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Inflammation has been implicated in the development of cardiovascular disease and a 

potential underlying mechanism in the pathogenesis of impaired vascular function.  Two 

different but complementary approaches were utilized to determine the role of 

inflammation on vascular function.  First, to evaluate the effect of acute inflammation, we 

induced muscle damage to both small and large muscle mass and measured vascular 

function every 24 hours for up to 5 days of recovery.  Eccentric exercise-induced muscle 

damage, in both small and large muscle mass, resulted in a transient increase in central 

arterial stiffness.  Next, patients with systemic lupus erythematosus (SLE) were studied 

as a model of chronic inflammation.  Measurements of vascular function were compared 

in habitually-exercising and sedentary SLE patients, and age-matched healthy controls.  

Individuals with SLE demonstrated lower vascular function than healthy controls.  When 
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SLE patients were grouped by exercise status, habitually-exercising SLE patients 

exhibited similar vascular function to healthy controls, and lower overall disease activity 

compared with sedentary SLE patients, supporting the beneficial effect of regular 

exercise in this population.  Inflammatory biomarkers were associated with measures of 

macro- and microvascular function.  In conclusion, acute muscle damage and chronic 

disease-related inflammation have a potent effect on measures of vascular function, 

suggesting that inflammation plays a role in the pathogenesis of vascular dysfunction and 

is an important biomarker for cardiovascular risk. 
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Chapter I: General Introduction 

 

 Cardiovascular disease is the leading cause of death in the United States and other 

developed nations (259).  Identifying risk factors for cardiovascular disease is important 

in reducing mortality and health care costs related to the disease.  Arterial stiffness is a 

key risk factor for cardiovascular disease and is characterized by a progressive loss of 

buffering capacity of the central arteries in response to ejection of blood from the heart.  

Increases in arterial stiffness precede the onset of clinical cardiovascular disease and can 

cause increased left ventricular afterload, reduced myocardial perfusion, and eventually 

lead to coronary ischemia (229, 249).  Therefore, arterial stiffness may be useful in 

predicting future cardiovascular events, yet the underlying mechanisms of the increase in 

arterial stiffness are not fully understood.   

Impaired endothelial function is also a risk factor for cardiovascular disease and 

closely associated with arterial stiffness (266).  The endothelial cells lining the vascular 

wall are responsible for controlling vessel constriction and dilation.  As well as 

responding to changes in flow and shear stress, endothelial cells react to stretch, 

circulating substances, and inflammatory molecules (35, 96, 173).  Because of the role 

that endothelial cells play in regulating blood flow, endothelium-dependent vasodilation 

is an important mechanism for adjusting perfusion of the heart, brain, and kidneys (88, 

247, 357).  Furthermore, a reduction in endothelium-dependent vasodilation may partially 

explain increases in arterial stiffness (222).  Considering the profound clinical 
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implications associated with endothelial function, it is important to identify the 

mechanisms underlying the reduction in endothelium-dependent vasodilation. 

Inflammation has recently emerged as a risk factor and possible mechanism in the 

development of cardiovascular disease (181).  Furthermore, inflammation has been 

implicated in the pathogenesis of arterial stiffness and reduced endothelial function (193, 

279, 354).  Acute inflammation is often a result of injury, infection (204), surgery (197), 

or muscle damage from exercise (316).  Recent studies suggest that an acute systemic 

inflammatory response transiently increases arterial stiffness and reduces endothelial 

function (127, 332).  Thus, a reduction in vascular function is a potential mechanism by 

which an acute elevation in systemic inflammation is associated with a transient increase 

in risk for myocardial infarction and stroke (325).  Although it is known that 

cardiovascular risk is elevated during an infection producing a large inflammatory 

response, many non-traumatic incidents (e.g. respiratory tract infection, muscle soreness) 

are characterized by systemic low-grade inflammation.  It is unknown whether such low-

grade inflammation will also increase arterial stiffness and reduce endothelial function.   

Because inflammation has been identified as a possible mechanism in the 

pathogenesis of arterial stiffening and endothelial dysfunction (193, 279, 354), it is 

important to consider the effect of a continuously elevated inflammation that persists for 

weeks or months.  Systemic lupus erythematosus (SLE), an autoimmune disease 

characterized by chronic inflammation, has been used to explore this question.  Patients 

with SLE demonstrate higher arterial stiffness and lower endothelial function compared 

with healthy individuals (80, 274).  However, previous studies have not examined the 

relation between arterial stiffness, endothelial function, and circulating inflammatory 
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markers in a single population of SLE patients.  Therefore, it is unknown if increased 

arterial stiffness or reduced endothelium-dependent vasodilation is associated with 

chronic inflammation or some unique aspect of SLE disease.  SLE is often characterized 

by periods of high disease activity followed by remission of symptoms (i.e. flare) (16).  

Circulating proinflammatory and antiinflammatory biomarkers correlate with, and may 

causally relate to disease activity (132, 187, 265).  Thus, it is possible that higher disease 

activity and a corresponding increase in inflammatory biomarkers are associated with an 

unfavorable change in vascular function (80).   

Reducing inflammation may be an attainable, easily measured therapeutic target 

for lowering cardiovascular risk.  Regular exercise is a well-established lifestyle 

modification that is beneficial for reducing cardiovascular disease risk.  Currently, 

regular exercise is recommended to the general population for improving overall health 

(119).  Exercise training is effective in reducing arterial stiffness and improving 

endothelium-dependent vasodilation (72, 306).  In addition, several studies suggest that 

regular exercise is correlated with lower circulating inflammatory markers (9, 102, 319).  

Therefore, the association between exercise and inflammation may mediate the beneficial 

effect of exercise training on vascular function.  In conditions with chronically-elevated 

inflammation such as SLE, regular exercise may be effective in reducing inflammation, 

improving vascular function, and lowering overall cardiovascular risk. 
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Chapter II: Statement of Problem and Experimental Design 

 

 Pathophysiological changes in arterial stiffness and endothelial function occur 

with primary aging and as a consequence of diseases such as diabetes and atherosclerosis.  

Because alterations in the vascular tree precede the onset of clinically relevant disease 

states (129), monitoring of vascular function has great potential for distinguishing and 

identifying at-risk individuals.  As such, clarifying the pathological progression of arterial 

stiffness and endothelial dysfunction is necessary for the primary prevention of 

cardiovascular disease.  Additionally, a significant gap remains between the recognition 

of contributing causes of the deterioration of vascular health and the implementation of 

appropriate and effective preventative treatments.  Although several key factors that have 

a role in the development of cardiovascular disease have been identified, the extent to 

which risk factors contribute is unknown.  Understanding the mechanisms underlying the 

unfavorable age-related and disease-associated changes in the human vasculature will 

lead to better prevention and treatment strategies and, in turn, a healthier aging 

population. 

 Established cellular mechanisms contributing to the development of arterial 

stiffness include regulation of vascular smooth muscle cell (VSMC) tone and endothelial 

cell signaling (360).  Endothelial cell signaling, which influences VSMCs, and VSMC 

tone are affected by both oxidative stress and nitric oxide.  Similarly, endothelial function 

is partially determined by the balance of vasodilators such as nitric oxide, 

vasoconstrictors, and molecules like reactive oxygen species that interfere with cell 
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signaling.  Because inflammation is coupled with oxidative stress in many physiological 

processes, inflammation has recently emerged as a potential mechanism in the age or 

disease-associated decline in vascular function.  Therefore, the overall goal of this 

dissertation is to examine inflammation as a potential mechanism underlying 

modifications in vascular function. 

 Inflammation following an injurious insult is locally and acutely present, yet has 

systemic effects.  According to previous studies, an acute systemic inflammatory 

response transiently causes an increase in arterial stiffness and a decrease in endothelial 

function (23, 49, 332).  However, acute inflammation in these studies was experimentally 

induced by administering a pharmacological agent.  The question remains whether acute 

inflammation, produced locally, using a physiological stimulus, has negative systemic 

cardiovascular consequences.  Therefore, the purpose of Study #1 was to determine the 

systemic effects of an acute local injury, to both small and large muscle mass, on 

vascular function.  Two populations of young healthy males were recruited for two 

protocols investigating: 1) damage to small muscle mass using unilateral eccentric arm 

exercise on vascular function; and 2) damage to large muscle mass using bilateral 

eccentric leg exercise on vascular function.  In order to address the potential role of 

inflammation and oxidative stress on vascular function, in the first protocol, subjects 

were given either pomegranate extract (containing antioxidants) or a placebo drink 

throughout the pre- and post-exercise period. 

Study 1 Hypotheses:  

1. An acute bout of eccentric exercise will induce muscle damage, produce muscle 

soreness, and increase inflammatory markers. 
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2. An acute bout of eccentric exercise to either small or large muscle mass will 

increase arterial stiffness and reduce arterial wave reflection. 

3. Increases in inflammatory markers after eccentric exercise will be associated with 

the corresponding increases in arterial stiffness. 

 

 Because age-related and disease-associated arterial stiffness and endothelial 

dysfunction impose a chronic burden on the vascular system, the next step of this 

dissertation was to determine the influence of persistently elevated systemic 

inflammation on vascular function.  Accordingly, the purpose of Study #2 was to 

determine the effect of chronic inflammation and measurements of vascular function in a 

select population of SLE patients.  Individuals with systemic lupus erythematosus (SLE) 

exhibit chronically elevated inflammatory markers due to improper immune regulation 

associated with the disease (71, 152).  In addition, SLE patients have an accelerated risk 

of premature cardiovascular disease and experience unfavorable alterations in 

cardiovascular function, independent of age-related changes.  Thus, SLE patients provide 

an integrated human model to determine arterial stiffness and endothelial function under 

a condition of chronic inflammatory stress in otherwise healthy individuals.  In Study #2, 

circulating inflammatory markers as well as microvascular and macrovascular function in 

individuals with SLE were cross-sectionally compared with age-matched healthy 

individuals.  In addition, Study #2 explores the role of regular exercise by cross-

sectionally studying habitually-exercising SLE patients and comparing with sedentary 

SLE patients.  
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Study 2 Hypotheses: 

1. Sedentary SLE patients will demonstrate higher arterial stiffness and lower 

endothelium-dependent vasodilation compared with healthy controls. 

2. Habitually-exercising individuals with SLE will demonstrate similar arterial 

stiffness and endothelium-dependent vasodilation compared with healthy controls. 

3. Vascular function parameters will be significantly associated with inflammatory 

biomarkers. 

4. Disease activity and inflammatory biomarkers will be greater in sedentary SLE 

patients compared with exercising SLE patients. 

5. Vascular function parameters will be inversely associated with disease activity. 

 

 The overall goals of this dissertation project are to: 1) determine the effect of 

acute and chronic inflammation on vascular function; 2) examine the relationship 

between circulating inflammatory markers and measures of vascular function; and 3) 

evaluate the effect of habitual exercise under the stress of chronic inflammation on 

measures of micro- and macrovascular function. 
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Chapter III:  Eccentric Exercise-Induced Muscle Damage Transiently 

Increases Central Arterial Stiffness Without Affecting Arterial Wave 

Reflection 

 

INTRODUCTION 

Inflammation has been implicated in the development of cardiovascular disease and 

is an established predictor of cardiovascular risk (181).  Acute systemic inflammation is 

often a result of injury, infection (204), surgery (197), or exercise-induced muscle 

damage (316).  Recently, infections have been linked to a transient increase in risk of a 

cardiovascular event (281).  A reduction in endothelial function may be the underlying 

mechanism linking acute inflammation to the risk of a myocardial infarction or stroke 

(22, 324).  Human experimental models of acute inflammation, including local cytokine 

instillation (23), endotoxin (22), and vaccination administration (127), induce a 

concomitant reduction in endothelial function.  In addition, administration of a vaccine, 

which increases inflammatory markers and acute phase reactants, causes a temporary 

increase in central arterial stiffness as measured by pulse wave velocity (PWV) (332).  

Collectively, these previous studies suggest that acute inflammation is associated with 

unfavorable vascular changes that act to increase cardiovascular risk. 

 Acute inflammation also occurs as the result of muscle damage from 

unaccustomed exercise and eccentric contractions.  Eccentric exercise often results in 

disruption of cell membranes (182, 343), leakage of muscle proteins into the systemic 

circulation (36, 54, 87), edema (36, 54, 87), and consequently, an increase in muscle 
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soreness (36, 54).  Eccentric exercise-induced muscle damage initiates an acute 

inflammatory response, increase circulating markers of this inflammatory response (87, 

124, 238), and signals infiltration of inflammatory cells to the injured tissue (19, 194, 

315).  Therefore, eccentric exercise-induced muscle damage may provide an easily 

administered, physiological model to study acute inflammation as well as the subsequent 

cardiovascular effects.   

Because muscle damage causes an acute inflammatory response and other models of 

acute inflammation result in unfavorable cardiovascular changes, it is plausible to 

hypothesize that muscle damage will also have acute cardiovascular effects.  As a 

consequence of inflammation, muscle damage may reduce endothelial nitric oxide (NO) 

bioavailability and cause alterations in blood flow and endothelial function, thereby 

altering arterial stiffness.  In fact, it has been demonstrated that eccentric exercise 

temporarily impairs microvascular function (146) and reduces vasodilator responses 

(120), increases blood flow to injured tissue (171), and decreases blood flow to non-

exercised muscles (251).  So, it is likely that local eccentric exercise will result in 

systemic vascular changes, manifesting as an increase in central arterial stiffness. 

 A potential mechanism mediating and propagating the inflammatory response to 

eccentric exercise is an increase in reactive oxygen species (ROS).  In effort to further 

examine this mechanism, an antioxidant supplement containing polyphenols was 

provided in conjunction with eccentric exercise.  Supplements that contain antioxidant or 

anti-inflammatory compounds are often used to alleviate post-exercise muscle soreness 

and have been shown to reduce eccentric exercise-induced inflammation (238) and 

attenuate the typical cytokine response to muscle damage (329).  This suggests that 
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antioxidants have an ameliorating effect on muscle damage and inflammation, and 

implies that a reduction in ROS contributes to the positive results.   

 Pomegranate fruits have gained much attention in recent years as a nutritional 

supplement.  The polyphenolic compounds in pomegranate extract are likely mediating 

the beneficial effects.  Polyphenolic compounds in pomegranate have been shown to act 

as antioxidants and prevent the oxidative conversion of NO to peroxynitrite, thereby 

reducing oxidative stress (135).  In addition, polyphenols have favorable cardiovascular 

effects, including decreased blood pressure in hypertensive subjects (10) and improved 

endothelial function in obese Zucker rats (69).  Thus, it is possible that pomegranate 

extract will have a beneficial effect on eccentric exercise-induced muscle damage and its 

associated inflammation.  If inflammation and oxidative stress are causing an elevation in 

central arterial stiffness, then pomegranate extract supplementation after damaging 

eccentric exercise should attenuate this increase. 

 Accordingly, the primary aim of this study was to determine whether muscle 

damage from eccentric exercise has an unfavorable effect on macrovascular function.  If 

local muscle damage acutely changes central cardiovascular function, it further supports 

the infection/infarction theory (281).  In order to address this aim, two groups of young 

healthy males were recruited for two separate protocols.  Protocol I addressed the concept 

that local inflammation and damage from a small amount of muscle mass would acutely 

reduce central macrovascular function and that an antioxidant/antiinflammatory 

supplement would ameliorate this effect.  Protocol II was designed to isolate the effect of 

eccentric exercise on macrovascular function by inducing damage to a larger muscle 

mass and comparing this to a non-exercising sham control.   
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METHODS 

Subjects.   

A total of 31 healthy males, aged 18-38 years were recruited from the University of 

Texas at Austin area and surrounding community.  Twenty subjects were recruited for 

Protocol I and 16 subjects were included in the analysis.  Four participants were excluded 

for; 1) inability to obtain a blood sample; 2) >5kg loss of body mass between treatment 

arms; 3) resistance training within the last month; and 4) failure to abstain from anti-

inflammatory supplements.  Additionally, 11 healthy males were recruited to complete 

Protocol II.  All participants were non-smoking, non-obese, recreationally active (but not 

participating in any type of structured resistance or endurance training within the last 

three months), and had no history of injury to elbow, wrist, shoulder (for Protocol I) or 

any other orthopedic injury that would have inhibited the ability to complete the eccentric 

exercise (Protocol I & II).  Recruited participants had no history of hypertension 

(<140/90 mmHg) or kidney dysfunction, and no use of lipid-lowering, or anti-

inflammatory steroid medication.  Prior to the start of the study and throughout the 

testing period, consumption of any antiinflammatory or antioxidant supplements, and 

alcohol were prohibited.  All participants gave written informed consent before inclusion 

into the study, and all procedures were approved by the Institutional Review Board at 

The University of Texas at Austin. 

