFD for 2 weeks had significantly heavier 

epididymal fat pads along with accumulated mesenteric PVAT accompanied 

by hypertrophy of adipocytes (Fig.1A). Interestingly, while overweight WT 

mice also had increased total cholesterol levels, common confounders 

associated with obesity, such as insulin resistance and systemic 

inflammation, were absent (Fig.1B). The small mesenteric arteries of 

overweight WT mice had an increased response to noradrenaline as shown 

by measurement of absolute tension and EC50 (control WT: logEC50 -5.921 

vs. overweight WT: logEC50 -6.556, P<0.001) (Fig.1C). A similar result was 

obtained in endothelium-denuded arteries, demonstrating that the 

vasoconstriction response was independent of endothelium (Figure IA in the 

Data Supplement).  We examined as well the role of PVAT in this model. 

The data strongly suggest that after 2 weeks of high-fat diet the PVAT keeps 

its anticontractile properties, very similarly to controls. Thus, PVAT did not 
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seem to influence vascular function in our overweight model (Figure IB in 

the Data Supplement). Overweight WT mice also had significantly increased 

blood pressure values (control WT: 72 ± 1.3 mmHg vs. overweight WT: 85 ± 

1.0 mmHg, P<0.001) (Fig.1D). Unlike the overweight, the mesenteric PVAT 

from the obese group showed signs of inflammation (Fig. 2A-E). Thus, our 2-

week HFD-induced mouse model exhibits an overweight phenotype without 

confounding obesity-related factors but already with increased 

vasoconstriction and blood pressure elevation.   

Vascular TNF-α contributes to increased noradrenaline-induced vasoconstriction 

and blood pressure in overweight mice. 

In order to test the hypothesis that TNF-α plays a role in vascular 

dysfunction, we first analyzed the expression of the cytokine in our 

overweight mouse model. Mesenteric arteries from overweight WT mice had 

a two-fold increase in expression of both TNF-α mRNA and TNF-α protein 

levels (Fig. 3A). This finding was corroborated by positive immunostaining of 

mesenteric arteries for TNF-α (Figure IIA in the Data Supplement). 

Overweight WT mice had no elevation of TNF-α in visceral adipose tissue, as 

shown by analysis of mesenteric PVAT and epididymal fat pads (Fig. 3A).  

 

Functional analysis of the effect of TNF-α on small mesenteric arteries from 

control WT mice was carried out using wire myography. Incubation of the 

arteries with TNF-α for 30 min increased noradrenaline-induced 

vasoconstriction (logEC50 pre TNF-alpha: -6.265; post TNF-alpha: -6.680, 

P<0.01), suggesting a direct effect of TNF-α on the vasculature (Fig. 3B). In 

contrast, no such effect was observed in TNF-α loss-of-function models 

either using an anti-TNF-α antibody (etanercept) or TNFR1-/- mice. 

Pharmacological or genetic loss of TNF-α signaling did not interfere with the 

development of overweight and hypercholesterolemia, leading to a metabolic 

phenotype identical to untreated overweight WT mice. However, increased 

vasoconstriction and blood pressure elevation were not observed (Fig. 3C 

and 3D). Arteries with similar endothelial function were used for all 

vasoconstriction studies.  

Adiponectin is suggested as an endogenous opponent to TNF-α in the 

control of vascular biology31.  In our overweight WT mice, however, levels of 

adiponectin and, in particular HMW adiponectin, were unchanged compared 

to controls (Figure IIB in the Data Supplement). In contrast, obese mice 
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(after 8 weeks of HFD) had significantly reduced HMW adiponectin (Figure 

IIB in the Data Supplement). Thus, although HMW adiponectin may 

influence vascular biology in obese mice, the effect of TNF-α signaling in 

overweight mice is independent of adiponectin action.  

