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ERICKA R. DANIELS 
Identifying a Vasoconstrictor Role for Interleukin-6, a Pro-inflammatory Cytokine 
(Under the direction of R. CLINTON WEBB) 

Increased plasma levels of interleukin-6 (IL-6) have been associated with elevated 

blood pressure and is predicative of risk for a firSt myocardial infarction. We therefore 

hypothesized that interleukin-6 has vasoconstrictive properties. Methods for this study 

included quantification of tissue levels of IL-6 , by capture ELISA from angiotensin 11-
. I 

i 

hypertensivie male, C57BL/6J mice. Ti~sue coJcentratioti of IL-6 was compared to 

con~rol normotensiv¢ samples (thoracic aortic segments). ·Blood pressure was monitored 

by telemetry and the direct effect of IL-6 on v.ascu~ar contractility was studied in thoracic 

aortas isolated from normotensive mice. 

Our results show that IL-6 was significantly elevated (231.4 pg/mg ± 13.4 pg/mg 
. . 

~ . . . 

SEM) in angiotensin II-hypertensiye mice compared to controls (129.9 pg/mg ± 11.2 · 

pg/mg SEM) and WT mice displayed a higher increase in MAP to angiotensin 11-infusion 

(60.35 mmHg ± 4.55 mmHg) at the end of infusion period compared to IL-6 KO mice 

(33.81 mmHg ± 6.67 mmHg). Pre-treatment of denuded aortic rings from normotensive 

mice with IL-6 for 24 hours caused a significant inhibition of their contractile response to 

phenylephrine and endothelin-1. In contrast, there was no significant effect on relaxation 

response to sodium niroprusside. In endothelium intact aortic rings, IL-6 caused 

contraction in the presence of L-NAME to inhibit nitric oxide synthase. We conclude 

that depending upon the experimental conditions, IL-6 has vasoconstrictive properties. 
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INTRODUCTION 

Statement of the Problem 

One of the most important revelations of the last two decades was the finding of 

an activation of the natural immune response in numerous physiological and 

pathophysiological processes despite the absence of an infectious agent [ 1]. Elevated 

baseline serum levels of C-reactive protein (CRP), an acute-phase reactant produced in 

response to inflammatory cytokines such as interleukin-6 (IL-6), can be used to predict 

the risk of future myocardial infarction and stroke [2]. Aspirin greatly reduces· this risk 

and a reduction i~ incidence appears to be directlyproportion~l to the degree of elevation 
. ' ·. ..,' 

of CRP. "fhese findings are significant because more than half of all heart attacks and . 

two-thirds of all strokes occur in previously hypertensive individuals [3]. Hypertension 
. ' ' •' 

has been hypothesized as an inflammatory disorder, but clinical data supporting this 

hypothesis are scarce. 

The first large study to address the possible relationship between hypertension 

and cytokine levels was conducted by Chae and colleagues [ 4]. It was hypothesized that 

increased blood pressure is a stimulus for inflammation and that this is ·a possible 

mechanism underlying the well-established role of hypertension as a ri'sk factor for 

cardiovascular disease. In a cross-sectional study involving 508 apparently.healthy men, 

an association between blood pressure and ·· baseline plasma concentrations of two 

inflammatory markers, soluble intercellular adhesion molecule- I (siC AM -1) and IL-6 

1 



2. 

was made. Systolic, diastolic, pulse, and mean arterial pressure were positively 

correlated with increasing levels of IL-6. Following this work, Sesso and colleagues 

came out with the results of a prospective cohort study consisting of 20,525 female health 

professionals aged 45 years or older [ 5]. The conclusion of this study found that CRP 

levels are . associated with future development of hypertension, contributing to the 

hypothesis that hypertension, is in part, an inflammatory disorder. 

Both CRP and IL-6 serve as biological markers for. inflammation [ 6] with serum 

levels predictive of risk for a first myocardial infarction [2]. IL-6 is a central mediator in 

the acute phase response of the immune system and a primary determinant of CRP. · The 

evidence for the role of IL-6 in the hepatic acute phase response comes from studies 

utilizing IL-6 gene knockout (KO) animal models in which IL-6 KO animals display.an 

impaired response to tissue damage or infection. [7}, [8]. An unsuspected source of IL~6 

in healthy men and women is adipose tissue with estimates of as much as 1/3 of total 

circulating concentrations of·IL-6 originating from this source [7]. Moreover, in obese 

women; serum IL-6 levels are elevated, however, upon weight loss, ,improvement in 

vascular response to L-arginine (a natural precursor to nitric oxide (NO), a vasodilator) 

correl~tes with .a decline in seru1n IL-6 [9]. Several in vitro studies have shown that 

angiotensin II, a potent vasoconstrictor that elevates blood pressure and heart rate, · 

induces the expression of IL:-6 by vascular smooth muscle cells [ 10, 11]. 

IL-6 has co~e to the. forefront as a possible player in the regulation of blood 

pressure, suggesting that therapeutic interventions. to reduce the· cytokine could perhaps 
. . .. . ' . ' ' 

be protective. However, exactly how -it is involved remains to pe. elucidated. One 

fundamental question has perplexed researchers for some time--does inflammation 
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trigger high blood pres~ure or is inflammation a_ by-product of the disease?. An answer to 

this question could greatly affect the standard of care for hypertension from early 

diagnosis through treatment [ 1]. 

Hypothesis and Specific Aims 

The goal of this study relates to the long term research objectives to identify a role 

for IL-6 in the vasculature. In light of the current studies of IL-6, we hypothesize that IL-

6, has vasoconstrictive properties and contributes to elevated· blood pressure in 

angiotensin II-induced hypertension. 

.•. + 
. ............ .. 

..... 
? fl'vasocoristriction 

+' 

! 
{)'Blood pressure 

Schematic of Hypothesis: The above diagram illustrates that angiotensin II, a powerful 

vasoconstrictor and important regulator in blood pressure, induces synthesis of IL-6 [ 10-

12] and generation of superoxide [1~-15]. In turn, superoxide generation causes 

vasoconstriction thereby influencing vessel tone [ 16-18]. Superoxide has also. been 
- , 

demonstrated to activate IL-6 production [18, 19], and recently, IL-6 ·was found to 
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· increase levels of superoxide [ 17]. We propose, that IL-6, has vasoconstrictive 

properties, which contribute to elevated blood pressure. 

Specific Aim 1: Demonstrate that IL-6 positively contributes to elevated blood 

pressure. 

Rationale 

Serum levels of IL-6, a central mediator in the induction of CRP, is positively 

correlated with systolic, diastolic, pulse and mean arterial pressure [ 4]. Moreover, CRP 

levels are associated with future development of hypertension [ 5]. In rat and human 

vascular smooth muscle cells, angiotensin II, a pot~nt vasoconstricto~ that increases blood 

pr.essure, increases the production of IL-6 in a dose and time dependent manner [10, 11]. 