Experimental Design.   

Protocol I was a randomized, double-blind, placebo-controlled crossover experimental 

design with 2 trials, each lasting 9 days, with 7 measurement time points (Figure 3.1).  

On Day 1, baseline measurements were taken prior to providing the supplement and used 
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to familiarize the subjects with the testing procedures.  In both trials, on the morning of 

the exercise day (Day 5, ECC), the Pre measurements were taken 30 minutes prior to the 

eccentric exercise protocol and the Post measurements were taken at 90 minutes, 24, 48, 

72, and 96 hours after the eccentric exercise protocol.  Unilateral upper arm eccentric 

exercise was performed in both trials and randomized for the dominant or non-dominant 

arm.  The protocols consisted of two treatment arms and were separated by a 2-4 week 

washout period.  Both treatments were provided by POM Wonderful (Los Angeles, CA).  

The 500 mL pomegranate extract (POMxL) contained 4 grams carbohydrate, 1800 parts 

per million polyphenol, 95.5% eligatanins, 3.5% ellagic acid, and 1% anthrocynains, 

whereas the 500 mL placebo contained 4 grams carbohydrate, sucralose, and 

maltodextrin.  Subjects were randomly assigned to pomegranate extract (POMxL) or 

placebo and instructed to consume the supplement at 12-hour intervals (7am and 7pm).  

 On Day 5 (ECC), after 4 days of supplementation, Pre measurements were taken 

and subjects performed 2 sets of 20 maximal eccentric contractions on a Biodex 

isokinetic dynamometer (Cybex International; Medway, MA) with each contraction 

lasting 3 seconds and 4 minutes rest in between sets (52, 53, 108, 176, 238).  Subjects 

were instructed to maximally resist the force of the automated lever arm on each 

contraction.  Immediately following the eccentric exercise protocol, subjects ingested an 

additional 500 mL supplement dose and rested until Post measurements.  Prior to start of 

each trial, subjects completed 3 isometric force familiarization trials separated by at least 

24 hours to make sure force measurements on Day 5 were accurate and did not reflect an 

improvement in strength due to testing procedures.  Each familiarization consisted of 8 
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maximal isometric contractions, 4 trials on each arm, 2 at 150°, and 2 at 135° of elbow 

flexion. 

Protocol II also used a randomized, crossover experimental design with 2 trials lasting 

four days.  In one trial, eccentric-only bilateral lower body exercise was used to initiate 

muscle damage and the other trial was a sham control separated by at least 7-days.  No 

supplements were given in order to isolate the effect of the muscle damage.  On the 

morning of Day 1, Pre measurements were taken 30 minutes before eccentric exercise or 

sham control and Post measurements taken at 90 minutes, 24, 48, and 72 hours after 

eccentric exercise or control (Figure 3.2).  For the eccentric exercise trial, 6 sets of 10 

repetitions of bilateral eccentric-only leg press exercise (Cybex inclined leg press; Cybex 

International; Medway, MA) was performed at 110% of each subjects 1-repitition 

maximum (1-RM) with 3-4 minutes rest between sets.  For each repetition, subjects were 

instructed to maximally resist the weight of the carriage until the knee joint flexion 

reached 90°, and the investigators lifted the weight to the starting position.  This 

eccentric-only leg press protocol was used in previous studies and sufficient to cause 

muscle damage and inflammation (191, 234, 294).  For the sham control trial, subjects sat 

quietly in the same weight room for 25 minutes.  Prior to the start of the study, leg press 

1-RM was determined using a standard protocol.  Subjects also completed 2 isometric 

force familiarizations and 1 cardiovascular measurement familiarization before the first 

trial, and a 3rd isometric force familiarization was performed prior to the second trial.  

Each familiarization consisted of 4 maximal isometric contractions, 4 trials on the 

dominant leg, 2 at 90°, and 2 at 45° to insure accurate strength measurements at baseline. 
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Measurements.   

In both protocols, subjects abstained from alcohol and caffeine in the 12 hours prior to 

arriving to the laboratory and were instructed to keep their dietary intake and level of 

physical activity constant.  All subjects were tested after an 8-12 hour fast.  Because both 

legs were exercised in Protocol II, leisure-time physical activity was restricted 48 hours 

prior to and throughout the entire duration of the study. 

Central and peripheral hemodynamics.  Subjects rested in the supine position for 10 

minutes as investigators placed blood pressure cuffs and arterial tonometers in the correct 

locations.  Brachial and ankle blood pressures, heart rate, and arterial stiffness were 

measured using an automated device (Colin VP-2000, Colin Medical Instruments; San 

Antonio, TX) as previously described (60, 295).  Arterial stiffness was determined using 

pulse wave velocity measured between carotid and femoral (cfPWV) and between 

brachial and ankle artery (baPWV).  Data were collected over a 30-second interval, and 

the average of 2-4 measurements was calculated (Appendix C). 

 Arterial wave reflections were determined from augmentation index (AI) 

measured in the supine position as previously described (346).  Applanation tonometry 

was used to obtain pulse wave measurements using a high-fidelity micromanometer 

(TCB-500 Millar Instruments; Houston, TX), and brachial blood pressures were used to 

correct for investigator hold-down pressure.  Estimated aortic augmentation index was 

generated using a transfer function applied to the radial waveform (345) (Sphygmocor, 

AtCor Medical; Sydney, Australia).  Sequential waveforms were recorded for 10 seconds 

and automatically analyzed (See Appendix C).  Because heart rate is known to affect 
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measurements of augmentation index the Sphygmocor software corrects for heart rate by 

calculating an AI at a heart rate of 75 bpm (346).  

Blood analysis.  A 10 mL blood sample was obtained to determine markers of muscle 

damage and inflammation.  Blood was drawn from the antecubital vein and distributed 

between EDTA plasma tubes and serum vacutainer tubes.  EDTA tubes were centrifuged 

for 10 minutes at 3500 rpm and serum separator tubes were allowed to coagulate at room 

temperature for 30 minutes before centrifuging at 4400 rpm for 20 minutes.  Plasma and 

serum were aliquoted into microcentrifuge tubes and stored at -80°C for later analysis. 

 Blood markers of muscle damage and inflammation were measured from serum 

aliquots.  Creatine kinase was used as a marker of muscle damage and assessed using the 

UV-Kinetic method (Teco Diagnostics; Anaheim, CA).  Blood markers of inflammation, 

including C-reactive protein (CRP) (Alpha Diagnostics; San Antonio, TX) and 

interleukin-6 (IL-6) (Quantikine, R&D Systems; Minneapolis, MN), were assessed in 

duplicate using a high-sensitivity ELISA (Appendix E). 

Muscle damage.  Muscle soreness and isometric strength were measured as additional 

indices of muscle damage.  Subjects were asked to rate their soreness of the exercised 

elbow flexors (Protocol I) or knee extensors (Protocol II) during day-to-day activities on 

a visual analog scale of 0-10 as previously described (36, 53).  In order to measure the 

reduction in maximal isometric strength of the elbow flexors in Protocol I (343), and the 

knee extensors in Protocol II (191, 234, 294), each respective joint was stabilized and 

connected by a cable to a load cell  (CL101-500, Omega Engineering; Stamford, CT).  

Subjects were instructed to perform maximal isometric contractions at 2 joint angles 
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using the same procedure as the familiarizations.  Isometric strength was recorded as an 

average of all trials at both joint angles. 

Data Analyses. 

For central and peripheral hemodynamic variables, several measurements (2-4 for heart 

rate, blood pressure, and PWV on the Colin VP-2000; 5-8 for AI using Sphygmocor) 

were averaged and standard deviations calculated.  Measurements were considered an 

outlier if  >1 standard deviation from the mean and excluded from individual means.   

Statistical Analyses. 

Descriptive statistics were used for the analysis of subject characteristics using SPSS 

statistical package (SPSS version 16.0; SPSS Inc.; Chicago, IL).  A 2-way ANOVA with 

repeated measures was used for analyses of time and treatment (Placebo/POMxL 

supplement for Protocol I or ECC2/CON for Protocol II) effects, and dependent variables 

were individually analyzed separately within each treatment to determine the time effect 

using repeated measures ANOVA.  Pairwise comparisons were conducted to determine 

changes from the Pre measurement.  At each time point, the treatments were compared 

using a standard one-way ANOVA. Significance was set a priori at p<0.05.  Power 

analysis was performed for the main dependent variables in both protocols.  In Protocol I, 

the observed power was as follows: isometric strength at 48h = 0.99, muscle soreness at 

48h = 1.0, and cfPWV at 48h = 0.35.  In Protocol II, the observed power was as follows: 

isometric strength at 48h = 0.88, muscle soreness at 48h = 0.99, cfPWV at 48h = 0.52. 
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RESULTS 

Protocol I 

Subject characteristics at baseline are presented in Table 3.1.  There were no 

significant differences in subject characteristics between the two trials.  Subjects 

completed all familiarization sessions prior to each trial and complied with scheduled 

supplementations.  Additionally, total work during the eccentric exercise protocol was 

similar between the POMxL and Placebo trials (3407.7 vs. 3298.9 J).  The ability of the 

eccentric exercise protocol to cause muscle damage was documented by a loss in 

isometric strength (Figure 3.3). 

Central and peripheral hemodynamics.   

 There were no differences throughout the protocol or between the two treatments 

for supine heart rate, brachial blood pressure (Table 3.2), or ankle blood pressure (data 

not shown).  Pulse wave velocity, a measurement of central arterial stiffness, is shown in 

Figure 3.4.  For both cfPWV and baPWV, the Pre measurements were similar between 

the Placebo and POMxL trial (p=0.43 and p=0.80, respectively), indicating that POMxL 

supplement had no effect on baseline PWV measurements; therefore the data are reported 

as an absolute change from Pre.  In the Placebo trial, cfPWV at 48h was higher than Pre 

(∆ +34.6 cm/sec; p<0.05).  There was no change in baPWV in either trial or between any 

time points. 

 Estimated aortic augmentation index (AI), a measurement of arterial stiffness and 

wave reflection, is shown in Figure 3.5 and compared at a heart rate of 75 bpm.  Similar 

to PWV measurements, AI at Pre was similar between the two trials (p=0.72) and 

reported as an absolute change from Pre.  AI had a significant overall time effect, 
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although there were no significant changes compared with the Pre measurement.  During 

the POMxL trial, AI was higher than Pre at 96h post (∆ +4.1 %; p<0.01; Figure 3.5).   

Markers of muscle damage and inflammation.  

 Muscle soreness increased from Pre in both trials and was significant for all time 

points (Figure 3.6).  There were differences in the time course of elevation in serum 

creatine kinase (CK) concentrations as shown in Figure 3.7.  Furthermore, there was a 

significant time effect for CK.  Serum CRP and IL-6 did not change from Pre throughout 

the protocol or between treatments.  Serum IL-6 is displayed on Figure 3.8. 

 

Protocol II 

Because Protocol I involved small muscle mass damage (i.e. smaller assumed 

systemic effects), Protocol II was designed to test the effect of damage to larger muscle 

mass on macrovascular function.  Subject characteristics at baseline were similar between 

the CON and ECC2 trials and are presented in Table 3.3.  Subjects complied with the 

food, alcohol, antiinflammatory supplements, and physical activity restrictions and 

completed all familiarization sessions.  The ability of the eccentric exercise protocol to 

induce muscle damage was documented by a loss in isometric strength (Figure 3.9).  

Because of the risks involved in strength testing of a larger muscle mass, isometric 

strength testing was terminated at 24 hours post eccentric exercise in the sham control 

(CON) condition. 

Central and peripheral hemodynamics 

 Heart rate (HR) and blood pressure variables are displayed in Table 3.4.  There 

were changes from Pre for HR, DBP, and Ankle SBP in the CON trial and for PP and 
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Ankle SBP in the ECC2 trial.  Additionally, there were small, yet significant differences 

between the CON and ECC2 trials in HR, MAP, and Ankle SBP at specific time points 

(see Table 3.4) and a significant time effect and treatment by time effect for HR at 48h. 

 In both trials, cfPWV and baPWV were similar at Pre (Figure 3.10; p=0.87 and 

p=0.11, respectively).   Similar to Protocol I, cfPWV in the ECC2 trial was higher than 

Pre at 48h (∆ +22.5 cm/sec; p<0.05) but was not different than the corresponding CON 

value (p=0.13).  There was a significant overall time effect at 48h; however, there were 

no significant changes in cfPWV at any other time point or during any trial.  The increase 

in baPWV between Pre and 48h post measurements did not reach statistical significance 

(p=0.09; Figure 3.10).  The absolute change in baPWV was higher at 48h during the 

ECC2 trial compared with the CON trial (∆ +29.2 vs. ∆ -21.1 cm/sec, p<0.05). 

 Estimated aortic augmentation index (AI) corrected at a HR of 75 bpm is shown 

in Figure 3.11 as an absolute change from Pre.  Although a significant overall time effect 

was apparent between the Pre and Post measurements, aortic AI was not different from 

Pre in either trial and was not different between CON and ECC2 at any time point.  At 

72h in the ECC2 trial, AI reached a maximal decrease of -2.1%. 

Markers of muscle damage and inflammation 

 Muscle soreness increased from Pre in the ECC2 trial and was significant for all 

time points (Figure 3.12) and higher than the CON trial.  Serum IL-6 did not change 

significantly from baseline throughout the protocol or across treatments (Figure 3.13).  

Creatine kinase was not measured in Protocol II.  Instead, functional indicators of muscle 

damage, including isometric strength and muscle soreness were used, which are 

reportedly the best method for detecting and quantifying local muscle damage (340). 
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Associations between macrovascular function and muscle damage 

 In Protocol I, the placebo trial was used to assess associations between 

macrovascular function and muscle damage because the effect of the pomegranate 

supplement on muscle damage markers may confound the associations.  Significant 

correlations are displayed on Table 3.5.  Carotid-femoral PWV was associated with 

serum creatine kinase at 48h and 96h  (r=0.73 and r=0.54, respectively).  In addition, the 

increase in cfPWV at 48h was associated with the reduction in isometric strength (r=-

0.47; p<0.05) the increase in perceived muscle soreness (r=0.45; p<0.05).  

 In Protocol II, there were modest correlations between cfPWV and the reduction 

in isometric strength, but did not reach significance given the small number of subjects 

(at 48h, r=-.0.43; p=0.096).  Carotid-femoral PWV and IL-6 at 48h was not significantly 

associated. 

 Associations between PWV and indicators of muscle damage were also assessed 

in a combined group from the two protocols.  In Protocol I, only the placebo trial was 

included.  The increase in cfPWV at 48h was associated with the reduction in strength 

(r=0.42; p<0.05), and the increase in muscle soreness (r=0.35; p<0.05). 
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DISCUSSION 

Primary Findings  

 The primary findings from Study 1 are as follows.  First, eccentric exercise- 

induced muscle damage transiently increased central arterial stiffness, without altering 

central hemodynamics or arterial wave reflection.  Second, in contrast to previous 

studies, substantial muscle damage from eccentric contractions did not significantly 

increase systemic inflammatory markers.  Finally, twice-daily supplementation with 

pomegranate extract did not alter the central hemodynamic and macrovascular function 

variables at baseline or after damaging muscle exercise. 

Development of Hypotheses 

 This is the first study to investigate the potential association between exercise-

induced muscle damage, inflammation, and macrovascular function.  Based on previous 

studies suggesting that acute inflammation reduces endothelial function (23, 127) and 

increases arterial stiffness (332), Study 1 was designed to determine if inflammation from 

local muscle damage would also cause reductions in vascular function.  Eccentric 

exercise has previously been shown to increase systemic inflammatory markers (45, 124, 

238), cause post-exercise microvascular dysfunction in rats (120, 146), and increase 

vascular resistance to non-exercised limb in humans (251).  Based on these previous 

studies, our working hypothesis is that eccentric exercise causes local disruptions in 

blood flow due to microtrauma within the muscle and the subsequent inflammatory 

response, that translates to changes in central macrovascular function.  Indeed, similar to 

the results of Vlachopoulos et al. (332), in both Protocol I and II, central arterial stiffness 
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increased at the 48h time point when maximal muscle soreness and inflammation was 

expected (289, 293). 

 Although a significant increase in carotid-femoral PWV occurred at the 48h time 

point, the magnitude of change is rather small and the underlying clinical significance is 

not clear.  The small increase of 20-40 cm/sec might be considered within the 

measurement error as demonstrated by the day-to-day variation in cfPWV during the 

CON trial in Protocol II.  Interestingly, Vlachopoulos et al. (332) reported comparable 

increases in cfPWV after vaccination-induced systemic inflammation (Δ +43 and 21 

cm/sec at 8 and 32 hours, respectively) with only slight elevations in CRP or IL-6.  