 

Vascular TNF-α downstream signaling in overweight mice 

One candidate to mediate the signaling events downstream of TNF-α in 

overweight-induced vasoconstriction and blood pressure elevation is the 

RhoA/Rho-kinase pathway. MYPT1 is phosphorylated by Rho-kinase and 

thereby inactivates myosin phosphatase activity, favoring the phosphorylated 

status of the myosin light chain, leading to vasoconstriction32. To assess the 

role of this pathway, we measured Rho-kinase activity in overweight WT mice 

and found that activity was increased in mesenteric arteries but not 

epididymal or mesenteric PVAT (Fig. 4A). Incubation of mesenteric arteries 

from control WT mice with TNF-α led to a significant increase in Rho-kinase 

activity in mesenteric arteries, with even low doses (20ng/ml) causing an 

almost two-fold increase (Fig. 4B). In contrast, vascular Rho-kinase activity 

was not increased in overweight WT on TNF-α antibody treatment or in 

overweight TNFR1-/- mice (Fig. 4C). In addition, vascular smooth muscle 

cells treated with TNF-α presented increased Rho-kinase activity and 

increased phosphorilation of myosin phosphatase target subunit 1 (MYPT1) 

(Figure IIC in the Data Supplement). Taken together, these data suggest 

that the Rho-kinase pathway mediates TNF-α-induced vasoconstriction and 

elevated blood pressure in a mouse model of overweight-induced 

hypertension. 

 

Consistent with a vascular TNF-α-induced activation of Rho-kinase, calcium-

induced vasoconstriction was also augmented in overweight WT mice 

compared to control WT animals (Fig. 4D). In order to test the relevance of 

Rho-kinase activation in these responses, calcium sensitivity was 

investigated in the wire myograph. We first blocked adrenoreceptors with 

phentolamine, and then vasopressin was added to elicit vasoconstriction that 

is dependent on release of intracellular calcium. Mesenteric arteries from 

overweight WT mice had an earlier and stronger response to intracellular 

calcium release that was independent of adrenergic signaling, suggesting 

higher calcium sensitivity in these arteries (Figure III in the Data 
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Supplement). Treatment with TNF-α antibody prevented increased calcium-

mediated vasoconstriction in overweight mice (Fig. 4E). Similarly, overweight 

TNFR1-/- mice did not show augmented calcium-induced vasoconstriction 

(Fig. 4E). Upon blockade of Rho-kinase activity with the specific inhibitor Y-

27632 in mesenteric arteries of overweight WT mice, calcium-induced 

vasoconstriction returned to a level similar to that found in control WT mice. 

As expected, treatment with Y-27632 caused only a mild reduction of 

vasoconstriction in arteries from control WT mice (Fig. 4F). Taken together, 

these data further support a role for vascular Rho-kinase activity as a link 

between TNF-α and vascular changes in overweight mice. 

 

Pravastatin and return to normal diet prevented/reversed increased 

vasoconstriction and blood pressure levels in overweight mice 

Given the relation between TNF-α signaling and overweight-induced vascular 

pathology, we investigated whether we could break the link between vascular 

inflammation and blood pressure increase in our mouse model. We first 

investigated the effects of pravastatin, an HMG-CoA reductase inhibitor 

commonly used in patients with high cardiovascular risk33 and that is known 

to have pleiotropic effects33-35, including modulation of the RhoA/Rho-kinase 

signaling pathway36-37. Similarly to etanercept and lack of TNFR1, pravastatin 

had no effect on weight gain or cholesterol level (Fig. 5A and 5B), however it 

prevented the increase of vascular Rho-kinase activity and protected against 

vasoconstriction and blood pressure elevation in WT overweight mice (Fig. 

5C). Interestingly, returning overweight mice to a normal diet for two weeks 

resulted in prevention of Rho-kinase activity increase and a significant 

reduction in noradrenaline sensitivity (overweight mice, logEC50 -6.360; HFD 

withdrawal, logEC50 -6.088; P<0.05). Blood pressure was also significantly 

lower than in mice kept on HFD; however, vasoconstriction and blood 

pressure still remained significantly elevated compared to control mice on 

normal diet (Fig. 6A). This effect was observed despite overweight features 

not being significantly different from mice that had continued the HFD (Fig. 

6B and 6C). Notably, with the return to normal diet, cholesterol decreased 

significantly (Fig. 6C) Thus, return from HFD to normal diet partially 

recovered vascular function and decreased blood pressure, without reversing 

overweight. Such observations are consistent with reports that diets rich in 
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saturated fat may themselves be a source for inflammation, including for 

TNF-α, either directly or via metabolic endotoxemia38-40.  

 

Discussion 

We showed that a short-term HFD intake generates a mouse model of 

overweight with increased vasoconstriction and elevated blood pressure. In 

overweight mice, vascular but not adipose tissue inflammation contributed to 

increased vasoconstriction and blood pressure elevation. We demonstrated 

that vascular TNF-α/Rho-kinase signaling mediates this mechanism. 