We ·hypothesize that IL-6 knockout ·(KO} mice will exhibit an attenuated response in 

blood pressure to angiotensin II-induced hypertension compared to their wild-type 

counterparts. 

Specific Aim 2: Demonstrate that IL-6 is a vasoconstrictor and potentiates the 

contractile response to various vasoconstrictorse 

Rationale 

IL-6 induces contraction in human arterial segtnents from various organs [20] and 

causes vasoconstriction in the microcirculation of the rat [21]. We hypothesize that 

exogenous IL-6 causes contraction in the aorta and potentiates the contractile response to 

phenylephrine and endothelin-1. 
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Specific Aim 3: Demonstrate that IL-6 impairs: endothelium-independent relaxation 

in vascular smooth muscle. 

Rationale 

In obese women, senim IL-6 levels are elevated, however, upon weight loss, 

improvement in vascular response to L-arginine, a natural precursor to NO (a vasodilator) 

correlates with a decline in serum IL-6 [9]. We hypothesize that IL-6 impairs relaxation . 

response to sodium nitroprusside (SNP), a NO donor, in the aorta of mice. 
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REVIEW ... OF RELATED LITERATURE 

A. Overview o~ Anatomy or a Blood Vessel . (Refer.:to_ figure .1 for illustration) 

Blood vessels consist of three layers called the tunica· intima, the tunica media, 

and the tunica adventitia. The tunica intima delimits the vessel wall toward the lumen. It 

is composed of a single layer of endothelial cells that sit on a basement membrane 

··supported by collagen III. Also present are occasional smooth muscle cells. The second 

·layer, the tunica media, consists of circumferentially arranged smooth muscle cells, and 

depending on vessel size, it has a well-developed elastic net. This segment, known as the 

workhorse of a blood vessel, is tonically active and systemic vasoconstriction results in 

an increase of blood pressure, whereas systemic vasodilation results in lowering of blood 

pressure. The tunica adventitia, consisting primarily of fibroblasts, collagen and elastin 

fibers oriented longitUdinally, gradually merges into the loose connective tissue around 

the blood vessel. The intima and media are separated by the internal elastic lamina and 

the external elastic lamina demarcates the m~dia and adventitia [22, 23]. While ·the 

structural organization of arteries is universal, arteries of different sizes and locations 

differ in the cellular and matrix components that form· these three layers. It is important 

to realize that inflammatory cells infiltrating · the arterial wall will encounter distinct 

microenvironments of varying immune interactions and molecular heterogeneity among 

vascular beds translates into different response patterns to an inflammatory attack [24]. 
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. B. Overview of Hypertension and End~Organ Damage 

Blood pressure is the force exerted by the blood against the vessel walls as it 

circulates through the body. It is monitored. and adjusted by a variety of complex 

interactions that include the heart, vessels, nervous system, kidneys and hormones. High 

blood pressure (hypertension) occurs when the pressure is sustained above its normal 

range; a result from either an increase in blood volume or an increased resistance to blood 

as it flows through the vessels. J:Iypertension requires the heart to pump harder just to 

. keep blood flowing,.creating a strain on itself and arteries. 

More than half of all heart attacks and two thirds of all strokes occur in previously 

hypertensive individuals [3, 25, 26]. High blood pressure is an extremely common 

disease in the United States, with approximately sixty million Americans (25% of the 

population) suffering from the condition [26, 27]. When hypertension is caused by 

unknown disturbances of the cardiovascular system, it is termed primary, essential, or 

idiopathic and accounts for approximately 90-95% of all cases [3, 26]. Secondary 

hypertension, like the name implies, occurs secondary to disease processes such as 

pheochromocytoma. Hypertension is asymptomatic, resulting in a large number of 

affected individuals unaware that they have this disease contributing to the fact that three 

quarters of those affected do not have their blood pressure (BP) under control [26-28]. 

Hypertension causes significant damage to many organs, primarily the heart, 

kidneys, eyes and brain [3, 25-28]. In severe hypertension (a systolic BP> 180 mm Hg or 

a diastolic BP > 110 mm Hg), acute elevations in blood pressure can lead to hypertensive 

crisis. This is associated with end-organ damage, a result of damage to the blood vessels 

and a consequence of inflammation and the accumulation of reactive oxygen species 
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(ROS) [27]. The majority of patients presenting 'Vith end-organ damage have previously 

received a diagnosis of hypertension, and many have been prescribed anti-hypertensive . 

therapy with inadequate blood pressure control. ·End-organ dysfunction.results in various 

conditions, such as hypertensive encephalopathy, acute aortic · dissection, acute 

pulmonary edema with respiratory failure, acute myocardial infarction and unstable 

angina, eclampsia, acute renal failure, and micro-angiopat~ic hemolytic anemia. The 

ultimate goal when treating high blood pressure is to redt:!-ce the incidence of end-organ 

. . 
damage and prevent cardiovascular disease, and thus reduce the incidence of premature 

death [27]. 

C~ Overview of the Acute Phase Response 

Acute phase reactants are a heterogeneous group of serum proteins that are 

rapidly increased in concentration following acute tissue injury. These proteins have 

varied functions during inflal1111iation, but in general serve to limit the damage caused by "' 

pro-inflammatory mediators such as interleukin-1 (IL-l), tumor.necrosis alpha (TNF-a), 

interferon (IFN) and interleukin.;.6 (IL-6). As a systematic response to inflammation, 

profound alterations in metabolism and gene regulation can be found within the liver and 

results in up-r~gulation o:f ,plasma pr~teitis called :acute phase proteins that increase . 
' •' t \ • 

several folds over normal levels. Some acute phase proteins (APPs) increase moderately, 

between 50-1 00%; however, some APPs, like CRP, can increase well over 1,000 fold 

over normal levels [29-32]. · 

The category of APPs vary from species to species (see Table I). In humans, CRP 

(C-reactive protein) is a very useful nonspecific biochemical marker of inflammation 

[33]. Originally named for its capacity to precipitate the somatic C-po~ysaccharide of 



9 

Streptococcus pneumoniae, CRP was the first acute phase protein to be described [29, 

33]. Normal serum concentrations are present in trace amounts, with 90% of the 

population having levels below three milligrams per liter [29, 33, 34]. Following an 

acute phase stimulus, values can increase from less than fifty micrograms per liter to 

tnore than five hundred milligrams per liter-a 10,000-fold increase. CRP, produced 

mainly by hepatocytes, is predominantly under the transcriptional control of IL-6, a pro

inflammatory cytokine [29-33]. A member of the pentraxin protein family, CRP utilizes 

calcium to bind phosphatidylcholine (a molecule found in all cell membranes). 

Compared to humans, mouse CRP is present in trace amounts, and concentrations 

increase in only modest levels to a maximum of two milligrams per liter during an acute 

phase response [31, 33]. 