However, they concluded that acute systemic inflammation "leads to deterioration of 

large artery stiffness inflammation" (332).  In addition, they reported that aspirin 

administration attenuated the effect of inflammation because the increase in PWV was 

reduced to +11 cm/sec, suggesting a cause and effect relationship between inflammation 

and arterial stiffness.  Because the study by Vlachopoulos et al. lacked sufficient control 

of subjects' activity and diet between measurements, Study 1 was conducted in a well-

controlled manner to reduce confounding influences with the idea that the effect of 

inflammation would be more pronounced.  Increases in central arterial stiffness in 

Protocol I and II, although significant, were not as robust as expected.  Additionally, 

there were no significant changes from Pre in augmentation index, IL-6, or CRP at any 

time point.  Therefore, it is difficult to affirm the same conclusion as Vlachopoulos et al. 

and convincingly state that inflammation from muscle damage causes an increase in 

central arterial stiffness.  These results suggest that there is a link between acute muscle 

damage and macrovascular function that may be inflammation-dependent. 
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 Nevertheless, the results of Study 1 are useful to provide the theoretical 

framework for mechanistic experiments to rigorously address acute inflammation and 

vascular function.  Because of the significant time requirement and cooperation required 

for this study, we were only able to include a small number of subjects.  This small 

number of subjects was necessary to assure that the subjects: 1) consumed supplements 

on schedule; 2) adhered to the physical activity and diet requirements; and 3) were tested 

at the same time each day.  Clearly the number of subjects is a limitation of Study 1, 

however, the results support the hypothesis, and demonstrate the ability to detect 

significant increases in PWV at 48h despite a small sample size.    

Cardiovascular effects of eccentric contractions 

 The effects of eccentric contractions on blood pressure and heart rate in Protocol I 

are in accordance with other studies investigating the cardiovascular effects of acute 

eccentric exercise.  In contrast to concentric contractions, eccentric contractions do not 

typically increase blood pressure, heart rate, or rate pressure product (226).  The increase 

in cardiac output is directly related to the amount of active muscle mass and may explain 

the blood pressure response (34, 78, 180).  Concentric-only contractions likely recruit 

more muscle mass than eccentric-only contractions at the same absolute workload (163, 

185).  Because eccentric contractions produce a higher maximum force than concentric 

contractions (182), the workload should be adjusted accordingly in order to compare 

concentric and eccentric contractions at a similar exercise stimulus.  In Protocol II, blood 

pressure did not increase from baseline, but was higher in the ECC2 than the CON trial at 

several time points.  The magnitude of increase was only 4 mmHg but blood pressure was 
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still within a safe, normotensive range.  Taken together, this supports the idea that 

eccentric muscle contractions do not significantly alter cardiovascular hemodynamics.  

There are few studies examining the effect of acute eccentric contractions on 

macrovascular function, so studies on traditional resistance exercise, a combination of 

both eccentric and concentric contractions, may be useful to gain insight on the topic.  

The effects of acute resistance exercise on macrovascular function remains controversial. 

For example, an acute bout of unilateral resistance exercise does not alter central arterial 

stiffness (121), whereas an acute bout of whole body resistance exercise induces a 

transient, but significant increase in central arterial stiffness (73).  In the study by 

Heffernan et al., the amount of exercise was relatively small, similar to the present study, 

and insufficient to alter hemodynamics or central arterial stiffness.  Previous studies 

typically only measure vascular function for up to 2 hours post exercise, so it is unclear if 

there is a lasting effect of resistance exercise. 

 Whereas the cardiovascular response to eccentric contractions is useful to 

understand the effect of specific modes of exercise, adaptation to chronic eccentric 

exercise may be more clinically relevant.  Regular eccentric training did not alter central 

hemodynamics in coronary patients (207).  Additionally, eccentric training did not 

change central arterial stiffness or other hemodynamic measurements in healthy 

individuals, yet concentric training increased central arterial stiffness (227).  Such 

adaptations to concentric training are similar to studies using traditional resistance 

training protocols (210).  It should be noted that the Okamoto study (227) only included 

young female subjects, yet concluded that eccentric training could be recommended to 

middle-aged and older adults.  Furthermore, there was no mention of the effect of a single 
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bout of concentric or eccentric protocol on hemodynamics, muscle damage, soreness, or 

inflammation.  Overall, the hemodynamic and arterial stiffness responses to acute 

eccentric exercise in Study 1 are in accordance with the previously described research.   

Differences between Protocol I and II 

After analyzing the results of Protocol I, the question remained whether enough 

muscle damage had occurred to affect central hemodynamics or to cause spillover of 

localized inflammatory markers into the systemic circulation.  Protocol II was 

specifically designed to address this issue by utilizing a larger muscle mass and 

increasing the amount of eccentric contractions.  A similar exercise protocol was used 

during pilot work for this study, and other groups have demonstrated the effectiveness of 

strenuous eccentric leg exercise in a comparable population (55, 124, 171, 294).  A non-

exercise sham control trial was also added to demonstrate stability of the cardiovascular 

measurements.  The fact that Protocol I and II had comparable results, with different 

eccentric stimuli and distinct subject populations, further confirms that local muscle 

damage has a transient, unfavorable effect on central macrovascular function. 

Muscle damage and inflammation 

 Eccentric exercise to both small and large muscle mass induced considerable 

muscle damage as evidenced by the decline in isometric strength and elevated muscle 

soreness that persisted 3-4 days after exercise.  Despite the functional evidence of muscle 

damage (i.e. reduced isometric strength, increased muscle soreness), circulating 

inflammatory markers were not significantly altered by the eccentric exercise.  This 

finding was puzzling given that previous studies demonstrated an increase in CRP, IL-6 

or other cytokine as evidence of inflammation from muscle damage (32, 45, 124, 230, 
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238, 283, 329).  With the help of technical support and collaboration with other 

investigators, several steps were taken to insure sufficient sensitivity of the ELISA 

assays.  First, stored serum samples were "spiked" with a known concentration of IL-6 

standard to confirm the ability to detect IL-6.  Second, a more strenuous eccentric 

exercise (combined upper and lower body) was implemented in a group of pilot subjects 

to induce greater inflammatory responses, and blood samples were analyzed.  Again only 

small changes in IL-6 were noted, and the results looked similar to Study 1.  Third, a 

blood sample was obtained in pilot subjects and preserved using 3 different methods: a) 

serum vacutainer tube; b) serum separator vacutainer tube; or c) EDTA plasma vacutainer 

tube.  IL-6 was again assayed using ELISA with no apparent trends across the 3 

preservation methods.  Finally, in select Protocol II subjects, 2 other methods of detecting 

cytokines were employed to determine if the ELISA method was the optimal assay.  IL-

1ß and CRP were assayed using a microchip technique with no discernable change in 

concentration following the protocol (46).  Subsequently, IL-1ß and TNF-α were assayed 

using multiplex array technology without significant variations in any of the post-

exercise time points (178).  In summary, multiple approaches were used to insure that the 

lack of increase in inflammatory markers was not due to methodological issues.  

Moreover, similar techniques were successfully used in Study 2 to determine differences 

in inflammatory cytokines between healthy controls and two populations of SLE patients. 

 An alternative explanation for the observed results is that locally-induced muscle 

damage resulting in a local inflammatory response may not be easily detected 

systemically.  Measuring circulating markers of inflammation is an indirect method in 

attempt to quantify the local changes within and around the damaged muscle.  Because 
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both muscle damage and recovery were demonstrated over the course of the protocol, it is 

likely that inflammatory cells were recruited to the local area and we were unable to 

detect this using a venapuncture technique at standardized time intervals.  It is possible 

any change in inflammation was too small to detect using the selected systemic markers 

or that the timing of blood collection did not coincide with the inflammatory response.  

The lack of increase in systemic inflammatory markers in this study are in agreement 

with several others who have used various eccentric exercise protocols and techniques to 

quantify inflammation (128, 195, 196, 208).  Even though a local inflammatory response 

is initiated after muscle damage, the amount of spillover into the systemic circulation 

appears to be related to the type of eccentric exercise.  Eccentrically-biased cycling or 

downhill running has a greater increase in serum IL-1β and IL-6 than eccentric 

contractions (128, 192, 238, 314) that is not explained by the magnitude of muscle 

damage.  Because IL-6 is also considered a "myokine", IL-6 is produced upon muscle 

contraction (89) and dynamic eccentric-biased aerobic exercise will elicit greater 

hemodynamic changes that possibly contribute to increased "spillover" to the systemic 

circulation (231).  Moreover, cytokines and acute phase reactants exhibit diurnal 

variations, each having a distinct time course, and are rapidly cleared from the 

circulation, further limiting the ability to detect acute changes (128, 208).  Given these 

conditions, it is reasonable that no detectable change in inflammatory markers occurred 

in Study 1. 

 A final experimental consideration for the lack of change in inflammatory 

markers is that the selected subject population was young and recreationally active.  

Although this is often the population used for examining responses to eccentric exercise, 
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it is possible that the subjects were healthier, quicker to recover, or more accustomed to 

the prescribed exercise than previous subject populations.  For example, because the 

subjects were physically active and those who were familiar with resistance-type exercise 

were included, it is possible that the eccentric exercise protocol was not unaccustomed 

and elicited less of an inflammatory response, despite significant muscle damage.  

Indeed, it is well-documented that trained individuals have a different response to 

eccentric exercise than untrained individuals (14, 87, 217).  Despite the fact that none of 

the subjects had participated in any resistance or endurance training in the previous three 

months, many did have a history of participating in competitive sports including triathlon 

and contact sports such as soccer, rugby, and basketball.  Due to years of sports-specific 

training, the ability to detect an inflammatory response, following acute eccentric 

exercise, may have been reduced in the present subject population.  Although the results 

of Study 1 does not support the hypothesis that eccentric exercise increases in biomarkers 

of systemic inflammation, it does not eliminate the possibility that inflammation has a 

role in the eccentric exercise-induced muscle damage and subsequent recovery. 

Effect of pomegranate extract on cardiovascular measures 

 In Protocol I, there was no difference between the Placebo and POMxL trial in 

respect to central hemodynamics.  Four days of pomegranate extract supplementation 

prior to the eccentric exercise bout did not affect any the vascular measurements.  In 

contrast, other studies have reported a beneficial effect of pomegranate juice on blood 

pressure (10, 11).   Such discrepancies are likely due to the subject population studied.  In 

Study 1 we recruited young, healthy, normotensive males without history of 
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cardiovascular problems whereas others examined the effects of pomegranate supplement 

in a hypertensive or atherosclerotic population (10, 11).  

 In the present study, pomegranate extract also did not have an effect on 

macrovascular function after eccentric-induced muscle damage.  Although an elevation in 

cfPWV from Pre at 48h was apparent in the Placebo trial, it was not significantly 

different from the cfPWV at 48h in the POMxL trial.  In addition, cfPWV values tended 

to be higher in the POMxL trial at every time interval except for the 48h post 

measurement.  Furthermore, there was no treatment effect for cfPWV, baPWV, aortic AI, 

blood pressure, or heart rate.  The treatment arms were randomly assigned with 9 subjects 

starting with Placebo trial first, eliminating the possibility of an ordering effect.   

 Pomegranate extract is considered an antioxidant and antiinflammatory agent.  In 

Study 1, there was no detectable effect of POMxL on IL-6 or CRP at baseline or 

throughout the post-exercise period.  These results are in contrast to previous work 

demonstrating a beneficial effect of an antioxidant/antiinflammatory cocktail on muscle 

damage and inflammation (108, 238).  However, the efficacy of such dietary supplements 

is controversial.  The results of Study 1 are in agreement of several other studies that 

reported no effect of vitamin supplements on inflammation (18, 233), inflammatory cell 

infiltration (234) or central arterial stiffness (83, 276).  Taken together, previous studies 

indicate that pomegranate extract may be beneficial for populations at increased 

cardiovascular risk, yet the results of Protocol I suggest that pomegranate extract does not 

alter inflammation or improve macrovascular function in a healthy population. 
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Perspectives 

Eccentric exercise-induced low-grade inflammation and transiently increases central 

arterial stiffness.  Studies that established the effects of acute inflammation on vascular 

function use a regional assessment of vascular function.  If regional vascular alterations 

due to local muscle damage and inflammation were measured in the exercised muscle, 

these results may be more robust, or persist beyond 48h.  However, the goal was to 

explore the systemic cardiovascular consequences of locally-induced muscle damage and 

the associated inflammation. 

 The safety of eccentric exercise and eccentric training is of particular interest 

because of the potential applicability to older individuals who are at greater risk of 

cardiovascular disease.  Eccentric training may be recommended for these special 

populations because, in contrast to concentric training (227), or traditional resistance 

training (210), there is essentially no change in central hemodynamics.  Moreover, 

because of the effectiveness of eccentric exercise in eliciting increases in muscle strength 

and muscle mass, it is sometimes recommended.  These results indicate that while 

eccentric contractions may be safe, the resulting muscle damage may have acute, 

unfavorable cardiovascular consequences.  Thus, any exercise that causes substantial 

muscle damage (plyometrics, marathon running, etc.) may transiently reduce central 

vascular function. 

Conclusions 

 Muscle damage to both small and large muscle mass translates to transient, 

unfavorable changes in central macrovascular function.  Although the increase in PWV 

was significant and associated with the reduction in strength and soreness at 48h when 



 31 

inflammation was expected to peak, the magnitude of change is small and the clinical 

significance is not clear.  Thus, exercises producing significant muscle damage should be 

cautiously prescribed to individuals with compromised cardiovascular function. 
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Table 3.1  Protocol I: Selected Subject Characteristics  
Age, y           24 ± 2 
Height, cm         178 ± 1 
Body mass, kg           73 ± 2 
Body mass index, kg/m2           23 ± 1 
Data are mean±SEM, n=16 
 

 

 

Table 3.2  Protocol I: Selected Hemodynamic Variables 
  

Pre 
 
Post 

 
24 h 

 
48 h 

 
72 h 

 
96 h 

Heart rate, bpm 
Placebo 
POMxL 

 
  59 ± 2    
  58 ± 2 

 
  55 ± 2 
  55 ± 2 

 
  58 ± 2 
  55 ± 1 

 
  57 ± 1 
  59 ± 2 

 
  57 ± 2 
  58 ± 2 

 
  57 ± 2 
  62 ± 2 

SBP, mmHg 
Placebo 
POMxL 

 
117 ± 2 
116 ± 2 

 
116 ± 2 
116 ± 2 

 
118 ± 2 
116 ± 2 

 
116 ± 2 
118 ± 2 

 
118 ± 2 
118 ± 2 

 
117 ± 3 
120 ± 2 

MAP, mmHg 
Placebo 
POMxL 

 
  86 ± 2 
  83 ± 1 

 
  85 ± 2 
  85 ± 1 

 
  86 ± 2 
  84 ± 2 

 
  84 ± 1 
  87 ± 1 

 
  85 ± 2 
  86 ± 1 

 
  86 ± 2 
  87 ± 1 

DBP, mmHg 
Placebo 
POMxL 

 
  65 ± 2 
  63 ± 1 

 
  65 ± 1 
  66 ± 1 

 
  66 ± 2 
  65 ± 1 

 
  63 ± 1 
  66 ± 1 

 
  64 ± 1 
  66 ± 1 

 
  65 ± 1 
  67 ± 1 

Data are mean±SEM.  SBP=systolic blood pressure, MAP=mean arterial pressure, 
DBP=diastolic blood pressure. 
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Table 3.3  Protocol II: Selected Subject Characteristics 
Age, y          25 ± 1 
Height, cm        176 ± 3 
Body mass, kg          76 ± 4 
Body mass index, kg/m2          25 ± 1 
Leg press maximal strength, kg        268 ± 18 
Data are mean±SEM, n=11 
 
 

 

 
Table 3.4  Protocol II: Selected Hemodynamic Variables 
  

Pre 
 
Post 

 
24 h 

 
48 h 

 
72 h 

Heart rate, bpm 
CON 
ECC2 

 
  55 ± 3    
  57 ± 2 

 
  51 ± 3* 
  58 ± 3† 

 
  57 ± 3 
  58 ± 1 

 
  59 ± 3 
  57 ± 3 

 
  59 ± 3* 
  61 ± 3 

SBP, mmHg 
CON 
ECC2 

 
113 ± 2 
114 ± 3 

 
113 ± 2 
112 ± 3 

 
112 ± 3 
113 ± 2 

 
113 ± 3 
115 ± 2 

 
114 ± 3 
114 ± 3 

MAP, mmHg 
CON 
ECC2 

 
  81 ± 2 
  83 ± 3 

 
  81 ± 2 
  82 ± 3 

 
  79 ± 2 
  83 ± 2† 

 
  82 ± 2 
  82 ± 2 

 
  82 ± 2 
  85 ± 2 

DBP, mmHg 
CON 
ECC2 

 
  64 ± 1 
  62 ± 2 

 
  63 ± 2 
  63 ± 3 

 
  62 ± 2* 
  63 ± 2 

 
  63 ± 1 
  63 ± 1 

 
  64 ± 2 
  64 ± 2 

PP, mmHg 
CON 
ECC2 

 
  50 ± 2 
  52 ± 2 

 
  50 ± 2 
  49 ± 2* 

 
  50 ± 2 
  50 ± 2 

 
  50 ± 2 
  52 ± 1 

 
  51 ± 2 
  50 ± 2 

Ankle SBP, mmHg 
CON 
ECC2 

 
122 ± 3 
122 ± 3 

 
126 ± 3* 
119 ± 3*† 

 
122 ± 2 
123 ± 3 

 
120 ± 2 
124 ± 3† 

 
123 ± 3 
123 ± 3 

Data are mean±SEM. SBP=systolic blood pressure, MAP=mean arterial pressure, 
DBP=diastolic blood pressure.  *p<0.05 vs. Pre; †p<0.05 vs. CON  
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Table 3.5  Protocol I & II Correlations 
  

r 
 

p-value 
Protocol I   
     Δ cfPWV at 48h   

• Δ strength at 48h -0.47 0.040* 
• Δ soreness at 48h -0.44 0.048* 
• Δ CK at 48h  0.70 0.002* 

Protocol I & II Combined   
     Δ cfPWV at 48h   

• Δ strength at 48h -0.44 0.012* 
• Δ soreness at 48h -0.42 0.018* 

cfPWV=carotid-femoral pulse wave velocity; CK=serum creatine kinase.   
*denotes significant correlations. 
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   Day:   1 2    3    4    5            6            7             8           9 
 
Figure 3.1  Protocol I- Timeline.  ECC represents unilateral eccentric exercise of the 
elbow flexors.  The entire protocol was repeated 2-4 weeks after supplementation with 
either POMxL or Placebo.  Each arrow represents when measurements were taken 
(Pre=30 minutes prior, Post=90 minutes after eccentric exercise). 
 