Different strategies either prevented or partially reversed the increase in 

vasoconstriction and blood pressure without affecting weight gain. 

 

Despite numerous studies in animal models of obesity, the overweight 

condition has not been well characterized in a mouse model with concomitant 

vascular alterations. The C57/Bl6 mouse on prolonged HFD is an established 

model to study diet-induced obesity41. A short-term HFD in C57/Bl6 mice 

presents already after two weeks with weight gain, including visceral fat gain. 

Therefore, we propose it as a model mimicking the human clinical condition 

classified as overweight. Importantly, this mouse model of overweight shows 

an increased vasoconstriction and blood pressure without the presence of 

confounders such as disturbance of glucose metabolism and systemic 

inflammation.  

 

The proinflammatory cytokine TNF-α was present in arteries of overweight 

mice. The association between cytokines, cardiovascular risk and obesity6-7, 

42 is well known. In our overweight mice the mesenteric arteries had elevated 

TNF-α, that has also been reported to be an adipocyte-derived cytokine8, 10, 

12. However, TNF-α expression was not increased in mesenteric PVAT and 

epididymal fat in overweight mice. This finding corresponds to the 

observation of Virdis et al., who demonstrated a prominent TNF-α staining in 

visceral arteries of obese individuals14. To understand the molecular 

mechanisms involving vascular TNF-α in overweight, we showed in ex vivo 

myograph experiments that TNF-α elicits vasoconstriction in mesenteric 

arteries of WT mice on normal diet. A pharmacological approach to 

antagonize TNF-α in the course of HFD prevented the increase in 

vasoconstriction and blood pressure without affecting overweight. This is in 
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line with a report of a mouse model of vasculitis, where treatment with a TNF-

α antibody lowered blood pressure43. As overweight TNFR1 deficient mice 

were similarly protected, the role of vascular TNF-α in overweight-induced 

vasoconstriction and blood pressure elevation was further strengthened. In 

order to understand the mechanism involved in the vascular effects elicited 

by TNF-α we investigated adiponectin, discussed as regulatory counterpart 

of TNF-α.  Lower levels of adiponectin, in particular the high-molecular 

weight (HMW) adiponectin, have been linked to metabolic syndrome44, and 

Greenstein et al. reported an adiponectin-dependent vascular effect in obese 

subjects31. However, our data do not indicate a role for adiponectin after 

short-term HFD in mice. In particular, as the protective HMW adiponectin 

fraction was not significantly reduced in overweight mice.  

 

The RhoA/Rho-kinase pathway is known to be a key regulator of calcium 

signaling during vasoconstriction45,  and can be upregulated in hypertensive 

states and other cardiovascular diseases46. Furthermore, TNF-α (through 

TNFR1) has been reported to activate RhoA in airway smooth muscle cells47. 

However, there is currently no evidence of similar signaling occurring in 

vascular smooth muscle cells. We demonstrated that TNF-α activates Rho-

kinase in mesenteric arteries ex vivo and in vitro in cultured vascular smooth 

muscle cells from WT mice on normal diet. In this line, mesenteric arteries of 

overweight WT presented not only with increased TNF-α expression but also 

with increased Rho-kinase activity. Similarly, adipose tissue of overweight 

WT without TNF-α expression had also no increase in Rho-kinase activity. 

The functional link between vascular TNF-α expression and Rho-kinase 

activity was evidenced as overweight WT treated with TNF-α antibody and 

overweight mice with genetic deletion of TNFR1 had lower vascular Rho-

kinase activity, reduced vasoconstriction and lower blood pressure. Taken 

together these data offer vascular Rho-kinase activity as a link between TNF-

α and blood pressure increase in overweight mice.  

 

Next we investigated whether we could break the link between vascular 

inflammation and blood pressure increase. Statins have pleiotropic anti-

inflammatory effects33-35 that include the modulation of Rho-kinase 

signaling36-37. In overweight mice pravastatin prevented blood pressure 

increase similarly to TNF-α blockade without affecting the extent of fat gain. 
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Finally, we targeted HFD as a potential source for inflammation48-50. Indeed, 

the return to normal diet in overweight WT mice reduced blood pressure 

without significantly altering the overweight state, although the cholesterol 

levels decreased significantly. This finding suggests a potential link between 

hypercholesterolemia and blood pressure elevation in overweight, in line with 

epidemiological observations showing a high prevalence of elevated 

cholesterol levels in patients with hypertension51-53. These data support the 

idea that blood pressure increase in overweight can be prevented or at least 

ameliorated by targeting a downstream vascular signaling through different 

strategies not necessarily dependent on significant weight loss. 