The only other molecule in mammals that display sensitivity, response speed, and 

dynamic range comparable to those of CRP is serum amyloid A protein (SAA). SAA are 

small apolipoproteins, that during the acute phase response, rapidly associate with the 

third fraction of high-density lipoprotein (HDL3) on which it becomes the predominant 

apolipoprotein. SAA enhances the binding of HDL3 to macrophages during 

inflammation. The function of SAA. in inflammation remains unclear; however, it has 

been suggest~d that it may remodel HDL3 acting as· a signal to redirect it from 

hepatocytes to macrophages so that excess cholesterol and lipid debris at sites of :p.ecrosis 

can be engulfed. SAA is also believed to have protective roles such as inhibition of 

thrombin-induced platelet activation and inhibition of oxidative burst in neutrophils to 

prevent oxidative tissue destruction [31, 32]. 
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Serum amyloid P (SAP), also a member of the pentraxin protein family, is named 
' 

' ' 

for its universal presence in. amyloid deposits. . It is a constitutive, non-acute-phase· 

·- . . 

plasma glycoprotein in humans .. In contrast,, it is the major APP in the mouse [31-33]. 

Both SAA and SAP are related to amyloid A protein found in the tissues of patients with 

secondary amyloidosis. Amyloid _ P ·component :derived from SAP Is" associated with · 

amyloid deposits including those present in A1zhe1,mer's disease [32]. 

In rats, the AJ.?P ·most prominent is a2~maGroglobiri. Rat a2-macroglobin ( a 2-M) 

I 

inhibits the proteolytic activity of a wide rang~ of proteinases. Because of its high 

molecular weight (720 kDa), a2-M does not normally pass from the blood into other 

tissues. It is believed to function as an "acceptor bf pro~einases" released into the blood, 
I 

thereby preventing systemic effects of proteinase ~elease. It was once suspected that a2-

M was defective in humans·suffering from cystit fibrosis, but more recent data refutes 

this idea [29]. 
I ' 

I 
I 
I 
I 

Normally, the acute phase response lasts bnly a few days. However, in cases of 

hr 0 0 0 c. 0 . b 0 I 0 f f ho c on1c or recurnng 1n1ectlon, an a errant contlnl!latlon o some aspects o t 1s response 

may contribute to underlying tissue damage that ~ompanies· a disease. With respect to 
I 
I 
I 

cardiovascular disease, the levels of CRP are well; within the normal range in the absence 

of infection. It is the high-normal range that se~ms to be predicative of future adverse 
I 

cardiovascular events [33, 34]0 

D. Overview of Interleukin-6 

Interleukin-6 (IL-6), a 20.6 kDa polypeptide, is a pleiotrophic cytokine that exerts 
. I 

diverse effects on a variety of different organs ~d cell systems. Unlike hormones, IL-6 
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· is not stored in glands as a preformed molecule, but is instead rapidly synthesized and 

secr~ted by various cells after stimulation. The cytokine acts on many :different target 
I 

cells and often affects the actions of other ciokines in an additive,synergistic, or 

antagonistic manner [35, 36]. In the bloodstream, normal levels of IL-6 are around.-1 
I . 

• I • . 

pg/ml, but can slightly rise during a woman's menstrual cycle and in certain cancers (1 0 

pg/ml) [37-40]. It is even more elev~ted after surgery (30-4~0 pg/ml) and in various 
- I -:' . . ~- ' . . . . 

diseases I 41], and is now associated with in~reased levels of blood pressure and 
. . . " .. I , ·. , . .. ' 

prediction of first myocardial infarction [2, 44] ~ Mice are known to have l 0-20 fold 
r ' ,. • I 

higher ·serum concentrations than hliln:ans · [ 43]. Although human IL-6 js biologically 

. . . i ' 

active on monkey, mouse and rat cells,. mouse 1:4-6 has no biological activity on human 
. . j . 

cells [ 44]. i 
I 

' .. •' . !- ' 
As a component of the immune system;· IL-6 !affects 'differentiation of both B and T- -

. i 
cells, proliferation of bone marrow progenitors, ~t is a primary orchestrator in the acute 

I 
I 

• I 

·phase response and it is a mediator of the effects qf estrogen on the bone [ 45]. Additional 
I 
I 

• I 

effects -of IL-6 include its ability to increase in t.h1 activity of the hypothalamus-pituitary-

. . . ·I . 
adrenal (HPA) axis and thermogenesis [46]. In ;vivo, many cells produce IL-6 such as 

immune cells, fibroblasts~ endothelial cells and even smooth muscle cells; however, in 

healthy men and women, some have speculated that as much as 1/3 of circulating IL-~ 

originates from adipose tissue [7]. 

To exert its effects, IL-6 must first bind a membrane associated alpha receptor subunit 

. (IL-6R). The complex of IL-6 and IL-6R eliciils the association of two beta subunits, 

glycoprotein 130 (gp130), a common signaling bomponent utilized by members of the 
I 
I 

IL-6 type cytokine. family. The intracellular do~ains of gp 130 dimerize, thus bringing 
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i 
receptor associated janus kinases (JAKs) into cl~se proximity to phosphorylate gp 130. 

I 

Phosphorylation results _in either one of two path~ays, Type I, which is also known as_ the 

JAK/STAT pathway, and _Type II, a Ras/mitogen activated protein kinase (MAPK) 

pathway. It is the Type I pathway that regulates the expression of the acute phase 

reactants, a result of phosphorylation and diinerization of sighal transducers and 

activators of transcription (STATs) that are then :translocated into the nucleus. Once in 

the nucleus, these bind acute phase response genes and account for the induction of 

circulating APPs. A relatively small number of cells (i.e. hepatocytes, monocytes and 

BIT cells) display the IL-6 receptor, whereas gp130 is expressed by all body cells [41]. A 

soluble form of the IL-6R (siL-6R) arises from proteolytic cleavage of the membrane-

bound form and increases the activity of IL-6. This mode of activation has been termed 

trans-signaling. In contrast, soluble gp 130 in vivq exerts antagonist properties. 

Other natural negative r~gulators of IL-6 include protein tyrosine phosphatases, 

SOCS (suppressor of cytokine signaling), proteolysis~ short half-life of IL-6 mRNA, and 

short half-life of signaling components (several h~urs). Savino et al [47], have generated 

a synthetic inhibitor of IL-6,- an- IL-6 super antagonist, Sant-7, that binds to the ligand 

specific IL-6R alpha .-chain .with ~igh :. affmity, and inhibits wild-type cytokine signaling. 

The engineering of this peptide inhibit()! will. prove· very useful in future studies testing 

the IL-6 :hypothesis. 
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MATERIALS AND METHODS 

Experimental Design 

Male C576J/BL mice were used in all experiments to test the specific aims. This 

thesis aimed to examin~ the general hypothesis by using in vivo and in vitro experiments. 