 

 

 

 

 

Figure 3.2  Protocol II- Timeline.  ECC2 represents bilateral eccentric leg press exercise.  
CON represents the sham control condition.  The entire protocol was repeated after a 2 
week washout period.  Each arrow represents when measurements were taken (Pre=30 
minutes prior, Post=90 minutes after eccentric exercise). 
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Figure 3.3  Protocol I- Isometric strength loss of the elbow flexors.  *p<0.05 vs. Pre for 
both treatments; †p<0.05 Placebo vs. POMxL 
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Figure 3.4  Protocol I- Changes in: A) carotid-femoral pulse wave velocity (PWV) and 
B) brachial-ankle PWV.  *p<0.05 Placebo vs. Pre; †p<0.05 POMxL vs. Pre.   
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Figure 3.5 Protocol I- Change in estimated aortic augmentation index (AI) compared at a 
heart rate of 75 bpm.  *p<0.05 POMxL vs. Pre. 
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Figure 3.6 Protocol I- Percentage of muscle soreness of the elbow flexors as an indicator 
of muscle damage.  *p<0.05 vs. Pre. 
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Figure 3.7 Protocol I- Changes in serum creatine kinase concentrations.  *p<0.05 vs. Pre. 
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Figure 3.8  Protocol I- Serum IL-6 concentration. 
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Figure 3.9  Protocol II- Isometric strength loss of the knee extensors.  *p<0.01 vs. Pre for 
Eccentric trial. 
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Figure 3.10  Protocol II- Changes in: A) carotid-femoral pulse wave velocity (PWV) and 
B) brachial-ankle PWV.  *p<0.05 Eccentric vs. Pre; †p<0.05 Eccentric vs. Control 
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Figure 3.11  Protocol II- Changes in estimated aortic augmentation index (AI) compared 
at a heart rate of 75 bpm.  
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Figure 3.12  Protocol II- Percentage of muscle soreness of the knee extensors as an 
indicator of muscle damage.  *p<0.01 vs. Pre. 
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Figure 3.13  Protocol II- Serum IL-6 concentration. 
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Chapter IV:  Greater Vascular Function and Lower Disease Activity in 

Exercising Individuals With Systemic Lupus Erythematosus 

 

INTRODUCTION 

Chronic inflammation has been implicated in the reduction in vascular function 

and it is likely to be involved in the pathogenesis of cardiovascular disease.  Many 

diseases, especially autoimmune diseases, are characterized by a state of chronic low-

grade inflammation.  Furthermore, autoimmune diseases are a leading cause of death in 

young and middle-aged women in the United States, most of which have cardiovascular 

manifestations (336).  Systemic lupus erythematosus (SLE) is an autoimmune disease 

that is associated with an increased risk of premature cardiovascular disease (198).  One 

of the greatest challenges for clinicians is the high incidence of cardiovascular events in 

young individuals with SLE.  This accelerated risk in SLE appears to be independent of 

traditional risk factors (257) and at least partially due to impaired vascular function (80, 

256).  Aging, metabolic syndrome, and other disease states are characterized by low-

grade chronic inflammation (33, 84), similar to SLE.  Thus, SLE is a useful model to 

examine the influence of chronic inflammation in otherwise healthy individuals with the 

potential clinical implications extending beyond SLE patients.  Therefore, the primary 

objective of the present study was to use SLE as a model of inflammation to gain insight 

into the role of inflammation in the pathophysiology of reduced vascular function. 

Previous studies have established increased arterial stiffness and reduced 

endothelium-dependent vasodilation in SLE compared with age-matched controls (80, 
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183, 256, 274).  However, many of these studies were evaluating older, postmenopausal 

women with confounding risk factors present (183, 274).  The differences in vascular 

function between SLE and controls could be attributed to these risk factors alone.  

Furthermore, previous work only evaluated one aspect of vascular function, making it 

difficult to compare between studies.  Accordingly, the aim of the present study was to 

recruit a younger population of SLE patients, without the presence of additional risk 

factors, to evaluate cardiovascular function from the left ventricle, central conduit 

arteries, peripheral conduit arteries, and eventually to the resistance vessels.   

Lowering inflammation is increasingly recognized as an attainable target for 

reducing overall cardiovascular disease risk (37, 347).  Regular physical activity is a 

well-established lifestyle modification that improves vascular function (309), and is often 

recommended for patients with SLE to alleviate disease-related symptoms (12, 321).  

Moreover, an exercise training intervention in SLE patients confirmed that moderate 

exercise does not exacerbate the disease activity (42).  Earlier studies investigating 

cardiovascular function have not mentioned SLE patients' physical activity or its 

association with overall disease activity.  In healthy individuals, regular physical activity 

has a potent beneficial effect on arterial stiffness and endothelium-dependent vasodilation 

(72, 306).  However, it is unknown whether physically active SLE patients demonstrate 

more favorable vascular function than their sedentary counterparts, and, if so, what 

factors mediate the beneficial effects of exercise.  Additionally, it is unknown if exercise 

is advantageous for reducing disease activity in SLE, which may be related to an 

improvement in vascular function.  Therefore, the purpose of Study 2 is to: 1) measure 

arterial stiffness and endothelium-dependent vasodilation in sedentary and habitually 
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exercising SLE patients and compare with age-matched controls; 2) examine the 

association between inflammation and habitual exercise on vascular function; and 3) 

evaluate disease activity and its association to vascular function in both sedentary and 

habitually-exercising SLE patients 

 

METHODS 

Subjects.   

A total of 55 male and female adults, age 19-60 years, including 35 patients with 

systemic lupus erythematosus (SLE) were recruited from Austin, TX and surrounding 

communities.  Forty-four of these individuals qualified for, and participated in the study, 

and 26 of them were diagnosed with SLE.  Fourteen of the lupus patients were habitually 

exercising as determined by a modified Godin physical activity questionnaire and 

exercise training status questionnaire (Appendix B).  Exercising SLE patients totaled 

4.8±1.9 hours of exercise per week over 5±1 days per week.  Of the total exercise hours, 

52% of the exercise was performed at a moderate intensity and 43% at a vigorous 

intensity.  Exercises included walking, running, indoor and outdoor cycling, elliptical 

machine, Pilates, and moderate resistance exercise.  Because 85% of SLE patients are 

female (5), our SLE population and healthy, age-matched, sedentary control group was 

also predominantly female (85%).  The participants were otherwise healthy, non-

smoking, free of overt cardiovascular disease and diabetes, as assessed by a research 

health questionnaire and the initial screening session (Appendix B).  Diagnosis of SLE 

was confirmed by the participant’s physician in accordance with the 1982 American 

College of Rheumatology criteria (303).  The systemic lupus activity questionnaire was 
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given to all SLE patients to globally assess disease activity (SLAQ, Appendix B).  The 

SLAQ is a self-reported questionnaire that is designed for research and has a moderately 

high correlation (r=0.62) with the systemic lupus activity measure (SLAM) that requires 

laboratory tests and scoring by a clinician (149).  All participants gave written informed 

consent before participating, and the Institutional Review Board at The University of 

Texas at Austin approved all procedures. 

Experimental Design.   

The study is a cross-sectional group comparison between individuals with SLE and age-

matched sedentary controls.  In addition, individuals with SLE who are habitually- 

exercising were compared with sedentary SLE patients.   

Measurements.   

All tests were conducted in the Cardiovascular Aging Research Laboratory and the 

Fitness Institute of Texas in Bellmont Hall on the University of Texas at Austin campus.  

Subjects were instructed to refrain from any physical activity in the 24 hours before any 

scheduled testing session.  In order to control for dietary intake’s effect on dependent 

variables, subjects completed a 3-day dietary record prior to the scheduled vascular 

function measurements and arrived to the laboratory after an overnight, 10-12 hour fast. 

Because estrogen is known to affect cardiovascular measurements (105, 118), 

premenopausal women were tested during the early follicular phase of the menstrual 

cycle.  Because of the nature of SLE, some patients had experienced premature 

menopause and hysterectomy. 
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Body composition.  Lean body mass and body fat percentage were determined 

noninvasively by dual energy X-ray absorptiometry (DEXA) using Lunar DPX by 

General Electric Medical Systems.   

Maximal aerobic capacity.  Maximal oxygen consumption (VO2max), a measure of 

cardiorespiratory fitness, was an additional tool to confirm exercising status.  After a 

five-minute warm-up, subjects walked or ran continuously on the treadmill while the 

slope increased 2% every 2 minutes until the subjects stopped the test (modified Bruce 

protocol) (304).  A Physio-Dyne Max-1 metabolic testing system (Physio-Dyne 

Instrument Corp; Quogue, NY) determined flow and gas composition from expired air 

collected using a Hans Rudolph mouthpiece.  Subjects wore a chest strap heart rate 

monitor (Polar S610, Polar Electro Inc; Lake Success, NY) to measure heart rate 

throughout the test.  Heart rate and ratings of perceived exertion (RPE) were recorded 

every minute.  VO2 max was obtained in all but 3 sedentary SLE subjects due to difficulty 

breathing while wearing the mouthpiece (2 subjects) or lower body joint mobility 

problems (1 subject). 

Echocardiography.  Heart structure and function was measured noninvasively using a 

sector transducer connected to an ultrasound machine (Phillips iE33 Ultrasound System; 

Bothel, WA).  The transducer was placed in the left parasternal region and from the long-

axis view, M-mode was used to determine left ventricular dimensions and mass 

according to American Society of Echocardiography recommendations (172).   Cardiac 

output and stroke volume were determined by multiplying the velocity time integral 

(VTI) of flow at the aortic annulus by its cross-sectional area.  The diameter of the left 
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ventricular outflow tract (LVOT) was determined from the long axis 2D image. Pulse 

wave mode was used to determine the E/A ratio and LVOT VTI (See Appendix D). 

Metabolic risk factors, inflammatory, and disease activity markers.   A 20 mL blood 

sample obtained by venapuncture in accordance with the Environmental Health and 

Safety Exposure Control Policies.  The blood sample was distributed into EDTA plasma 

or serum separator vacutainer tubes, centrifuged, and stored at -80°C for later analysis.  

Plasma glucose, cholesterol, and triglycerides were analyzed using a Vitros DT60 II 

Chemical System (Ortho-Clinical Diagnostics; Rochester, NY).  Inflammatory and 

disease activity markers were analyzed using commercially available ELISA and 

multiplex assay kits (See Appendix E).  Serum C-reactive protein (CRP) was assayed 

using ELISA (Alpha Diagnostics; San Antonio, TX).  Other cytokines and inflammatory 

molecules (including IL-1β, IL-1ra, IL-6, IL-10, IL-12, TNF-α, MCP-1, VEGF, sE-

Selectin, MMP-9, tPAI-1, sVCAM-1, sICAM-1, and MPO) were analyzed from serum 

samples using a multiplex assay system (Bioplex, BioRad; Hercules, CA).   Anti-double 

stranded DNA (anti-dsDNA) was used as a marker of disease activity.  Anti-dsDNA 

antibodies were assayed using ELISA (Alpha Diagnostics; San Antonio, TX) and 

concentration ranges were assigned the following: negative (<0.25 IU/mL), borderline 

positive (25-60 IU/mL), positive (60-200 IU/mL), and high positive (>200 IU/mL). 

Dietary food record.  To account for potential differences in food intake between 

groups, subjects were asked to fill out a food record for the 3 days prior to the testing 

session when blood was drawn and vascular function was measured.  A certified dietitian 

analyzed all dietary records for macronutrient, vitamin, and mineral content. 
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Carotid arterial compliance.  The combination of ultrasound imaging of a common 

carotid artery with simultaneous applanation tonometric-obtained arterial pressure 

waveforms from the contralateral artery permits noninvasive determination of arterial 

compliance (306).  Common carotid arterial diameter was measured from the 2D images 

derived from an ultrasound machine equipped with a high-resolution linear array 

transducer (Philips iE33 Ultrasound System; Bothel, WA).  A longitudinal image of the 

cephalic portion of the common carotid artery was acquired 1-2 cm proximal to the 

carotid bulb and analyzed on an offline computer using commercially available image 

analysis software (Carotid Analyzer, Medical Imaging Applications; Coralville, IA).  

Carotid arterial diameter during systole and diastole was taken from the media-adventitia 

interface on the near and far wall boundary.  The same investigator performed carotid 

image analysis.     

 The carotid artery pressure waveform was obtained using a high-fidelity 

micromanometer (TCB-500, Millar Instruments; Houston, TX) by a second investigator 

on the contralateral artery at the same general location as the ultrasound probe.  To 

correct for investigator hold-down pressure, carotid waveforms were calibrated to 

brachial mean pressure and brachial diastolic pressures obtained in the 15 minutes prior 

to measurement.  Carotid arterial compliance was calculated as: 

       [(MaxDiam-MinDiam) / MinDiam] / [2*(Pulse Pressure)]* π  * (MinDiam)2 

 Carotid artery intima-media thickness (cIMT) was measured from 2D ultrasound 

images obtained using the same procedure described above for obtaining the carotid 

diameter (307).  Images were analyzed using Carotid Analyzer software.  On the far wall 

of the artery, the thickness (diameter) between the media-adventitia interface to the 
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intima-lumen boundary of a 1 cm segment was measured at end-diastole.   At least 10 

cardiac cycles were averaged for each subject.    

Augmentation Index (AI) is a measure of arterial stiffness and wave reflection and was 

measured after 10 minutes rest in the supine position.  Electrodes were placed on the 

subject to measure heart rate, as augmentation index is influenced by heart rate (346).  A 

high-fidelity micromanometer (Millar TCB-500, Millar Instruments, Houston, TX) was 

applied to the radial artery while the wrist joint was immobilized in a brace to acquire 

pulse waves.  Sequential waveforms from the radial artery were recorded over a 10 

second period and analyzed by an automated device (Sphygmocor, AtCor Medical, 

Sydney, Australia) (345).  Brachial blood pressures obtained during supine rest were used 

to correct for hold-down pressure applied to the micromanometer by the investigator.  

This device applies a general transfer function to the radial artery pressure waveform to 

estimate aortic augmentation index (345).  At least four 10-second measurements were 

acquired and averaged for each subject. 