 

In summary, our results demonstrate that short-term HFD in mice results in 

overweight with increased vasoconstriction and blood pressure elevation 

through a mechanism involving vascular TNF-α/Rho-kinase signaling. These 

findings pave the way for improved therapeutic strategies beyond 

antihypertensive drugs and weight loss to specifically target vascular 

proinflammatory signaling as a means of preventing the early cardiovascular 

consequences of overweight. 

 

Significance 

Overweight is a common and increasing problem in western societies and is 

associated with blood pressure increase. A better understanding of the 

mechanisms involved in the increase of blood pressure will provide 

opportunities for therapeutic interventions to decrease cardiovascular risk, 

beyond weight loss. Our mouse model for the clinical condition of overweight 

showed that vascular inflammation is a major player for blood pressure 

increase and might represent a potential target for interventions in human 

overweight aiming to decrease cardiovascular risk. 
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Figures and Figure Legends 

 

 

 

 Figure 1. Effect of HFD for 8 (obese) and 2 weeks (overweight) on WT mice. Similar to 

obese WT, overweight resulted in onset of cardiovascular risk factors such as increased 

vasoconstriction and blood pressure elevation. A, Mesenteric PVAT, epididymal fat pads 

and adipocyte hypertrophy. White areas represent fat depots in magnetic resonance 

imaging (n=3-6/group). B, Comparative table of weight and metabolic parameters (n=10-

15/group). C-D, Vasoconstriction (absolute tension and sensitivity) and mean arterial 

blood pressure pressure were significantly higher in obese and in overweight WT 

(n=10/obese WT group and 20/overweight WT group). Error bars, s.e.m., *P <0.05, **P 

<0.01, ***P < 0.001 compared to the corresponding controls, na=not applicable.  
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 Figure 2. Inflammation in mesenteric perivascular adipose tissue (PVAT). A, 

Representative images from CD45 immunohistochemical staining of mesenteric PVAT. 

B, The number of CD45-positive cells was not different between overweight mice and 

controls, but it was increased in obese mice. C, Increased expression of inflammatory 

genes in mesenteric PVAT (n=6/group, error bars, s.e.m., *P<0.05, **P<0.01). D-E, 

Representative images of two-photon microscopy a small mesenteric artery and 

correspondent PVAT. Positive cells for CD45/CD115 and CD45/Gr-1 staining are shown. 

Overweight mice did not present with increased number of positive cells. In the obese 

mice group there was a trend toward quantitatively more positive cells (P=0.06). The 

column graph represents the number of positive cells per arterial segment examined (3 

segments/mouse, n=4 mice/group, error bars, s.e.m.). 
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Figure 3
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 Figure 3. Role of TNF-α in the development of cardiovascular risk factors associated 

with overweight.  A, Expression of TNF-α mRNA and protein in mesenteric arteries and 

adipose tissue (epididymal fat pads and mesenteric PVAT), n=6/group. B, Mesenteric 

arteries from control WT were incubated with TNF-α (20ng/ml, 30 minutes) in the wire 

myograph and presented increased noradrenaline-induced vasoconstriction (n=6/group). 

C-D, Increase in noradrenaline-induced vasoconstriction and mean arterial blood 

pressure was prevented in overweight WT mice plus treatment with etanercept (10 

mg/kg twice per week intraperitoneally, n=5/group) and in overweight TNFR1-/- mice, 

n=6/group. Error bars, s.e.m., *P <0.05 ,**P <0.01. 
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Figure 4
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 Figure 4. TNF-α increases Rho-kinase activity in the vasculature. A, Increased Rho-

kinase activity in mesenteric arteries but not in epididymal or in mesenteric PVAT of 

overweight WT mice (n=8/group). B, Increased Rho-kinase activity in isolated mesenteric 

arteries from control WT after incubation in culture medium with TNF-α (0.35 and 

1.75mmol/L, 30 minutes). C, Rho-kinase activity was not increased in overweight WT 

treated with etanercept or in overweight TNFR1-/- (n=6/group). D, Increased calcium-

induced vasoconstriction in small mesenteric arteries of overweight WT (n=20/group). E, 

Calcium-induced vasoconstriction was not increased in overweight WT treated with 

etanercept or in overweight TNFR1-/- (n=6/group). F, Blockade of Rho-kinase activity (Y-