In vivo measurements of blood pressure by telemetry and angiotensin II infusion by min

osmotic pumps provided whole animal data. In vitro methods were utilized in aortic 

se~ents to measure vascular reactivity. The aorta was chosen due to its usefulness both 

for biochemical measures and as a model of agonist-induced responsiveness. This vessel 

was also used in all experiments so findings could be compared between experiments and 

to previous studies. 

Vertebrate Animals 

Male C576J/BL mice, 4-6 weeks (Jackson Laboratories, Bar Harbor, ME) were 

housed in air-conditioned rooms under a photoperiod of 14 hours of light (lights on 0500 

to 1900 hr) and were supplied food and water ad libitum. 

All animal studies were approved by our Institutional Committee for the Care and 

Use of Animals in Research and Education in accordance with the Guide for the Care and 

Use of Laboratory Animals, published by the US National Institutes of Health (NIH 

publication No. 85-23, revised 1985) and the USDA. 

Preparation of the .Tissues 

Experiments were performed on the thoracic aorta from age-matched ( 4-6 weeks) 

male C576J/BL mice that weighed 20-25 grams·. Animals were anesthetized with sodium 
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pentobarbital, 50-mg/kg intraperitoneally (IP). Once no response to pain was observed 

the abdominal cavity was opened and the diaphragm cut and the vessel to be studied was 

- removed. Vessels were immediately ~tored in cold physiological salt solution·· (PSS), 

pH=7.4, the composition (mmol/1): NaC1118.3, KC14.7, MgS04-?H20 1.17, CaCl2-H20 

1.6, NaHC03 25.0, ~extrose 5.5 and CaNa2 EDTA 0.03. Arteries were cleaned of fat and 

connective tissue and cut into rings (2.5-3 ~n1long) under a dissecting microscope. The 

endothelium was . removed (denuded). mechanically without ' loss of vascular smooth 

muscle c_ontractility by inserting th~ tip of a forceps into the lumen and gently rolling the 

ring back and forth in the palm of a gloved ha:nd, wetted with buffer solution. 

In some experiments, aortic iings w_ere placed in 12-well multi-well plates with 

Dulbeco' s Modified Eagle's · Mediuni (DMEM)- in the presence of antibiotics (1 00-U/ml 
. ~ . . 

penicillin and 1 00-f..Lg/ml streptomycin). Segtnents were then incubated at' 3 7°C (95% 0 2 I 

5% C02) for 24 hours in the presence of 10 ng/ml of IL-6 and 20 ng/ml of IL-6R. Tissue 

in the absence of IL-6 and IL-6R served as controls. After incubation, vessels were 

removed and mounted onto a myograph to determine if there were any functional 

alterations such as enhanced contractility or impaired relaxation. 

Measurement of Contractile Responses in Aortic Rings 

After preparation of tissue, segments were mounted onto a . myograph, by 

threading the lumen of the vessel with two 32:-f..l~ tungsten wires that were fastened to 

two stainless steel support blocks. One block was mounted on a tension transducer and 

the other on a displacement device. This allowed the internal circumference to be 

controlled. Aortic rings were maintained under a resting preload of 0.5 grams while 
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equilibrating in solution for 1 hour with the bath buffer changed every 20 ·minutes. Loss 

of vasodilatory response to 1 o-6 mol/1 acetylcholine (Ach) in tissues pre-constricted with 

1 o-7 mol/1 phenylephrine (PE) was used to assess denudation. After preparations had 

undergone repeated washings that allowed recovering to baseline, tissues were 

equilibrated for an additional 30 minutes before starting experiments. To observe the 

acute effects of exogenous IL-6 on vascular reactivity, IL-6 (1 0 ng/ml) and IL-6R (20 

ng/ml) was added to solution bath for up to 30 minutes. In some experiments~ this was 

observed in the presence or absence of 10-4 mol/1 of L-NAME to inhibit NOS (nitric 

oxide synthase). Following IL-6 treatments, increasing concentrations ofPE (10-10 mol!l 

to 10-7 mol/1) or ET-1 (10-11 m~l/1 to 10~7 mpl/1) were added in a cumulative fashion in 

half-log increments.·." Cumulative conce~tration response c~es · for PE and ET -1 was 
' . ,, . ' 

constmct~d from the data. Afte~ a plat~au wa~ achieved from expo sur~ to 1 o-7 mol/1 PE, 
. . 

change in tension was assessed following the addition of sodium nitroprusside (SNP) of 

from 10-10 mol!l to 10-7 mol/1. 

Protein Extraction 

Aortic tissue was minced in liquid nitrogen and collected in 1 ml ice cold 

modified RIP A buffer (Tris HCl, pH=7 .4, 1% NP-40, 0.25% sodium deoxycholate, and 

1mmol!l EDTA) and freshly added inhibitors (immol/1 of PMSF, NaF and Na3 V04 and 

1f..lg/ml of leupeptin, aprotinin, and pepstatin). Homogenates were ce~ntrifuged in a 

micro-centrifuge at 10, 000 g for fO minutes at 4°C. Supernatant (total cell lysate) was 

removed and transferred to a fresh centrifuge tube. Protein aliquots were quantified using 

Pierce BCA protein assay micro-plate procedure adapted from Smith et al [ 48]. Briefly, 

standards were prepared from stock_BSA and diluted 0-2, 000 J..lg/ml in the same diluent 
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as unknowns. BCA wo~~g reagent· (WR) ~as prepared by diluting 50 parts reagent A 

(containing bicinchonic acid) with 1 part reagent B (containing 4% cupric sulfate). Next, 

25 Jll of each standard and unknown sample triplicate was pipetted into a micro-plate 

well, then 200 Jll of WR was added to each and mixed thoroughly on a plate shaker for · 

30 seconds. The plate was then covered with an adhesive strip and incubated at 37°C for 

30 minutes. After incubation~ the plate was allowed to cool to room temperature and the 

absorbance was measured at 562-nm on a plate reader. A standard curve was prepared 

by plotting the average Blank-corrected 562-nm measurement for each BSA standard vs. 

its concentration in Jlg/ml. . Protein concentration was used to calculate concentration of 

each unknown. 