Flow-mediated dilation.  This noninvasive test measures vascular function of the 

brachial artery by quantifying endothelium-dependent vasodilation.  The subjects rested 

in the supine position with the right arm extended and placed in a customized arm 

support system commonly used in FMD assessment (82).  Brachial artery diameters and 

blood flow velocity were measured from images derived from a Doppler ultrasound 

machine equipped with a high-resolution linear array transducer (Philips iE33 Ultrasound 

System; Bothel, WA) using standardized procedure (59).  A blood pressure cuff was 

placed on the forearm 3 to 5 cm distal to the antecubital fossa.  A longitudinal image of 

the brachial artery was acquired 5 to 10 cm proximal to the antecubital fossa.  Baseline 
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brachial artery diameter and blood velocity were recorded for one minute prior to cuff 

inflation.  The cuffs were inflated to 100 mmHg above resting systolic blood pressure for 

5 minutes to induce ischemia.  After cuff deflation, ultrasound-derived blood velocity 

measurements were taken for 25 seconds, and brachial artery diameter measurements 

were taken for 120 seconds.  The magnitude of change in diameter is expressed as an 

absolute percentage (see Appendix C).   

Resistance vessel function.  The structure and function of the microvessels was assessed 

using minimal vascular resistance.  Peak vasodilatory capacity during reactive hyperemia 

is achieved by using prolonged arterial occlusion in combination with muscular work (i.e. 

handgrip exercise) (260).  With this experimental set-up, vascular tone within the 

occluded region is abolished and the vessels reach maximal vasodilation (93, 232).  

Using peak blood flow during reperfusion and mean arterial pressure, a measure of 

minimal vascular resistance can be obtained which reflects the media: lumen ratio of pre-

capillary vessels (260), and can be used as an in vivo bioassay of changes in resistance 

vessels (308).  Minimal vascular resistance was measured in the supine position using 

venous occlusion plethysmography (E20 Rapid Cuff Inflator, EC6 Interface Box, D.E. 

Hokanson; Bellevue, WA).  The left arm was extended and placed in a foam stabilizer 

with the hand slightly above heart level.  A mercury-in-silastic strain-gauge was placed 

approximately 5 cm distal to the antecubital fossa around the largest circumference of the 

forearm.  Subjects rested in this position for at least 5 minutes.  A blood pressure cuff on 

the wrist was inflated to 200 mmHg (to exclude blood flow to the hand) for 1 minute 

prior to and during measurement of baseline forearm blood flow.  Forearm blood flow 

measurements were obtained by inflating a cuff on the brachial artery to 50 mmHg (to 
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prevent venous outflow) for 5 seconds, every 15 seconds for a total of 3 minutes.  After 5 

minutes of rest, the blood pressure cuff on the upper arm was inflated to 100 mmHg 

above resting blood pressure for 10 minutes.  During the last 2 minutes of occlusion, the 

subject performed handgrip exercise to obtain peak forearm blood flow and minimal 

vascular resistance (140).  Subjects maximally squeezed a handgrip dynamometer 

(HDM-915, Lode Instruments; Groningen, The Netherlands) for 2 seconds and rested for 

3 seconds.  These rhythmic contractions continued for 95 seconds.  Immediately after 

handgrip exercise and cuff deflation, forearm blood flow was measured again for 3 

minutes using the identical procedure as described for baseline flow.  Forearm blood flow 

was analyzed automatically using NIVP3 software (NIVP3, D.E. Hokanson Inc; 

Bellevue, WA).  Minimal vascular resistance was calculated as the ratio of mean arterial 

blood pressure and post-occlusion maximal blood flow (see Appendix C).  Minimal 

vascular resistance was not obtained in 1 Control subject and 3 Sedentary SLE patients 

due to severe subject discomfort.   

Statistical Analyses.   

Descriptive statistics were used for the analysis of subject characteristics.  A significance 

level of p<0.05 was set a priori to determine statistical significance.  Sedentary SLE 

patients, Exercising SLE patients, and Controls were compared using one-way ANOVA.  

In the case of a significant ANOVA, Tukey's post-hoc analysis was used to determine 

group differences.  In order to determine associations between measurements of vascular 

function and markers disease activity, Pearson's product moment correlations were used.  

Because the inflammatory markers did not display a normal distribution, correlations 

were calculated using Spearman's rho.  Power analysis for the primary dependent 
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variables indicate and effect size of 0.58 for arterial compliance and 0.47 for flow-

mediated dilation with an observed power of 0.89 and 0.73, respectively.  All statistical 

analyses were performed using SPSS (Version 16.0; SPSS Inc. Chicago, IL).  

 

RESULTS 

Subjects Characteristics 

 A total of 44 subjects were tested, and 41 were used in analysis.  Three healthy 

control subjects were excluded after the initial screening due to: 1) BMI>35; 2) 

hypertension; and 3) inability to conduct vascular function tests due to an irregular 

menstrual cycle.  All SLE patients were used in the analysis.  Subject characteristics and 

selected metabolic risk factors are presented in Table 4.1.  There were no differences 

between the 3 groups in male/female ratio, age, anthropometric variables, blood lipids, 

blood glucose, or serum markers of cardiovascular risk.  

Physical activity and maximal aerobic capacity 

 As expected, Exercising SLE patients scored higher on the Godin Physical 

Activity (PA) questionnaire than Sedentary SLE patients or healthy Controls.  Exercising 

SLE patients had higher maximal aerobic capacity as measured by a treadmill VO2max 

test compared with Sedentary SLE patients, but was not different from age-matched 

Controls.  The Godin PA score and maximal aerobic capacity were positively correlated 

(r=0.43; p<0.01) and similar to correlation within the general population (r=0.35).  

Maximum heart rate and respiratory exchange ratio (RER) was similar in the 3 groups, 

indicating that SLE patients did achieve maximum effort during the graded exercise test.  
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Previous studies have indicated that SLE patients have lower aerobic capacity than age-

matched healthy subjects and may be a consequence of the disease (42).   

Central hemodynamic variables 

 Selected cardiovascular variables are presented in Table 4.2.  Supine heart rate 

and cardiac output were similar between the groups.  In general, Sedentary SLE patients 

had higher brachial and carotid arterial pressures compared with the Control group.  

There were no differences in blood pressures between Sedentary SLE and Exercising 

SLE patients.  Importantly, both brachial and carotid pulse pressures that are used in 

calculating arterial stiffness and correcting wave reflection variables were similar among 

the 3 groups.   

Left ventricular structure and function 

 There were no significant differences between groups in LV mass or LV 

mass/BSA (Table 4.2).  Cardiac output, estimated from the cross-sectional area and 

velocity of flow through the aorta, was similar in all groups.  Ejection fraction was lower 

in Sedentary SLE patients compared with Exercising SLE patients or Controls.  

Furthermore, the combined group of SLE subjects had lower ejection fraction than 

Controls.  However, fractional shortening and E/A ratio was similar among the 3 groups.  

LV mass was not associated with measurements of vascular function but was 

significantly correlated with brachial systolic blood pressure (r=0.36), mean arterial 

pressure (r=0.32), diastolic blood pressure (r=0.29), pulse pressure (r=0.32), carotid 

systolic pressure (r=0.34), and carotid pulse pressure (r=0.34).  When LV mass was 

normalized by BSA, the correlations became nonsignificant. 
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Central arterial stiffness and peripheral wave reflection 

 Lower carotid arterial compliance, indicating higher arterial stiffness, was 

demonstrated in the combined SLE population compared with Controls (0.14±0.01 vs. 

0.18±0.01 mm2/mmHg; p<0.05; Figure 4.1A).  When separated into 2 SLE groups, the 

Sedentary SLE group had lower arterial compliance than Controls (0.13±0.01 vs. 

0.18±0.01 mm2/mmHg; p<0.05; Figure 4.1B).  Carotid arterial compliance in Exercising 

SLE patients was not different than the Sedentary SLE group (0.15±0.01 vs. 0.13±0.01 

mm2/mmHg; p=0.33).  Importantly, there were also no statistical differences in 

compliance between Controls and Exercising SLE patients (0.18 vs. 0.15±0.01 

mm2/mmHg; p=0.23).  Carotid diastolic and systolic diameters were lower in Exercising 

SLE patients compared with both Sedentary SLE patients and Controls. 

 Aortic AI, a measure of arterial stiffness and peripheral wave reflection, was 

higher in the combined SLE group compared with Controls (17.8±3.6 vs. 8.2±1.8%; 

p<0.05; Figure 4.2A).  When separated into the Sedentary and Exercising SLE groups, AI 

was higher in Sedentary SLE patients (24.6±4.0%) than the Control group and the 

Exercising SLE group (both p<0.05) as indicated on Figure 4.2B.  However, there was no 

significant difference in aortic AI between the Controls and the Exercising SLE group 

(p=0.51). 

Endothelium-dependent vasodilation 

 Flow-mediated dilation (FMD), which was used as a measure of endothelial 

function, was not statistically different between the combined SLE group compared with 

the Control group (5.8±0.9 vs. 8.1±1.2%; p=0.08; Figure 4.3A).  Sedentary SLE patients 

had lower FMD than the Control group (3.6±1.3 vs. 8.1±1.2%; p<0.05), but were not 
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different from the Exercising SLE group (6.9±1.0%; p=0.16; Figure 4.3B).  Importantly, 

there was no significant difference in FMD between the Controls and the Exercising SLE 

group (p=0.73).  Baseline diastolic diameters were similar among the 3 groups. 

Resistance vessel function 

 Forearm blood flow was measured at baseline and after 10 minutes of ischemia 

combined with forearm exercise to evaluate microvascular function.  Baseline blood flow 

and maximum blood flow were not different between groups.  Minimal vascular 

resistance was also similar among the 3 groups (Figure 4.4).  There was no significant 

correlation between FMD and minimal vascular resistance (r=-0.12; p=0.25).  

Correlates of vascular function 

 Exercise status and aerobic fitness were associated with measures of vascular 

function.  Aortic AI was associated with both VO2max (r=-0.56) and Godin PA Score 

(r=-0.30), whereas arterial compliance and minimal VR were only moderately correlated 

with VO2max (r=0.37 and r=-0.30, respectively).  FMD was not associated with either 

parameter of exercise status. 

 Markers of inflammation were also correlated with vascular function measures 

(Table 4.6).  Arterial compliance was associated with TNF-α (r=-0.38), aortic AI was 

associated with CRP (r=0.33) and ICAM-1 (r=0.28), FMD with IL-6 (r=-0.29) and IL-10 

(r=-0.28), and minimal VR with CRP (r=0.51), IL-6 (r=0.41), IL-10 (r=0.35), and ICAM-

1 (r=0.29). 

Markers of disease activity and inflammation 

 SLE disease activity markers are displayed on Table 4.3.  Exercising SLE patients 

demonstrated lower symptom scores, numerical rating, depression, shortness of breath, 
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muscle pain, and muscle weakness.  However, SLE groups had similar disease duration, 

global assessment, rating of fatigue, use of medication, and serum Anti-dsDNA 

concentrations. 

 Markers of systemic inflammation are displayed in Table 4.4 and associations 

between biomarkers are in Table 4.5.  In the combined SLE group only IL-10 

concentration was significantly higher.  However, when evaluating the different SLE 

groups, Sedentary SLE demonstrated higher levels of CRP, than either Controls or 

Exercising SLE patients.  Additionally, Sedentary SLE had significantly higher 

concentrations of IL-12 and TNF-α than Controls.  There were no significant differences 

in IL-10, ICAM-1, or MPO between the Sedentary SLE patients than Controls (p=0.11, 

p=0.06, and p=0.08; respectively).  Exercising SLE patients demonstrated significantly 

lower CRP and ICAM-1 compared to Sedentary SLE patients and were similar to 

Controls. 

 Indicators of disease activity were associated with markers of systemic 

inflammation.  Specifically, correlations were significant between the following: a) anti-

dsDNA with MCP-1 (r=0.66), TNF-α (r=0.42), E-selectin (r=0.38); b) SLAQ numerical 

rating with CRP (r=0.35), IL-1ra (r=0.36), IL-10 (r=0.38), MPO (r=0.36); c) SLAQ 

symptom score with CRP (r=0.44), IL-6 (r=-0.39), MPO (r=0.46); d) muscle pain with 

IL-1ra (r=0.47), IL-6 (r=-0.46), MPO (r=0.43); and e) muscle weakness with CRP 

(r=0.41), IL-1ra (r=0.38), IL-6 (r=-0.47), MPO (r=0.60). 

 Only arterial compliance and minimum vascular resistance were modestly 

associated with indicators of disease activity.  Arterial compliance correlated with 

numerical rating (r=-0.39).  Minimal vascular resistance was associated with numerical 
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rating (r=0.38) and symptom score (r=0.36).  Disease duration was not associated with 

any measurement of vascular function.   

Associations between exercise, disease activity, and inflammation 

 In combined analysis of both SLE groups, VO2max was significantly correlated 

with symptom score (r=-0.39), depression (r=-0.72), and muscle pain (r=-0.45).  In 

analysis of all 3 groups, VO2max was also associated with markers of systemic 

inflammation, CRP (r=-0.30) and IL-1ra (r=-0.36), and Godin score was correlated with 

TNF-a (r=-0.31). 

 

DISCUSSION 

Primary Findings 

 The key findings of Study 2 are that: 1) sedentary individuals with SLE 

demonstrate lower vascular function compared with age-matched healthy controls; 2) 

individuals with SLE who regularly engage in exercise exhibit similar values of vascular 

function compared with healthy controls; 3) inflammatory markers were lower in 

Exercising SLE patients and were associated with vascular function and disease activity; 

and 4) markers of disease activity were lower in Exercising SLE and were associated 

with measures of vascular function.  The most salient finding of the present study is that 

when SLE patients were grouped by exercising status, habitually-exercising SLE patients 

fail to demonstrate a reduction in vascular function that has been well established in the 

literature.   

 To the best of my knowledge, this is the first study to demonstrate the beneficial 

influence of regular exercise on cardiovascular risk factors in a group of SLE patients.  
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Previous studies investigating exercise in SLE patients were limited to outcomes such as 

depression, quality of life, and cardiovascular fitness (12, 28, 42).  Although it was noted 

that exercise did not exacerbate disease conditions (51), surprisingly few studies are 

available on additional benefits of exercise in this patient population.  SLE patients are 

reported to have lower maximal aerobic capacity than age-matched healthy individuals 

(267), but this was not confirmed in the present study.  When the SLE patients were 

grouped by exercising status, there was no significant difference in aerobic capacity 

between Sedentary SLE compared with age-matched controls.  Sakauchi, et al. (267) 

suggested that lower aerobic capacity and oxygen pulse in SLE patients might be caused 

by inflammation in the peripheral muscles, similar to heart failure patients (117, 320).  

Inflammation may cause a reduction in muscle blood flow and lower VO2max by 

reducing oxygen extraction by the muscle.  However, regular exercise training in heart 

failure is beneficial for improving aerobic capacity, reducing local muscle inflammation 

(106, 116, 174), and improving vascular function (184) despite significant systemic 

inflammation.  Thus, exercise training appears to have positive effects in other chronic 

inflammatory diseases.  This study supports the notion that exercise attenuates the SLE 

disease-associated reduction in vascular function by demonstrating a lack of vascular 

dysfunction in a group of habitually-exercising SLE patients. 

Development of Hypotheses 

 Inflammation increases with aging and disease and may be involved in the age-

associated etiology of reduced vascular function.  In order to address chronic 

inflammation as a mechanism underlying vascular dysfunction, SLE was chosen as an 

experimental model because the elevated systemic inflammation occurs early in the 
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lifespan (SLE is often considered "accelerated aging") and is independent of traditional 

risk factors (198).  Metabolic syndrome, rheumatoid arthritis, and other disease states 

were also options for investigation, but are complicated by several confounding factors.  

Moreover, SLE has been used as a model of inflammation by other investigators to 

evaluate different parameters of vascular function (256).  However, such studies typically 

evaluate middle-aged and older populations with cardiovascular complications and 

attempt to statistically control the effect of confounding factors.  Moreover, these studies 

do not mention physical activity.  Given the potent effect of habitual exercise on vascular 

function in healthy adults (72, 306), it is reasonable to hypothesize that regular exercise is 

beneficial for reducing overall cardiovascular risk in patients with chronic inflammatory 

diseases such as SLE.  In Study 2, this hypothesis was examined in younger groups, free 

of overt cardiovascular disease or other cardiovascular complications. 