27632, 1µmol/L for 10 minutes) in mesenteric arteries mounted in the wire myograph had 

a more pronounced effect in decreasing calcium-induced vasoconstriction in the 

overweight WT group (n=6/group). Error bars, s.e.m., *P <0.05 ,**P <0.01. 
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 Figure 5. Effect of pravastatin treatment on overweight WT mice. A, Mesenteric PVAT, 

epididymal fat pads and adipocyte hypertrophy. Treatment with pravastatin (50mg/kg/day 

in drinking water) did not prevent fat gain (n=6/group). B, Comparative table of weight 

and metabolic parameters (n=6/group, **P <0.01; ***P <0.001; na=not applicable). C, 

Increases in Rho-kinase activity, vasoconstriction and blood pressure (8-10/group) were 

prevented by treatment with pravastatin in overweight WT mice. 
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 Figure 6. Effect of return to normal diet on overweight WT mice. After 2 weeks of HFD, 

overweight WT mice were returned to normal diet for 2 weeks (n=10/group). Aged-

matched WT mice on normal diet and on HFD for 4 weeks were used as controls. A, 

Rho-kinase activity was not increased after HFD withdrawal. Increase in vasoconstriction 

and blood pressure elevation were partially prevented (+P<0.05, ++P<0.01, +++ P<0.001 = 

HFD withdrawal vs. Control WT and *P<0.05, ***P<0.001 = HFD withdrawal vs. 

Overweight WT, n=7-10/group) Error bars, s.e.m.. B, Mesenteric PVAT, epididymal fat 

pads and adipocyte hypertrophy (magnification 200x). C, Comparative table of weight 

and metabolic parameters. HFD withdrawal partially prevented visceral fat gain at the 

end of 4 weeks, compared to the overweight group on continuous HFD (*P<0.05, *** 

P<0.001 and ns=not significant; before slash refer to HFD withdrawal vs. Control WT and 

following the slash refer to HFD withdrawal vs. Overweight WT,  n=7-10/group).  
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Data Supplement 

  Supplemental Table I – Primer sequences 

Gene Forward Reverse 

GAPDH TCGGTGTGAACGGATTTGGC TTTGGCTCCACCCTTCAAGTG 

TNF-α CCAAAGGGATGAGAAGTTCC GGCAGAGAGGAGGTTGACTTT 

TLR4 ATTCCCTCAGCACTCTTGATT AGTTGCCGTTTCTTGTTCTTC 

MCP-1 GCTGTAGTTTTTGTCACCAAG GATTTACGGGTCAACTTCACA 
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  Figure I. Effect of endothelium and perivascular adipose tissue (PVAT) on 

vasoconstriction of small mesenteric arteries from overweight WT mice. A, Endothelium-

denuded arteries presented similar vasoconstriction level, suggesting the after 2 weeks 

of high-fat diet the endothelium function did not influence noradrenaline-induced 

vasoconstriction. B, Arteries examined in the wire myograph without and with PVAT. The 

anticontractile properties of the PVAT were still present in the overweight WT group, with 

similar effect to the one observed in the control WT mice. **P<0.01, n=2-3 

arteries/mouse, 4 mice/group. 
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 Figure II.  TNF-α staining, adiponectin measurement and activation of Rho 

kinase/phosphorilation of MYPT1.  A, Representative images of positive immunostaining 

for TNF-α in small mesenteric arteries. B, High-molecular weight (HMW) adiponectin 

level detected by Western blot in serum was significantly reduced in obese but not 

overweight WT mice (n=6/group, error bars, s.e.m., ns=not significant, *P <0.05).  C, 

Rho-associated kinase activity in vascular smooth muscle cells treated with vehicle 

(control) or TNF-α 100ng/ml for 6 and 12 hours. Western blot analysis showed increased 

phosphorilation of MYPT1 in cells treated with TNF- α 100ng/ml. Cells were treated with 

vehicle (control) or TNF-α 40 and 100ng/ml for 6 hours. Error bars, s.e.m., P <0.05.  
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 Figure III.  Role of intracellular calcium in vasoconstriction response in overweight. 

After blocking adrenoreceptors with phentolamine, intracellular-calcium-dependent 

vasoconstriction (elicited by vasopressin) was higher in overweight WT mice. Error bars, 

s.e.m., *P<0.05.  

 

 

 

 

 