Quantification of Mouse IL-6 by Sandwich ELISA 

Protein from the thoracic aorta of Angll infused mice was isolated according to 

methods for protein extraction. To assay levels of IL-6 from the vascular wall, a 

.sandwich capture ELISA protocol was utilized~ Briefly, protein A was applied to wells 

of a 96-well micro-titer plate and allowed to incubate at 4°C overnight in a sealed 

hlpllidifier. The next day, the solution was discarded and the plate washed 3 times. The 

. -
plate was then coat~d with rat, anti-mouse IL-6 monoclonal antibody and allowed to 

incubate overnight at 4°C inside a humidified container. After incubation, wells were 

washed 4 times and blocked with 1% BSA (bovine serum albumin) in PBS (phosphate 

buffer solution, pH=7 .0) for 2 hours at room temperature. followed by 3 washes. Serial . _. ... ' .. 

d1~ution of recombinant mouse IL-6 and test samples were applied to wells and incubated . 

overnight at 4 oc in a humidified container. . Following incubation, wells were washed 4 

. .~ 
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times and biotinylated ·goat anti-mouse polyclonal antibody sol1:1tion w~s added. This 

. was allowed to incubate for 2 hours at room temperature inside a huriudifier. After 

washing the plate 6 times, streptoavidin-horseradish peroxidase was added. Once the 

plate was incubat~d at room temper~ture for 30 min~tes and washed 8 times, ABTS 

substrate solution was added. The reaction took · place at room temperature for 60 

minutes, protected from light, and the color was read spectrophotometrically at 405-nm. 

Concentration of IL-6 was calculated as pg per mg of protein. 

Measurement of Blood Pressure in Mice 

Mice were implanted with telemetry devices for measurement of heart rate and 

blood pressure (systolic, diastolic,- and mean) in the conscious state by the Biotelemetry 

Core Lab at the Medical College of Georgia. Briefly, animals were placed in a clear 

glass anesthesia chamber that had been saturated with isoflurane to induce. anesthesia. 

Once anesthetized, mice were placed on a pre-warmed surgical tray and fitted with a nose 

cone that had been equilibrated with isoflurane at 2% in a stream of 100% oxygen mixed 

with room air. Subjects were monitored without any other manipulations or preparations 

for surgery for 5 minutes, .and anesthesia rate was adjusted as necessary to ensure a 

surgical plane. An incision area on each mouse was shaved and prepared with betadine 

and rinsed with 70% ethanol. Each mouse was then placed on its back on a sterile 

stainless steel tray that had been pre-warmed to body temperature with a· servo-control 

system. Pl~e of anesthesia was assessed continuously during shaving and prepared for 

surgery, with appropriate adjustments in anesthesia. Withdrawal from toe-pinch and 

pinch at incision site using hemostats was used as a final assessment prior to draping and 
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incision. Atropine (0.25 mg/kg) was given subcutaneously prior to 'incision to ffiinimize 

airway secretions. 

J 

All instruments and drapes were autoclaved and opened just prior to surgery . 
. , 

After a final check for depth of anesth.esia, a 1 0-mm incision was made ·in the ventral 

neck region over the trachea using scissors. The left carotid artery was dissected free of 

connective tissue. A subcutaneous pocket was then dissected on the ~ght side running 

along the rib cage towards the mid-back region. The pocket was just large enougl1 to 

contain the transmitter without force being required to insert it. The catheter tip from the 

sterile, Data Sciences transmitter was then inserted into the carotid artery and secured in 

place with 7-0 silk ties. The trans:Qlitter W(!S activated by magnetic switch during the 
. . . 

procedure ~d ·monitored (AM audio signal from nearby radio)· to ensure that damaging 

\ 

high pressures were not caused by catheter handling and that a blood pressure signal was · 

being receiv~d once the catheter was implatited. The ·transmitter was then inserted into 

the subcutaneous pocket and a drop of sterile ,vet bond used to secure it in place. The 

incision was closed with sterile, 6-0 ·Ethicon Ophthalmic sufure with G-1 cutting needle 

using interrupted stitches. In addition to local infiltration with· Sensorcaine·, a small 

amount of antibiotic (penicillin G) was applied before skin closure. The suture line was 

allowed to recover. At the first sign of recovery from the isoflurane, Stadol (butorphol) 

was injected at 5 mg/kg subcutaneous. A second administration was given 6 hours prior 

to return to Laboratory Animal Services housing. 

Each mouse was housed individually in a plastic shoebox cage placed on top of 

the receiver for the transmitted signal. No cage was closer than one foot in any direction 

from adjacent cages so as to avoid cross talk of radio signals. The transmitter was turned 
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on or off externally by use of a special magnet. This allowed saving battery life and 

timing of recordings to best fit the experimental protocol. 

Drug Infusion 

Alzet osmotic mini -pumps were used for chronic infusion. Pump implantation · 

took place no sooner than one week following transmitter implantation in animals. 

Again, mice were anesthetized utilizing the same methods for telemetry implantation. 

The pump was implanted in the scapular region through a small skin incision after it had 

been shaved and prepared, and the incision was also infiltrated with penicillin G procaine 

and Sensorcaine and closed with surgical staples. Mice were infused with angiotensin II 

at 40 ng per minute. 

Materials 

DMEM and antibiotics were purchased from GffiCO-Invitrogen, Corp. (Carlsbad, 
l, • • ' 

' -. 
CA). Ang II, PE,.ET-1, SNP, and L-NAME were purchased from Sigma (St. Lois, MO). 

Antibodies and reagents for ELISA were purchased from R&D (Minneapolis, MS). 

Soluble IL-6 receptor (siL-6R) and ··muiine IL-6 were also purchased from R&D 

(Minneapolis, MS).. Reagen~s for protein isolation were purchased from Pierce 
!t : 

(Rockford, IL ). 

Statistical Analysis 

For determination of vasoreactivity in the dose-response experiments, control 

and IL-6 treated vessels were tested simultaneously on 2-4 segments originating from the 
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same blood vessel, and a mean value was calculated from this. These mean values from 

blood vessels of 2-6 animals were then used to calculate a mean ±SEM. An n of 2-8 per 

group was used for all experiments. The ·differences between groups were analyzed by 

NCSS statistical software· using unpaired Student's t-test. A value of P < 0.05 was 

considered statistically significant. 
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·RESULTS 

Angiotensin II (Ang II) increases expression of IL-6 from the vascular wall of the 

thoracic aorta. Figure 4. . -

Angiotensin Il'induces s~~hesis ofiL-6 in vascular· smooth muscle cells [10, 11]. 

For this reason, we hypothesized that IL-6 levels are increased in angiotensin II-induced 

. hypertensive mice compared to normotensive controls. To gauge the ability of 

angiotensin II to induce. cytokme-production in the- intact- anim~l, we measured IL-6 in 

aortic homogenates from angiotensin II-infused mice and vehicle controls. Concentration 

levels of IL-6 were measured by sandwich capture ELISA and expressed as pg of IL-6 

per mg of protein. Baseline levels ofiL-6 in control mice were 129.9 pg/mg of protein(± 

11.2 SEM pg/mg of protein) compared to hypertensive mice, 231.4 pg/mg of protein (± 

13.4 SEM pg/mg of protein). As shown in figure 4, expression of IL-6 in aortic 

homogenates is increased in angiotensfu II-induced hypertensive mice compared to 

normotensive controls. · 

. Pressor response to angiotensin II is blunted in IL-6 KO mice. Figure 5. 