Macrovascular and Mircovascular function  

 The results of Study 2 confirm previous studies demonstrating a reduction in 

vascular function in SLE patients compared with age-matched controls (24, 31, 80, 159, 

183, 256, 275, 350, 355).  In the combined group of SLE patients, carotid arterial 

compliance was lower and augmentation index was higher than healthy age-matched 

controls.  As hypothesized, when SLE patients were grouped by exercising status, the 

difference between Sedentary SLE and Controls persisted, but the Exercising SLE 

patients were statistically similar to Controls.  This suggests that moderate regular 

exercise is enough of a stimulus to maintain vascular function despite the presence and 

progression of SLE.  Furthermore, the lack of difference between Exercising SLE and 
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Controls is promising in that individuals with SLE derive a vascular benefit from 

exercise, similar to healthy individuals. 

 This is the first study to examine arterial stiffness and endothelial function in 

habitually-exercising SLE patients.  Currently available studies indicate that arterial 

stiffness is higher in SLE patients than healthy controls (31, 256).  Furthermore, many 

previous studies reported lower endothelial function (assessed by FMD) in SLE 

compared with healthy controls (80, 183, 350).  In the case of endothelial function, two 

other studies failed to detect differences between SLE and healthy controls (2, 64).  In 

both studies, SLE patients were taking cardiovascular medications, which are known to 

affect the measurement of FMD (104, 300).  Despite the lack of significant group 

differences, FMD was associated with disease duration, suggesting that SLE does 

influence FMD (64).  None of the aforementioned investigators mentioned exercising 

status or maximal aerobic capacity and attributed any group differences to the chronic 

inflammatory state of SLE.  The results of Study 2 introduces physical activity as an 

additional factor to consider.  SLE patients may become less physically active as a 

consequence of the disease, the prescribed medications, or when experiencing a period of 

increased disease activity (i.e. flare) (12, 28, 312).  Because physical activity is a 

contributing factor to vascular function in healthy individuals, it could explain differences 

in arterial stiffness and endothelial function in the previous SLE studies (273).    

 Arterial compliance and endothelial function were not statistically significant 

between the two SLE groups.  It is possible that the lack of significance is due to the 

small subject population, but more than likely it is because of the blunted aerobic fitness 

in this patient population (156).  Cross-sectional comparisons of healthy sedentary and 
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habitually-exercising individuals show distinct differences in both arterial compliance 

and endothelial function (72, 306), however, SLE subjects in this study had lower 

maximal aerobic capacity and likely performed less exercise (as reported by the Godin 

PA questionnaire) than healthy subjects in other studies.  Most of the SLE subjects' 

training logs did not reflect a high volume of exercise (frequency, duration, or intensity) 

typically observed in "trained" individuals.  In fact, intense endurance type training may 

be contraindicated in some SLE patients, given the stress it can have on their already 

altered immune system (57, 115).  The subjects in this study exercised moderately (at 

least 3 hours per week) for at least 6 months. Because the SLE groups were well-matched 

in terms of age, disease duration, and medication use, it may have been unreasonable to 

assume that there would be a clear distinction in vascular function between the SLE 

groups.  Additionally, the inclusion of a wide age range (19-60 years) may have widened 

the variability in each group further limited the ability to detect SLE group differences.  

Even without group differences between Exercising and Sedentary SLE patients, the 

association between maximal aerobic capacity and vascular function, as well as the fact 

that reduced vascular function was only apparent in Sedentary SLE patients, is 

encouraging for future intervention studies for SLE patients. 

 In addition to the central arterial compliance and endothelial function results, 

there were group differences in augmentation index between SLE groups (and compared 

with Controls).  Augmentation index is a measure of arterial wave reflection that is 

influenced by arterial stiffness, the reflection site, and peripheral vascular resistance (153, 

219).  The robust differences in augmentation index between groups may be attributed to 

the idea of augmentation index as "combination" measurement incorporating several 
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variables that influence vascular function, whereas arterial compliance and flow-mediated 

dilation locally assess a particular facet of overall vascular function.  While Study 2 

results are in line with other studies investigating augmentation index in SLE (64, 275, 

284), others reported no significant difference in augmentation index (24).  The 

discrepancy may be caused by several reasons, including the subject population, 

inclusion of additional risk factors, and use of antihypertensive medication, as the general 

consensus is that arterial stiffness is higher in SLE patients.  The difference in 

augmentation index between SLE groups raises several key points.  SLE is thought to be 

a microvessel disease with many medical theories pointing to the mircovascular 

involvement in disease-related organ damage.  In Study 2, the effect of exercise within 

this population may be more closely related to microvascular improvements that 

precipitate the more central macrovascular changes.   

 Minimal vascular resistance, a measure of resistance vessel function, was similar 

between both SLE groups and Controls.  Minimal vascular resistance has not been 

previously reported in an SLE population, however, other microvascular measurements 

have been investigated.  The results of Study 2 are in accordance with others who found 

no impairment of microcirculatory responses to vasodilatory agents in SLE patients (25, 

68) and in contrast to those who detected a difference in the structure and function of 

microvessels of SLE patients (350).  Such discrepancies may be due to the assessment 

technique or the specific patient population examined.  In addition, there is still 

controversy regarding the appropriate method to assess microcirculatory function (63) or 

whether it is ideal for detecting cardiovascular risk (255).  To gain insight into the 

potential reduction in mircovascular function in SLE patients, microcirculatory function 
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was measured in Study 2.  The involvement of the microcirculation has been implicated 

in the pathophysiology of SLE (6, 206) and cardiovascular disease in general (179).  

Furthermore, the microcirculation is a key link between autoimmune dysregulation and 

organ involvement in SLE (110).  It should be noted that there was a trend for lower 

minimum vascular resistance in Exercising SLE compared with Sedentary SLE patients, 

which would suggest enhanced resistance vessel function and a beneficial adaptation in 

the exercising cohort.  Accordingly, both reported physical activity (Godin questionnaire) 

and maximal aerobic capacity (VO2max) were inversely associated with resistance vessel 

function.  Therefore, habitual exercise may have a beneficial influence on both macro- 

and microvascular function in SLE patients.  

Inflammation, Exercise, and Vascular Function 

 Markers of systemic inflammation were expected to be higher in the combined 

SLE compared with healthy Controls, confirming that SLE is a model of inflammation.  

The only cytokine that reached statistical significance was IL-10.  While there is some 

discrepancy over what cytokines are elevated and therefore a "marker" of SLE, most 

studies demonstrate upregulation of at least one marker of systemic inflammation.  

Again, it should be noted that the small subject population in Study 2 was much younger 

than many of the classic SLE studies and may explain the lack of group differences in 

inflammatory markers.  When the SLE group was divided by exercise status, Sedentary 

SLE demonstrated higher CRP, TNF-a, and IL-12 compared with controls, as previously 

reported (79, 112, 132, 188, 256, 265, 280).  This is the first study to demonstrate lower 

concentrations of CRP and ICAM-1 in an Exercising SLE population compared with 

Sedentary SLE patients, suggesting a beneficial effect of habitual exercise inflammation.  
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Despite SLE group differences, indicators of exercise status were only modestly 

correlated with inflammatory markers.  CRP has been shown to correlate with maximal 

aerobic capacity (VO2max) in a large cohort of healthy males (47, 169).  However, no 

study has established whether a correlation between exercise capacity and inflammation 

exists in a population with altered immune function.  Although the correlations were 

modest, the subject population was small and indicates that greater aerobic capacity or 

greater amounts of physical activity are related to lower inflammation.  Indeed, similar 

results were reported in a large healthy population with the exercise-related reduction in 

cardiovascular disease risk attributed to inflammatory biomarkers (CRP, ICAM-1) (213).  

Furthermore, decreases of 20-30% in CRP and ICAM-1 after regular exercise training 

was reported in patients with chronic inflammation (1, 317).  Potential mechanisms 

underlying the beneficial effect of regular exercise on inflammation include a reduction 

in BMI or body fat (213), however, in the present study BMI and body fat percentage 

were similar amongst all groups.  Furthermore, other intervention studies indicate that 

CRP reduction with exercise may not be related to the amount of body weight lost (220).  

Other potential mechanisms include the reduction in anti-atherogenic molecules like LDL 

(205), reduced expression of toll-like receptors (202), increased activity of antioxidant 

enzymes (142), or modulation of oxidative stress by NO (101).  Endothelium-derived NO 

is also thought to inhibit NF-kB and mediate its downstream proinflammatory effects (70, 

344).  Of course it is unknown if exercise directly or indirectly reduces inflammation in 

SLE but Study 2 results certainly lends credence to the theory of habitual exercise 

mediating systemic inflammation.    
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 Circulating inflammatory markers in the combined analysis were also related to 

measures of vascular function.  The recent emergence of studies investigating the effect 

of acute inflammation on vascular function have provided a solid basis for inflammation 

as a primary cause for reduced vascular function (50, 127, 157, 332).  Although Study 2 

was limited to cross-sectional and correlation analyses, the results are similar to others 

that suggest inflammation is associated with impaired vascular function (80, 256).  

Mechanistically, chronic inflammation can promote vascular dysfunction via inhibition of 

the eNOS enzyme (356), or upregulation and attachment of cellular adhesion molecules 

(ICAM-1 or VCAM-1) (29, 62, 244, 338) to endothelial cells.  ICAM-1 and VCAM-1 

expression most likely affects larger vessels by disturbing laminar blood flow (250, 290).  

In fact, in Study 2, ICAM-1 was associated with measures of arterial stiffness and 

microvessel function, supporting previous studies in healthy adults (4, 131).   

 Macrovascular function was associated with inflammatory cytokines, yet 

microvascular function assessed by minimal vascular resistance was modestly and 

positively correlated with many inflammatory markers, including CRP, IL-6, IL-10, and 

ICAM-1.  The fact that several markers were associated with microvessel function is in 

accordance with the theory that inflammation alters the microcirculation, which in turn 

influences macrovascular function.  Inflammation is characterized by leukocyte 

adherence and emigration, platelet-leukocyte aggregation, and endothelial cell swelling, 

potentially altering endothelial glycocalyx and capillary basement membrane, reducing 

arteriole sensitivity to endogenous vasodilators (164), and disrupting blood flow (141).  

Recent research suggests that cytokines, such as TNF-α, direct the inflammation-

mediated microvascular dysfunction in animals (225) and impair vasodilation in human 
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microvessels (23).  In the present study, TNF-α was higher in Sedentary SLE, although 

the association with microvascular function did not reach significance.  Taken together, 

these findings suggest that the microvessels may be more vulnerable to inflammation-

induced dysfunction. 

Disease Activity and Vascular Function 

 Although SLE was chosen as a model of inflammation, examining disease activity 

within this population may provide additional insight to inflammation-mediated vascular 

dysfunction.  Disease activity provides a clinical "end-point" in which to evaluate how 

organ systems are affected by inflammation and/or reduced vascular function.  The 

SLAQ questionnaire was used to measure disease activity, as it is meant for research 

studies (149) and eliminates the need for clinician ratings or access to patient medical 

records.  In the case of Study 2, the SLAQ was extremely important in gauging 

individuals' perception of his or her own health and therefore the ability to be physically 

active.  Despite the fact that SLE disease duration, medication use, last flare (i.e. patient 

global assessment), fatigue, and anti-dsDNA antibodies were similar between the SLE 

groups, all other disease activity markers of interest were lower in Exercising SLE 

patients.  The fact that the groups were similar in more quantitative assessment (years of 

disease, medication use, and last flare) disputes the argument that Exercising SLE 

patients had lower overall disease activity and therefore allowed them to be physically 

active.  The aspects of disease activity that were different between groups were assessed 

qualitatively from the SLAQ questionnaire.  Thus, regular exercise appears to have a 

beneficial association with several indicators of disease activity in accordance with 

exercise training in SLE patients (28, 42). 
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  In the combined SLE group, disease activity was also associated with arterial 

stiffness and microvascular function measurements and has confirmed previous reports 

that disease activity is related to arterial stiffness (275), endothelial function (322), and 

microvascular function (252).  The aforementioned studies collected clinical disease 

activity markers that were not obtained in Study 2, yet modest correlations were noted in 

a relatively small number of subjects.  Most likely, higher disease activity induces 

vascular damage via elevated immune complexes and associated vascular inflammation 

(275).  While the mechanisms explaining how disease activity affects vascular function 

are unclear, evaluating vascular function may be a method to quantify the cumulative 

influence of risk factors to estimate overall cardiovascular risk. 

 The notion that SLE disease activity is caused by the imbalance of Th1/Th2 

cytokines has been systematically investigated, yet it remains controversial what role 

circulating cytokines have in the progression of disease severity.  For example, cytokines 

are upregulated in SLE patients compared with healthy controls, but do not change much 

during flares (333) and do not demonstrate discernible patterns across individual patients 

(41).  Of all cytokines and inflammatory markers investigated, CRP was associated with 

several indicators of disease activity in the present study, CRP typically does not increase 

with exacerbating disease severity (126).  However, because we evaluated all SLE 

patients at only one time point, CRP may provide an indicator of stable disease activity 

instead of signaling the presence of a flare.  In contrast to cytokines and acute phase 

reactants, cellular adhesion molecules are associated with disease activity and are 

mechanistically linked to disease processes (79, 287).  In summary, Study 2 further 
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supports the use of vascular function measures or inflammatory biomarkers as indicators 

of disease activity in SLE patients. 

Limitations 

 The multifaceted approach to investigate vascular function in SLE patients cannot 

be achieved without some limitations and these limitations warrant mention and 

discussion.  First, the small subject number limits the ability to detect significant group 

differences or associations between variables.  From the beginning, recruitment of 

otherwise "healthy" SLE patients was a challenge and required assistance from clinicians, 

community support groups, and national foundations.  Once potential subjects were 

recruited, the next challenge was to schedule a time to come to the laboratory, while 

planning around the menstrual cycle, flares, medication changes, and personal 

responsibilities.  For several subjects, the testing was difficult to complete and, as a 

result, some variables are missing.  Nevertheless, there are apparent differences between 

the SLE and healthy controls, and a similarity between healthy controls and Exercising 

SLE, having implications for multiple future studies.  Secondly, a cross-sectional study 

design was used and therefore limited the analyses to observational group differences and 

correlation analyses.  Because of the cross-sectional study design, it is possible that the 

Exercising SLE patients led a "healthier" lifestyle and therefore group differences may 

not be solely attributed to exercise status.  In attempt to control for this limitation, an 

attempt was made to match the groups for known cardiovascular risk factors.  

Accordingly, there were no group differences in BMI, body fat percentage, blood lipids, 

or blood glucose.  If the Exercising SLE patients were indeed "healthier", this should be 

apparent when examining other cardiovascular risk factors.  As a longitudinal study 
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requires a substantial amount of time and resources to conduct and complete, a cross-

sectional study is the initial step to provide rationale for a complex exercise intervention 

study.  Furthermore, the use of correlation analysis revealed potential mechanisms for 

future experimental control and exploration.  Finally, based on previous studies, SLE was 

considered a model of chronic inflammation and a direct measure of inflammation or 

quantification of vascular inflammation was not available in our laboratory at the time of 

the study.   

Perspectives 

Identifying risk factors for cardiovascular disease is important in reducing 

mortality and health care costs related to the disease.  Although many risk factors have 

been identified, the extent to which risk factors cause cardiovascular disease is unknown.  

The results of Study 2 have several implications for both the understanding of 

cardiovascular disease risk in the general population and modifying this risk in SLE 

patients.  Understanding the mechanisms of disease pathology will lead to better 

prevention and treatment strategies and, in turn, a healthier society. 

Reductions in vascular function occur before the detection of clinically relevant 

disease states and provide an additional biomarker of cardiovascular risk.  Despite the 

detection of reduced vascular function, little is known about preventing the age- and 

disease-related increase in arterial stiffness or decrease in endothelial function.  Chronic 

inflammation has emerged as a potential underlying mechanism of this process and Study 

2 confirms the association between inflammatory biomarkers and vascular function.   

Likewise, this is the first study to investigate the effects of chronic inflammation from 

ventricular function to central and peripheral macrovascular function, and microvascular 
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function in a single cohort of SLE patients.  The results of this study suggest that 

inflammatory burden is a key factor in the pathophysiology of vascular dysfunction, in 

SLE and in other chronic inflammatory syndromes.  Moreover, these results extend 

previous work by demonstrating the absence of reduced vascular function in habitually-

exercising SLE patients, advocating the inclusion of physical activity in SLE disease 

management, treatment, and prevention of cardiovascular complications. 

Conclusions 

 Individuals with chronic inflammatory disease demonstrate increased central 

arterial stiffness and reduced endothelial function compared with healthy controls.  

Importantly, habitual exercise is beneficial in preventing the characteristic impairment in 

vascular function in SLE patients.  Thus, moderate regular exercise is a potential 

therapeutic modality to combat the accelerated risk of cardiovascular disease in 

individuals with chronic inflammatory disease. 
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Table 4.1 Selected Subject Characteristics 
  

Control 
 
Sedentary SLE 

 
Exercising SLE 

Male/Female          2/13          2/10          2/12 
Age, yr        32 ± 3        36 ± 3        32 ± 3 
Height, cm      162 ± 8      161 ± 8      162 ± 5 
Body mass, kg     63.5 ± 3.1     71.4 ± 5.9     63.6 ± 3.4 
Body mass index, kg/m2     24.2 ± 1.1     27.7 ± 2.4     24.3 ± 1.2 
Body fat, %        34 ± 2        37 ± 2        33 ± 2 
Lean body mass, kg     40.0 ± 2.0     38.7 ± 2.2     39.0 ± 2.3 
Waist circumference, cm     78.5 ± 2.6     84.9 ± 5.4     77.9 ± 3.3 
Godin physical activity score, units        17 ± 4          5 ± 2*        44 ± 3*† 
VO2 max, ml/kg/min     32.4 ± 1.6     27.9 ± 2.7     35.5 ± 1.9† 
Maximum heart rate, bpm      190 ± 4      176 ± 7      181 ± 3 
Respiratory exchange ratio, U     1.18 ± 0.1     1.22 ± 0.3     1.16 ± 0.2 
Daily dietary sodium, mg    2662 ± 345    2512 ± 367    3590 ± 265 
Daily kilocalorie     1881 ± 208    1376 ± 102    2043 ± 90† 
Total cholesterol, mg/dL      198 ± 8      180 ± 11      177 ± 9 
HDL cholesterol, mg/dL        58 ± 4        51 ± 4        59 ± 4 
LDL cholesterol, mg/dL      140 ± 8      129 ± 11      118 ± 11 
VLDL cholesterol, mg/dL        17 ± 2        23 ± 3        16 ± 2 
Total cholesterol/HDL ratio       3.4 ± 0.3       3.5 ± 0.3       3.0 ± 0.3 
Triglycerides, mg/dL        86 ± 10      113 ± 16        81 ± 9 
Fasting glucose, mg/dL       88 ± 2        87 ± 3        87 ± 2 
Hemoglobin AIc, %       4.5 ± 0.1       4.4 ± 0.3       4.3 ± 0.1 
Hematocrit, %        41 ± 1        38 ± 2        40 ± 1 
VEGF, pg/mL    1596 ± 436    3327 ± 1133    1987 ± 841 
sE-Selectin, ng/mL     20.9 ± 2.6     24.6 ± 4.0     22.6 ± 2.5 
MMP-9, pg/mL     58.7 ± 11.8     81.8 ± 16.3     64.0 ± 9.4 
tPAI, pg/mL     30.9 ± 5.1     44.5 ± 8.9     35.8 ± 10.3 
Data are mean±SEM.  VO2max=maximal oxygen consumption; VEGF=vascular 
endothelial growth factor; MMP=matrix metalloproteinase; tPAI=plasminogen activator 
inhibitor-1.  *p<0.05 vs. Controls; †p<0.05 vs. Sedentary SLE. 
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Table 4.2 Selected Cardiovascular Variables 
  

Control 
 
Sedentary SLE 

 
Exercising SLE 

Supine heart rate, bpm        61 ± 2        66 ± 3       60 ± 3 
Brachial systolic BP, mmHg      102 ± 2      117 ± 6*     106 ± 3 
Brachial mean BP, mmHg        72 ± 2        84 ± 5*       77 ± 2 
Brachial diastolic BP, mmHg        57 ± 2        67 ± 4*       63 ± 2 
Brachial pulse pressure, mmHg        45 ± 1        49 ± 3       44 ± 2 
Carotid systolic BP, mmHg        89 ± 2      103 ± 6*       95 ± 3 
Carotid pulse pressure, mmHg        32 ± 1        38 ± 6       33 ± 2 
Carotid diastolic diameter, mm     6.50 ± 0.14     6.50 ± 0.24    5.94 ± 0.09* 
Carotid systolic diameter, mm     7.06 ± 0.14     6.94 ± 0.24    6.46 ± 0.11* 
Carotid IMT, mm     0.42 ± 0.02     0.45 ± 0.03    0.46 ± 0.02 
Brachial diastolic diameter, mm     3.35 ± 0.17     3.39 ± 0.18    3.22 ± 0.17 
Cardiac output, L/min       4.2 ± 0.2       4.7 ± 0.4      4.2 ± 0.3 
LV mass, g   139.7 ± 9.1   170.9 ± 15.1  141.1 ± 10.7 
LV mass/BSA     83.9 ± 4.8     97.2 ± 6.9    85.1 ± 6.7 
Fractional Shortening     39.9 ± 1.4     35.8 ± 2.3    37.8 ± 1.4 
Ejection Fraction, %     70.2 ± 1.7     58.8 ± 3.4*    67.9 ± 1.9† 
E/A Ratio       2.1 ± 0.1       1.8 ± 0.4      2.1 ± 0.2 
Data are mean±SEM.  BP=blood pressure; IMT=intima-media thickness; LV=left 
ventricle; BSA=body surface area; E/A=early vs. atrial.  *p<0.05 vs. Controls; †p<0.05 
vs. Sedentary SLE. 
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Table 4.3 Indicators of Disease Activity in SLE Patients 
  

Sedentary SLE 
 
Exercising SLE 

Mean SLE duration, y     7.5 ± 1.6      7.6 ± 1.8 
SLE activity scores:              
     Patient global assessment     1.5 ± 0.3      0.9 ± 0.3 
     Symptom score     4.1 ± 1.3      0.8 ± 0.4* 
     Numerical rating     5.6 ± 0.8      3.2 ± 0.6* 
Depression     1.0 ± 0.3      0.2 ± 0.2* 
Fatigue     2.0 ± 0.2      1.5 ± 0.3 
Shortness of breath     1.8 ± 0.3      0.5 ± 0.2* 
Muscle pain     1.8 ± 0.3      0.9 ± 0.2* 
Muscle weakness     1.8 ± 0.3      0.6 ± 0.3* 
Corticosteroid use, %           42 29 
Hydroxychloroquine use, %           42            71 
Anti-dsDNA, % borderline             0            23 
Anti-dsDNA, % positive           60            46 
Anti-dsDNA, % high positive           40            31 
Data are mean±SEM.  *p<0.05 between groups. 
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Table 4.4 Inflammatory Cytokines, Chemokines, and Acute Phase Reactants  
  

Control 
 
Sedentary SLE 

 
Exercising SLE 

C-reactive protein, mg/L       1.8 ± 0.5       4.4 ± 0.9*       1.4 ± 0.4† 
sVCAM-1, ng/mL    1303 ± 81    1392 ± 131    1333 ± 69 
sICAM-1, ng/mL   136.7 ± 9.6   185.8 ± 24.9   131.2 ± 9.9† 
MCP-1, pg/mL      873 ± 137    1341 ± 466    1430 ± 717 
IL-1ß, pg/mL       1.0 ± 0.3       3.9 ± 2.7       1.5 ± 0.4 
IL-1ra, pg/mL     29.5 ± 11.0     48.7 ± 17.1     25.7 ± 7.1 
IL-6, pg/mL     22.7 ± 7.9     40.5 ± 10.8     40.7 ± 9.0 
IL-10, pg/mL     17.3 ± 3.6     39.2 ± 9.6     33.0 ± 8.9 
IL-12, pg/mL       5.0 ± 1.3   102.6 ± 57.3*     27.5 ± 10.0 
TNF-α, pg/mL       8.8 ± 1.5     26.6 ± 9.9*     10.7 ± 1.6 
MPO, pg/mL       9.4 ± 1.3     19.4 ± 3.9     11.8 ± 3.9 
Data are Mean±SEM.  sVCAM-1=soluble vascular cellular adhesion molecule; sICAM-
1=soluble intracellular cellular adhesion molecule; MCP=monocyte chemotactic protein; 
IL=interleukin; TNF=tumor necrosis factor; MPO=myeloperoxidase.  *p<0.05 vs. 
Controls; †p<0.05 vs. Sedentary SLE. 
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Table 4.5 Associations Between Inflammatory Biomarkers   
  

CRP 
 

VCAM 
 

ICAM 
 

MCP-1 
 

IL-1β 
 

IL-1ra 
 

IL-6 
 

IL-10 
 

IL-12 
 

TNF-α 
CRP 
 

 -0.01 0.33 0.03 0.05 0.25 0.11 0.21 -0.04 0.29 

VCAM 
 

  0.50 0.32 0.12 0.11 0.02 0.32 0.24 0.29 
 

ICAM 
 

   0.14 0.11 0.18 0.14 0.34 -0.00 0.45 

MCP-1 
 

    0.03 0.36 -0.17 0.31 0.31 0.49 

IL-1ß 
 

     0.17 0.38 0.48 0.59 0.43 

IL-1ra 
 

      -0.01 0.53 0.06 0.30 

IL-6 
 

       0.32 0.38 0.15 

IL-10 
 

        0.55 0.75 

IL-12 
 

         0.55 

TNF-α 
 

          

Spearman's rho correlations were used for inflammatory biomarkers.  CRP=C-reactive 
protein; VCAM= soluble vascular cellular adhesion molecule-1; ICAM=soluble 
intracellular cellular adhesion molecule-1; MCP-1=monocyte chemotactic protein; 
IL=interleukin; TNF=tumor necrosis factor.  Significant correlations are in BOLD. 
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Table 4.6 Measures of Vascular Function Correlations 
  

r 
 
p-value 

Inflammation   
     Arterial Compliance   

• TNF-α -0.38 0.009* 
     Aortic Augmentation Index at 75 bpm   

• CRP  0.33 0.023* 
• ICAM-1  0.28 0.044* 

     Flow-mediated Dilation   
• IL-6 -0.29 0.038* 
• IL-10 -0.28 0.044* 

     Minimal Vascular Resistance   
• CRP  0.51 0.001* 
• IL-6  0.41 0.007* 
• IL-10  0.35 0.019* 
• ICAM-1  0.29 0.047* 

Regular Exercise   
     Arterial Compliance   

• VO2max  0.37 0.013* 
     Aortic Augmentation Index at 75 bpm   

• VO2max -0.56 0.000* 
• Godin Physical Activity Questionnaire -0.30 0.029* 

     Minimal Vascular Resistance   
• VO2max -0.30 0.043* 

Disease Activity   
     Arterial Compliance   

• SLAQ numerical rating -0.39 0.026* 
     Minimal Vascular Resistance   

• SLAQ numerical rating -0.38 0.036* 
• SLAQ symptom score -0.36 0.046* 

Spearman's rho correlations were used for inflammatory biomarkers and Pearson's 
product moment correlations were used for all other measurements.  VO2max=maximal 
oxygen consumption; SLAQ=systemic lupus activity questionnaire *denotes significant 
correlation. 
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Figure 4.1 Carotid arterial compliance of: A) combined SLE and B) SLE group separated 
by exercising status.  *p<0.05 vs. Control. 
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Figure 4.2 Estimated aortic augmentation index (AI) of: A) combined SLE and B) SLE 
group separated by exercising status.  *p<0.05 vs. Control; †p<0.05 vs. Sedentary SLE. 
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Figure 4.3  Endothelium-dependent vasodilation measured by flow-mediated dilation of 
A) combined SLE and B) SLE group separated by exercising status.  *p<0.05 vs. 
Control. 
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Figure 4.4  Microvascular function measured by minimal vascular resistance. 
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Chapter V: Review of Literature 

 

INTRODUCTION 

Arterial stiffness and reduced endothelial function are risk factors for 

cardiovascular disease (8, 43).  Recent studies suggest that circulating inflammatory 

markers are associated with the development of arterial stiffness and the reduction in 

endothelial function (193, 279, 354).  Inflammation is a localized immune reaction to a 

foreign substance and if the stimulus is sufficiently strong, a systemic inflammatory 

response may occur.  Circulating cytokines are markers of systemic inflammation and 

increased cytokine concentrations in the blood may impact lipoprotein metabolism, 

atherogenesis, and insulin resistance (269).  In addition, cytokines upregulate vascular 

endothelial cells expression of cellular adhesion molecules (e.g. VCAMs, ICAMs) (61, 

243) and impair endothelial function (131, 143).  Because the inflammatory response 

alters vascular homeostasis, it is likely that systemic inflammation plays a role in the 

pathogenesis of vascular diseases and thus in the development of risk factors such as 

endothelial dysfunction and arterial stiffness.  Indeed, administration of anti-

inflammatory agents improves endothelial function in diseases characterized by chronic 

systemic inflammation (133, 134, 157).   Therefore, systemic inflammation appears to be 

a useful, early marker of cardiovascular risk and potential therapeutic target for 

preventing cardiovascular disease.  

Conceivably, normal vascular function is disrupted by systemic inflammation 

because of the interaction between endothelial cells and inflammatory molecules.  The 
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endothelium is vital for homeostasis and participates in numerous regulatory processes, 

including release of nitric oxide (NO) (111, 326).  In response to shear stress, NO 

produced by endothelial nitric oxide synthase (eNOS) diffuses into vascular smooth 

muscle cells (VSMCs) and leads to vasodilation through a cyclic GMP mechanism (74, 

212, 327).  In addition to generating NO, the endothelium contributes to the stimulated 

release of inflammatory factors such as cytokines and adhesion molecules (212, 262) and 

is a source of enzymes that participate in the production of reactive oxygen species 

(ROS) (215).  Any impairment in normal endothelial vasodilatory function is caused, in 

part, by reduced NO bioavailability, often mediated by oxidative stress or inflammation 

(23, 49, 91, 97, 122, 299, 337).   NO bioavailability is the amount of NO that is 

accessible (to VSMCs) for vasodilation because NO can be consumed in other reactions.  

For example, in the presence of reactive oxygen species (ROS), NO is converted to 

peroxynitrite and disrupts normal eNOS enzyme function (20, 175, 328, 342).  In 

addition, NO is implicated as an inhibitor of ROS production (48, 168) and a potent 

mediator of the inflammatory cascade (100, 168, 211, 316).  Reduced NO bioavailability 

is possibly the consequence of systemic inflammation, yet, the mechanism by which this 

occurs is unclear.  C-reactive protein (CRP), an acute phase reactant and marker of 

systemic inflammation, reportedly reduces NO by directly downregulating eNOS in 

cultured endothelial cells (331) and in mice (272).  Moreover, a local inflammatory 

response is associated with, and potentially the cause of, oxidative stress (49, 151) which 

could further effect NO bioavailability.  For example, neutrophils invade the endothelium 

resulting in NADPH oxidase-derived superoxide production and further damage to 

endothelial cells and VSMC(s) (13, 113, 114, 224, 330).  Taken together, this strongly 
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suggests that inflammation, and the associated oxidative stress, directly influences 

vascular function. 

ACUTE INFLAMMATION 

Concentrations of inflammatory markers vary due to the presence of pro-

inflammatory stimuli, including infection or injury.  An acute elevation in systemic 

inflammation in response to a foreign stimulus is associated with a transient increase in 

risk of myocardial infarction or stroke (221, 281, 325).  One explanation for the increased 

risk of a vascular event is that inflammatory molecules may interact with endothelium 

and thereby effect normal endothelial function (22).   A useful model for testing this 

hypothesis is the brief administration of an infectious agent (Escherichia coli, endotoxin) 

or vaccination in healthy individuals and measuring endothelium-dependent vasodilation.  

Endotoxin (lipopolysaccharide, LPS) (22, 240, 241) or vaccine administration (49, 50, 

127, 157) produces a mild to moderate inflammatory response and a concomitant 

reduction in endothelium-dependent vasodilation.  To confirm that the vascular response 

is indeed caused by inflammation, cytokines were infused into an isolated vein in the 

human forearm to mimic concentrations during an infection, thereby reducing 

endothelium-dependent vasodilation for 24 hours (23).  Furthermore, pre-treatment of 

oral aspirin to reduce inflammation altered the response to cytokine instillation and 

prevented the impairment in endothelium-dependent vasodilation (157).  These studies 

suggest that elevated inflammation alone, rather than a response unique to the 

experimental model, has a substantial adverse effect on the vasculature. 