Baseline levels of CRP are as~ociated with future development of hypertension 

[5], and systolic, diastolic, pulse and MAP are positively correlated with increasing levels 

of · IL-6 [ 4]. For · this reason, we hypothesized that IL-6 is necessary to maintain 

angiotensin II-induced hypertension. To test this hypothesis, WT and IL-6 KO mice 

were infused with angiotensin II at 40 ng/minute via Alzet osmotic mini-pumps. 

Measurement of blood pressures, in the conscious state, was monitored by telemetry as 
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described in Materials and Methods section. In figure 5, we show that both groups were 

1.' made hypertensive, however, WT mice had significantly higher change in MAP 

compared to IL-6 KO mice at the middle (days 7-8) and end (days 13-14) of angiotensin 

II infusion. 

Contractile responses to phenylephrine in aortic rings are impair~d by IL-6. 

Figure 6. 

We hypothesized that IL-6 is a vasoconstrictor and enhances reactivity to 

phenylephrine (PE) induced contraction. In this experiment, the endothelium of mouse 

aortic rings was mechanically removed to determine the direct effects of IL-6 on vascular 

smooth muscle. The absence of endothelium was confirmed by the lack of relaxant 

response to acetylcholine (Ach), in segments pre-contracted with PE. PE was added to 

the bath in half-log increments in a cumulative fashion. At 10-8 mol/L, vessels pretreated 
. . 

with IL-6 contracted 9.38% ± 4.38% SEM of maximal contraction, compared to controls, 

27.26% ± 8.95% SEM. At 3x1o-7 mol/L controls contracted 57.98% ± 9.37% SEM 

compared to IL-6 treated rings~ 34.38% ± 7.24% SEM. Contraction induced by PE was 

impaired by pre-treatment of rings with IL-6 for 24 hours (10 ng/mL) and siL-6R 

(20ng/mL ). All concentrations refer to: bath concentrations. 

IL-6 Impairs Response to Enothelin-1 induced contraction. Figure 7. 

Endothelin-1, a vasoconstrictor, increases the production of IL-6 from various 

cells [49-51]. For this reason, we hypothesized that IL-6 augments contractile response 

of aortic segments to endothe1in-1 (ET -1 ). ET -1 was added to the bath in half-log 
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increments in a cumulative fashion. At. 3 x 1 o-8 mol/L, vessels pretreated with IL-6 (1 0 

ng/mL) and soluble IL-6R (20 ng/mL) contracted 7.5% ± 2.71% SEM of maximal 

contraction, compared to controls, 25.6% ± 6.95% SEM. At 1 o-8
. mol/L controls 

contracted 39.5% (± 7.47% SEM) compared to IL-6 treated rings, 16.1% ± 3.14% SEM. 

Differences in contraction in response to agonist at lower or higher concentrations were 

not statistically significant. 

IL-6 has no effect on SNP-induced relaxation. Figure 8. 

We hypothesized that IL-6 attenuates the ability of IL-6 treated vessels to relax. 

To assay impairment of relaxation, endothelium-denuded aorta rings were pre-treated 

with IL-6 (1 0 ng/ml) for 24 hours and subsequently constricted with PE. . Sodium 

nitroprusside (SNP), a NO donor, was then. added cumulatively, and relaxation response 

expressed as percent relaxation from sub-maximal PE-induced contraction (10-7 mol/L). 

As shown in figure 7, relaxation to SNP was not impaired by exposure to IL-6. 

IL-6 i~duces contraction in the presence of L-NAME. Figure 9. 

IL-6 has recently been shown to increase 02 -generation in the thoracic aorta of 

mice [52]. However, the interaction between nitric oxide (NO) and 02,. occurs at an 

extremely rate rapid rate of 6.7 x 109 mol/L- s-. This rate is three times faster than the 

reaction rate for 02 -with endogenous superoxide dismutase (SOD) [53]. Given this 

rapid reaction rate, there is likely always some 02 - reacting with NO within cells and in 

the extracellular space. With these observations, we speculated that if IL-6 h~s any 

constrictor properties such as th~t elicited by 02 - generation, its ability to cause 
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contraction could be dampened by the reaction of NO reacting with 02 -. We therefore 

hypothesized that blocking NOS would allow IL-6 to exert vasoconstrictor responses in 

aorta of mice. For this reason, we added L-NAME (10-4 mol/L) to the bath 15-minutes 

prior to the addition of IL-6 (10 ng/mL) and siL-6R (20 ng/mL). IL-6 treated vessels 

contracted 5.89% ± 0.99% SEM of maximal contraction, compared to control aortic rings 

1.65% ± 1.18% SEM. 
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DISCUSSION 

This study hypothesized that IL-6 has vasoconstrictive properties. Angiotensin 

II, an important hormone regulating blood pressure, stimulates the expression of IL-6 

from various vascular cells [10, 11, 54-56]. This cytokine has been suggested in the 

literature to play a role in abnormal control of blood pressure in hypertension. Blood 

levels of IL-6 are positively correlated with systolic, diastolic, and mean arterial pressure 

in humans [ 4]. In our experiments, we showed that angiotensin II hypertensive mice 

produce higher levels of IL-6 than normotensive mice do. In light of these findings, we 

proposed that IL-6 acts directly or functions as a required factor for optimal 

vasoconstrictor responses to angiotensin II. Results show that both IL-6 KO and WT 

mice respond to angiotensin II infusion by maintaining elevated blood pressure, however, 

in IL-6 KO mice, the response to angiotensin II is blunted. This suggests that IL-6 is 

necessary, in part, to maintain elevations in blood pressure due to angiotensin II-induced · 

hypertension. Acute infusion of IL-6 does not increase blood pressure in dogs [57] 

however, the administration of IL-6 causes hypertension in pregnant rats [58]. To assess 

the role IL-6 plays in angiotensin II-induced hypertension, we compared blood pressure 

responses in both WT and IL-6 KO mice. 

It has been demonstrated that IL-6 causes vasoconstriction in vivo in the arterioles · 

of rat cremaster muscle [21] and in vitro increases arterial vascular tone in human arteries 

from various organs via endothelium-dependent mechanisms [20]. We therefore 

hypothesized that IL-6 potentiates the contractile response to PE and ET -1. However, 

pre-treatment of denuded aortic segments with IL-6 inhibited the response to these 
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vasoconstrictors. Our results support the findings of previous work ·by Ohkawa and 

colleagues [59, 60], who demonstrated that IL-6 impairs the contractile response toPE

induced contraction in denuded aortas of rats. The differences in the results of how IL-6 

affects isolated vessels among our work and the work of others may be explained by the 

presence or absence of an intact endothelial layer, and/or functional heterogeneity among 

vascular beds. There may also be species differences among vascular reactivity of the 

blood vessels. In addition to observing modulation of contractile response, ·We assessed 

impairment of endothelium-independent relaxation to SNP. Our results showed no 

functional difference in SNP-induced relaxation between control and IL-6 treated vessels. 

IL-6 has previously been shown to increase Oi -generation from the thoracic aorta 

of mice [52] and Oi- is known to influence vessel tone [16-18], resulting in 

vasoconstriction. Given that the reaction rate between NO and Oi -is extremely fast, we 

speculated that constrictor properties of IL-6 such as that elicited by superoxide, is 

dampened by the reaction of NO combining with 02 -. Therefore, we hypothesized that 

by blocking NO synthase (NOS) IL-6 woul4 be able to exert a constrictor effect on 

isolated vessels. For this reason, L-NAME (an inhibitor of NOS) was included in the 

bath at 104 mol/L 15 minutes prior to the addition of IL-6 . and siL-6R. After 30 minutes 

of incubation, IL-6 indeed elicited a significant increase in tension compared to controls. 

The ability of .smooth muscle to contract alters arterial blood pressure and 

regulates organ flow. The contractile apparatus, composed of thin and thick filaments, 

produces force generation providing the mechanism . for ·cell shortening. In order for 

myosin and actin to _interact, myosin light chain (MLC) must be phosphorylated by MLC

kinase. Relaxation occurs by dephosphorylation (MLC-phosphatase ). Rho kinase blocks 
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the action of MLC-phosphatase, allowing . MLC to stay phosphorylated and sustain 

contraction [61]. Preliminary data in our lab shows that RhoA (a small GTP protein 

which activates Rho-kinase) expression in IL-6 knock out mice treated with angiotensin 

II is reduced when compared to that in wild type mice also treated with angiotensin II. In 

another preliminary study in our lab, contraction to IL-6 in rat aorta is inhibited by the 

Rho kinase inhibitor, Y-27632 (data not shown). Our working hypothesis is that IL-6, 

through generation of superoxide, contributes to the delayed activation of the JAK/STAT 

pathway, resulting in increased expression of the RhoA/Rho-kinase pathway, thereby 

contributing to vasoconstriction. 

In animal studies, initial inflammation or infection results in an increase in basal 

generation of NO or prostanoids from inducible forms of NOS (iNOS) and COX (COX-

2), expressed in both endothelial and smooth muscle cells in response to cytokines [62-

64]. Both inducible isoforms of NOS and COX are capable of a high output and long-

lasting release ·of NO (from iNOS) and prostanoids (from COX-2). These levels far 

exceed those from their constitutive isoforms. This adaptive response is initially 

beneficial but long-term effects lead. to. down-regulation of eNOS and COX-1, resulting 
,· ' ' ' 

in excessive vasodilation. In vivo, following recovery from · an acute insult, the 

endothelium may remain "stunned" or dysfunctional for some time before re~overing and 

contributing to homeostasic tone. During this period, concentrations of IL-6 may 

exacerbate the situatjon, generating levels .?f superoxide that is no longer quenched by 

NOS and other endogenous factors .. ,This transient risk factor'that has turned maladaptive 

has been· termed "endothelial stunning" (figure 9) and may contribute to abnormal 
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vascular behavior such as vasospasm and chronic activation of this state may serve as 

setting the stage for hypertension [ 65]. 

Understanding the mechanism IL-6 uses to regulate blood pressure remains to be 

elucidated. · The results of this study suggest that IL-6 is not a uniform vasoconstrictor 

and may play both an adaptive and maladaptive role in blood pressure when it is 

chronically activated having both compensatory mechanisms that lower blood pressure, 

· and under abnormal circumstances, contributes to pathways that increase it. A more 

detailed description of elucidating its role and mechanism of action is described in the 

Future Studies section. 
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SUMMARY AND CONCLUSIONS 

• IL-6 is up-regulated in angiotensin 11-induced hypertension. 

• IL-6 is necessary, in part, to maintain an elevated blood pressure during 

chronic exposure to angiotensin II. 

• IL-6 impairs contractile response to. the vasoconstrictors PE and ET -1 in 

denuded aortic se~ents. 

• IL-6 has no effect on SNP-induced relaxation in denuded aortas of mice. 

• In the presence of NOS inhibition, IL-6 elicits a contractile response in 

isolated endothelium intact vessels. 

Results of this study suggest that IL-6 is not a uniform vasoconstrictor, but has 

properties of both a vasodilator and a vasoconstrictor under different circumstances. It 

appears that IL-6 may play a compensatory role in elevated blood pressure to impair 

contractile response to various agonists. However, secondary to certain circumstances 

such as endothelial dy~function, IL-6 may contribute to hypertension by exacerbating 

elevated blood pressure. What initially performs as an adaptive response to high blood 

pressure, IL-6 may turn maladaptive contributing to the hypothesis of endothelial 

dysfunction in vivo. 
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Accumulating evidence ~upports the idea that oxidative stress contributes to 

pathophysiological' conditiOns in many ·cardiovascular dise~ses such as arteriosclerosis, 

hypertension and heart failure [18, 19] . At the same time, inflammation is being 
( ; I . . 

associa~ed with progressing and initiati~g the same diseases and other conditions of 

va~cular damage [2, 5, 7, 42]. In vascular tissue, NAD(P)H oxidase enzyme activity has. 

been proposed as the predominant source of oxygen intermediates compared to 

generation of ROS from other sources [ 19]. To elucidate the mechanism utilized by IL-6 

to cause contraction in isolated vessels· in the presence of NOS inhibition, we propose to 

limit our studies to in vitro experiments in order to separate complicated pathways 

encountered in vivo. 

From the results of our pr~sent study, we hypothesize that IL-6 causes 
_; 

vasoconstriction through the generation of superoxide production. (Refer to Table II for 

expected results of manipulations) 

• Specific Aim 1: Determine that IL-6 induced vasoconstriction is endothelium-

dependent. 

• Specific Aim 2: Determine that IL-6 increases superoxide generation in thoracic 

· aorta of mice in vitro. 

• Specific Aim 3: Determine ' that IL-6 induces vasoconstriction through the 

generation ofsuperoxide. r 

• Specific Aim 4: Determine that IL;...6 ·generates superoxide production through the 

activation ofNADPH'-_ 

l. 
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Figure 1. Blood vessel structure of an artery. While this structure is universal, arteries 

of different sizes and locations differ in cellulq,r and ntatrix components that form these 

layers. Heterogeneity of cellular components includes density and distribution of 

microvessels within the adventitia, mesodermal or mesoectodermal origin of vascular 

smooth muscle within the media, and profile of adhesion molecules of endothelial cells 

within the intima. 



Table L Degree of change of acute phase proteins by species. 

SPECIES MAJOR MODERATE-MINOR 

HUMAN [66, 67] 
CRP, SAA 

Fib, Hp, 
antichymotrypsin 

MOUSE [68] . SAP, +Hp al AGP, LBP, +Hp 
; 

RAT [6,8] .. alAGP, a2MG Hp,·CRP .. 

.. 

RABBIT [68] CRP, SAA, LBP Hp, a2MG 

+Hp in mouse may be major or-moderafe. d-ependent on strain. 

MAJOR= Levels can increase over l,OOOfold 
MODERATE-MINOR= Levels increase from 50-100 fold 
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SAA= serum amyloid A, SAP= serum amyloid P, CRP= C reactive protein, Fib= 

fibrinogen, Hp= haptoglobin, LBP= lipopolysaccharide binding protein, al A GP= 

alpha 1 acid glycoprotein, a2 MG= alpha 2 macroglobin 
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Nuclear 
membrane 

Nucleus 

Hepatoprotection 
(anti-apoptosis, anti-necrosis) 

Figure 2. Illustration of signaling pathways activated by IL-6 binding to its 

receptor. Binding of /L-6 to IL-6R allows high affinity binding to signaling 

components, gp130. Activation results in a signaling cascade utilizing the JAKISTAT 

or the MAPKpathway. 
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gp130 I gp130 LIFR I gp130 OSMRI gp130 

CM 

cytosol 

Figure 3. IL-6 type cytokine receptor complexes. The IL-6 type cytoldnes share a 

common signaling receptor subunit, gp130. Only IL-6 and IL-11 signal via gp130 

homodimers . 

CM= ·cell membrane, IL-6= interleu/dn-6, IL~6R= interleu/dn-6 receptor,. IL-11= 

interleu/dn-11, IL-11R= interleu/dn-11 receptor, gp130= glycoprotein 130, LIF= 

leukaemia inhibitory factor, LIFR= leukaemia inhibitory factor receptor, CT-1= 

cardiotrophin-1), CNTF= ciliary neurotrophic factor, CNTFR= ciliary neurotrophic 

factor R, OSM= oncostatin M, OSMR= oncostatin M receptor, CLC= cardiotrophin-like 

cytoldne 
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Figure 4. Angiotensin II (Ang II) increases ~pression of IL-6 from the vascular wall 

of the thoracic aorta. Male mice were infused with Ang II (40 ng/min.) or vehicle 

(Gontrol) for 2 weeks. Animals were then sacrificed and the thoracic aorta removed for 

protein isolation. *p < 0. 05. 
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Figure 5. Pressor response to angiotensin II is attenuated in IL-6 KO mice. Male mice 

were infused with angiotensin II (40 ng/minute) for 2 weeks to induce hypertension. Both 

groups responded with an increase in blood pressure. Increase in mean arterial pressure 

(MAP) from baseline pressure before infusion was calculated and averaged over 2 day 

intervals from the beginning (days 1-2), middle (days 7-8) and end (days 13-14) of 

angiotensin II infusion. *p<0.05, **p<0.01. 
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Figure 6. Contractile responses to PE in aortic rings are impaired by IL-6. 

Phenylephrine (1 o-10 to 1 o-7 mol/L) was added cumulatively in half-log increments to 

isolated endothelium-denuded aortic rings pretreated with IL-6 (1 0 nglmL) and siL-6R 

(20 ng/mL} for 24 hours. Contractions are expressed as percentage of maximal 

contraction toPE (10-5 mol/L). *p < 0.05. 
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Figure 7. IL-6 Impairs Response to Enothelin-1 induced contraction. Endothelium-

denuded aortic rings were incubated with IL-6 (10 ng/mL) and s!L-6R (20nglmL) for 24 

hours in DMEM at 37°C. Modification in contractile response was assessed by 

cumulatively adding ET-1 (10-11 to 10-7 M) in half-log increments .. Concentrations refer 

to bath concentrations. *p < 0.05. 



39 

-o-Control (n=4) 

0 -e-IL-6 + IL-6R (n=5) 

...J 
-20 ::::: 

s::::: 0 
0 E -40 ·-· ..... ...... cu I 

>< 0 -60 cu ~ - w Cl) -80 a:: D.. 
~ E -100 c 

0 
1.. -120 ..... 

. -10 -9 -8 -7 

SNP Log(M) 

Figure 7. IL-6 has no effect on SNP-induced relaxation. Endothelium-denuded aortic 

rings were incubated with IL-6 (1 0 ng/mL) and siL-6R (20 ng/mL) for 24 hours in 

DMEM at 3 7 o C. Impairment of relaxation was assessed by adding sodium nitroprusside 

(10-10 to 10-7 M) cumulatively in half-log increments to vessels pre~constricted with PE 

1o-7 M Concentrations refer to bath concentrations. 
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Figure 8. IL-6 induces contractio~ in the presence of L-NAME. The thoracic aorta 

from normotensive mice were removed and cut into 2.5-mm rings. Presence of a 

functional endothelium was assessed by relaxation response to acetylcholine (1 o-6 mol!L) 

pre-constricted with PE (10-7 mol/L). After repeated washes and equilibration, L-NAME 

(1 o-4 ml/L) was included in the bath 15 minutes prior to the addition of IL-6 (1 0 nglmL) 

and s/L-6R (20 ng/mL). Change in tension was observed for 30 minutes. *p<O. 05. 
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A. 

Acute inflammation 

B. 

C. Post-inflammatory 

Figure 9. Biphasic response of the endothelium to inflammation. Illustration adapted 

from Vallance et al, 1997. Lancet 349:1391-92. A. A normal endothelium produces 

mediators that serve as vasodilators and anti-adhesives (i.e., prostaglandin (PGI) and 

NO). B. During inflammation, synthesis of iNOS and COX-2 occurs, down-regulating 

the constitutive forms, resulting in excessive vasodilation and prostanoid production. 

Depending on the environment, pero"Xynitrite might either revert to nitric oxide or cause 

damage by inhibiting mitochondria respiration, or lead to the generation of other toxic 

radicals such as OH. . C. Once the stimulus has subsided, the endotheli~l may remain 

stunned or dysfunctional for some time. This may result in a predisposition towards 

thrombosis and vasospasm setting the stage for high blood pressure. 
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Table IL Expected results of manipulations of isolated mouse aortic segments 

IL-6 + tempol IL-6 +DPI 
*Parameter assessed IL-6 (membrane permeable (inhibitor of NADPH) 

radical scavenger) 

Contraction to various 
vasoconstrictors. I J- or similar to controls J- or similar to controls 

DHE staining tissues for 
superoxide I J- or ~imilar to controls J- or similar to controls 

RhoA expression I J- or similar to ~ontrols J- or similar to controls 

( f =increase/potentiation, J=decrease/attenuation) 

*L-NAME will be included in the bath of all preparations to inhibit NOS activity. 
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