Exposure to endotoxin or vaccination in healthy individuals induces a relatively 

mild inflammatory response but still produces a marked reduction in both conduit and 
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resistance vessel endothelial function (23, 127, 241, 351).   Underlying mechanisms of 

inflammation-induced decreases in endothelial function may be partially due to 

reductions in NO bioavailability (49, 155, 209, 261).  As previously discussed, NO is a 

potent mediator of the inflammatory cascade, prevents neutrophil activation (339), 

inhibits expression of adhesion molecules necessary for leukocyte interactions with the 

vascular endothelium (3, 67, 168, 177), and interacts with ROS (48, 218, 224).  Indeed, 

inhibiting the production of NO with L-NMMA infusion, a competitive inhibitor of NOS, 

markedly reduced the endothelial response to a vaccination (49).  In other words, vaccine 

administration nearly abolished the vasoconstrictor response to L-NMMA, and 

supplementation with L-Arginine failed to restore forearm blood flow, suggesting that 

inflammation reduced basal NO synthesis pathway.  However, high doses of 

antioxidative ascorbic acid partially restored endothelium-dependent vasodilation after 

vaccine administration (49) and endotoxin exposure (241).  Exogenous antioxidants may 

preserve endothelial function during acute inflammation by preventing the conversion of 

NO to peroxynitrite (20, 114, 135, 299), stabilizing the eNOS enzyme, or by protecting 

the tetrahydrobiopterin cofactor (65, 123, 151).  Taken together, these observations 

suggest that inflammation-induced oxidative stress and reduced NO bioavailability 

contribute significantly to the impaired endothelium-dependent vasodilation. 

Given the link between endothelium-dependent vasodilation and arterial stiffness, 

it is likely that acute inflammation will adversely affect arterial stiffness.  Vlachopoulos 

et al. conducted the first study to implicate a causative relationship between inflammation 

and arterial stiffness (332).  After vaccination with Salmonella typhi in healthy 

individuals as examined in the aforementioned studies, CRP, IL-6, and carotid-femoral 
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pulse wave velocity (cfPWV) increased after 8 hours in the absence of blood pressure 

changes.  Moreover, the increase in cfPWV was positively and significantly associated 

with CRP and IL-6.  The effect of inflammation on arterial stiffness was completely 

abolished with oral administration of aspirin prior to the vaccination.  Although the 

results in the study are as anticipated, there are several important limitations.  For 

example, the dietary intake and activity level of the subjects between measurements 

(baseline, 8 hours and 32 hours post) were not controlled.  This limitation may explain 

why the non-vaccinated control group had lower PWV at 8 and 32 hours post 

vaccination.  Additionally, inflammatory markers were not measured in every subject and 

this affects the strength of the correlation between CRP, IL-6, and arterial stiffness.  No 

other study has examined the cause and effect relationship between acute inflammation 

and arterial stiffness, and a well-controlled study is necessary to confirm the above 

findings. 

In addition to administering a vaccination or endotoxin, muscle damage is known 

to cause acute inflammation.  Eccentric components of exercise, such as downhill 

running or active lengthening of the muscle during resistance exercise, are particularly 

damaging to the skeletal muscle.  Eccentric contractions disrupt the muscle cell 

membrane (92, 99, 182, 343) causing an outflow of muscle proteins such as creatine 

kinase (CK) or myoglobin into the circulation (36, 54, 87).  In addition, damage to 

intracellular proteins and myofibrils will reduce muscle function and force production (7, 

66).   The muscle damage induced by eccentric exercise causes chemotaxis of 

inflammatory cells, initiating a cascade of events to further degrade the damaged tissue 

and promote repair (316).  Neutrophils are the early responders in the inflammatory 



 91 

cascade and rapidly infiltrate into the injured muscle (40, 92).  Along with neutrophils, 

macrophages are also rapid responders, yet survive longer in the damaged area (194, 

315).  Once activated, macrophages secrete cytokines such as TNF-α, IL-1α, and IL-1β 

that further promote recruitment of inflammatory cells to the muscle (32, 39, 87, 124, 

318).  Invading neutrophils and macrophages degrade proteins via oxidative and 

proteolytic processes (316), and increase free radical production (21, 55, 108, 270, 358).  

Following eccentric exercise, the migration of phagocytic cells to the exercised muscle, 

as part of the initial immune response, generates an acute state of oxidative stress (38) to 

facilitate degradation and repair of the injured tissue. 

In order to further examine the acute inflammatory response, various antioxidant 

or anti-inflammatory supplements have been used in conjunction with exercise-induced 

muscle damage.  Although inflammatory cells, cytokines, and reactive oxygen species are 

generally accepted as mediators in the acute inflammatory response (315), the 

effectiveness of antioxidant or antiinflammatory agents to attenuate the acute 

inflammatory response has been highly controversial.  For example, vitamin E 

supplementation lowers the IL-6 response to eccentric exercise (39), yet had no effect on 

macrophage infiltration (18).  A combination of vitamin E and C had no effect on IL-1ra, 

IL-6, or circulating lymphocytes (233), but reduced oxidative stress after eccentric 

exercise (108).  Conversely, a dietary supplement with a combination of several 

antioxidant vitamins was successful in attenuating the increase in IL-6 and CRP after 

eccentric exercise (238) and lowering IL-6 and TNF-α after strenuous exercise (329).  

Such discrepancies on the effectiveness of antioxidants can be attributed to the different 

ingredients, dosages, exercise protocols, and method of detecting the markers of interest.  
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Many studies use blood markers to determine the effectiveness of antioxidant 

supplementation.  Because circulating factors are often transient and can be difficult to 

detect (231), methods to functionally test supplement efficacy on muscle damage may 

help resolve the controversy.  Clearly, more research is needed to determine the best way 

to alleviate exercise-induced muscle damage and inflammation. 

Similar to other models of acute inflammation, exercise-induced muscle damage 

may have cardiovascular effects.  Currently, there are few studies that have examined the 

cardiovascular changes associated with muscle damage or eccentric-biased contractions.  

An insult to muscle cause an immune response that facilitates endothelial cell expression 

of cellular adhesion molecules (CAMs), promotes leukocyte rolling, adherence, and 

migration through the endothelium (27) in both postcapillary venules and arterioles (170, 

296).  In the microvessels, inflammation augments vascular permeability and tissue 

edema (242, 245) and causes microvascular dysfunction (186).   In fact, eccentric 

exercise-induced muscle damage in rats impaired microvascular function (146), reduced 

capillary luminal area (147), and reduced vasodilator responses (120) potentially due to 

the accompanying inflammation.  Microvascular function following eccentric exercise 

has not been investigated in humans, however, a local inflammatory response will likely 

induce alterations in blood flow and macrovascular function upstream from the injured 

tissue.  Muscle damage in humans increases blood flow to the injured muscle (171) and 

blood flow is altered in the non-exercising skeletal muscle up to 2 days after muscle 

damaging exercise (251) suggesting that eccentric exercise, and the associated muscle 

damage, has a considerable effect on hemodynamics.  To date, the effect of acute 
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eccentric exercise and the resulting muscle on measurements of vascular function have 

not been addressed in humans. 

CHRONIC INFLAMMATION 

Aging, metabolic syndrome, and many other disease states are characterized by a 

low-grade proinflammatory state with increased levels of cytokines and acute-phase 

reactants (33, 84).  Chronic inflammatory diseases such as systemic lupus erythematosus 

(SLE) or rheumatoid arthritis (RA) are used as a model to study chronic inflammation 

and its role in cardiovascular disease risk (256).  SLE is an autoimmune disease that 

affects an estimated 1.5 million Americans and causes damage to various body tissues 

including: joints, skin, kidneys, heart, lungs, blood vessels, and brain.  The exact 

mechanism of organ damage in SLE is unknown but it is likely the result of an altered 

immune response, both inappropriately triggered and maintained, that is characteristic of 

the disease.  In SLE, autoantibodies are produced to react with DNA, ribonucleoprotiens, 

or histones and form immune complexes (136).  Immune complexes may bind to specific 

cells or circulate where they may be deposited in tissues, recruit neutrophils, trigger acute 

inflammation, and cause injury.   Abnormal T-cell and B-cell activity (166, 258), 

combined with complement C1q deficiency (125, 335) and altered cytokine production, 

impairs the clearance of immune complexes, apoptotic cells, and cellular debris.  

Accumulation of immune complexes and debris in tissues triggers a local inflammatory 

response (125, 258) and ultimately leads to organ damage (145). 

A hallmark of SLE is the presence of antibodies to double stranded DNA (dsDNA) 

(349), detectable in 70% of SLE patients (138).  Impaired T-cell function and B-cell 

hyperactivity are a likely reason for elevated autoantibodies (282, 288) in SLE.  The 
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binding of antibodies to dsDNA was originally suggested as the primary source of 

immune complex deposits in tissues (30, 161).  A more recent hypothesis suggests anti-

dsDNA antibodies infiltrate tissues following apoptosis and cross-react with proteins, 

such as α-actinin, causing further damage (214, 248).  Although anti-dsDNA antibodies 

have been studied extensively, it is still unclear if they play a direct role in the 

pathogenesis of SLE (137, 248). 

 Another example of an altered immune response in SLE is the disproportionate 

production of proinflammatory and antiinflammatory cytokines, primarily by T-helper 

cells (71).  In fact, cytokine abnormalities are a key factor in the overproduction of anti-

dsDNA antibodies (189) and may have a pathogenic role in tissue damage (297).  

Consequently, the balance of pro- and anti-inflammatory cytokines is important in 

regulating the inflammatory response and controlling disease activity (71).  Subsets of T-

helper (Th) cells are responsible for the production of certain cytokines: Th1 cytokines 

include IL-2, IL-12, and IFN-g; and Th2 cytokines include IL-4, IL-5, IL-6, and IL-10.  

In SLE, Th2 cytokines are upregulated and this increase is associated with disease 

activity (112, 132, 187, 265).  Additionally, such imbalances in cytokine production are 

potentially mediated by hormonal and/or environmental influences (248).  It is evident 

that more research is necessary to understand SLE disease pathology and treatment, 

particularly on the role of cytokines.  In summary, cytokines are not only a biomarker of 

the altered immune response in SLE, but also have the potential as a therapeutic target for 

managing disease symptoms. 
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MEDICATIONS IN SLE 

Currently, there are no drugs that specifically treat SLE although a variety of 

medications are prescribed to alleviate disease symptoms.  Such treatments include 

corticosteroids, antimalarials, non-steroidal antiinflammatories (NSAIDs), and 

chemotherapy. Prednisone and other corticosteroids are commonly prescribed even 

though there are numerous deleterious side effects.  Prednisone, for example, is 

associated with lipoprotein abnormalities (86), development of atherosclerosis (75), and 

bone loss (139).  Additionally, patients taking high dose corticosteroids have higher 

prevalence of hypertension and diabetes than SLE patients taking a low dose of less than 

10 mg/day (310).  Despite the complications with corticosteroid use, in SLE, high doses 

are effective in the treatment of acute disease abnormalities like serositis, nephritis, 

neurological disorders, and organ-specific vasculitis (44).  The mechanism underlying  

the effect of corticosteroids on chronic inflammation is non-specific, but appears to affect 

transcription factors (i.e. NF-kB, AP-1) and inhibit promoter regions for pro-

inflammatory genes, potentially blocking part of the immune response (15, 264, 359).  

Hydroxychloroquine is an anti-malarial drug and another common treatment for SLE.  

Hydroxychloroquine reduces overall morbidity (237) and has a beneficial effect on 

cardiovascular risk factors, including cholesterol, triglycerides, and the incidence of 

thrombosis (130, 235, 236, 302, 334).  Additionally, hydroxychloroquine improves SLE 

symptoms such as skin rash, arthritis, serositis, and may prevent the onset of renal 

involvement (76, 77).  Hydroxychloroquine mechanism of action in SLE is poorly 

understood.  One theory is that antimalarials reduce presentation of auto-antigenic 

molecules within macrophages to downregulate T-cells, cytokine release, and cytokine 
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production (94, 95).  Specifically, hydroxychloroquine has been shown to inhibit IL-1α, 

TNF-α, and IL-6 secretion in human monocytes (239, 285).  In SLE, the altered balance 

of pro- and anti-inflammatory cytokines is thought to mediate changes in autoantibody 

concentrations, ultimately affecting disease severity and progression (71, 189).  

Therefore, downregulation of pro-inflammatory cytokines released into the circulation 

may explain the favorable effect of hydroxychloroquine on SLE symptoms.  While 

unlikely that this theory completely accounts for the positive outcomes associated with 

antimalarial use, hydroxychloroquine remains a valuable clinical tool for modifying SLE 

symptoms. 

CARDIOVASCULAR MANIFESTATIONS IN SLE 

It was first reported over thirty years ago that patients with lupus have greater 

frequency of premature myocardial infarctions (50 times the risk of age-matched 

individuals) (323).  One explanation is that SLE promotes development of atherosclerosis 

through altered function and chronic activation of the immune system (81, 103).  Indeed, 

accelerated atherosclerosis in SLE patients was confirmed to be independent of 

traditional cardiovascular risk factors, such as hypercholesterolemia or hypertension, and 

suggests that the proinflammatory state of the disease is a key factor in the increased risk 

in SLE patients (257). 

Lower endothelium-dependent dilation is a precursor to clinical atherosclerosis 

(357), and is observed in patients with SLE (148, 159, 183), and traditional 

cardiovascular risk factors do not fully explain the reduction in endothelial function (80, 

183).  A combined group of SLE patients in remission (inactive disease state) and SLE 

patients with active disease both demonstrated a significant reduction in endothelium-
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dependent vasodilation compared with healthy controls (80).  In addition, the percent 

change in flow-mediated dilation was not associated with index of disease activity (183).  

However, it is still possible that patients experiencing a flare may also be suffering from 

other acute conditions that account for the reduced endothelial function.  Interestingly, 

CRP was elevated and endothelium-dependent vasodilation was lower in SLE patients in 

remission compared with age-matched subjects (148).  This suggests recurring low-grade 

inflammation and impaired endothelial function persists in SLE patients, regardless of 

disease activity. 

A potential mechanism for the reduction in endothelium-dependent vasodilation 

in SLE patients is altered structure or diminished function of the microcirculation.  

Endothelium-dependent vasodilation, commonly assessed by flow-mediated dilation 

(FMD), is determined by shear stress acting on the vascular wall (107, 246) and is 

dependent on the degree of downstream microvascular reactivity (277).  As a result, any 

abnormality in microvascular structure or function will influence the observed 

measurement of FMD.  Lower FMD in SLE patients is associated with altered waveform 

morphology and reduced shear stimulus, explaining 42% of the observed FMD (350).  

These results suggest that the presence of downstream changes in the microcirculation in 

SLE patients, in addition to conduit arterial function, affect forearm hemodynamics.  

Given the pathology of immune complexes in SLE, this is a reasonable explanation, 

however, these results have not been confirmed by other methods of microvessel 

assessment.  Moreover, SLE patients demonstrate similar cutaneous microvascular 

function when compared to healthy controls (25, 68), which leaves more questions 
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unanswered.  Additional studies are needed to elucidate the mechanisms behind the lower 

macrovascular function (FMD) observed in SLE patients. 

Given the link between endothelial function and arterial stiffness, and the acute 

effects of inflammation on arterial stiffness, it is reasonable to assume that chronic 

inflammation will also lead to stiffening of the arteries.  Indeed, increased arterial 

stiffness was reported in both premenopausal and postmenopausal women with SLE 

(274).  However, in that particular study, the increased arterial stiffness observed in 

postmenopausal women was also associated with traditional cardiovascular risk factors 

and no age-matched control group was studied.  In subsequent studies, SLE patients, 

without subclinical cardiovascular disease, demonstrated higher arterial stiffness 

measured by pulse wave velocity (24, 275, 355) or ß-stiffness index (31, 256) compared 

with healthy control subjects.  In addition, both SLE and RA patients demonstrate higher 

arterial stiffness, independent of the presence of atherosclerosis (160, 256).  Thus, 

chronic inflammatory disease (SLE or RA) is closely associated with the stiffening of 

arteries.  Indeed, a correlation between arterial stiffness and inflammation, as measured 

by CRP, has been reported in healthy individuals (354), patients with SLE and RA (256) 

systemic vasculitis (26), and essential hypertension (193).  While the association with 

CRP has been established, it is unknown if other inflammatory markers are also 

associated with arterial stiffness. 

MECHANISMS LINKING INFLAMMATION AND VASCULAR FUNCTION 

A potential mechanism by which chronic inflammation increases arterial stiffness 

is a reduction in endothelium-dependent vasodilation (201, 222) presumably caused by 

decreased NO bioavailability and/or oxidative stress (299).  Additional mechanisms of 
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inflammation-induced arterial stiffening include upregulation of immune complexes and 

structural changes of the vessel wall.  An immune complex is an antigen bound to an 

antibody that interlocks to form clusters deposited on the vascular wall of small vessels, 

and may contribute to vascular injury and microvascular dysfunction (225, 274).  

Immune complexes are elevated in SLE (158) and deposition in the glomeruli may be a 

factor in SLE-associated nephritis and hypertension (263, 301).  Furthermore, immune 

complexes upregulate adhesion molecules and participate in recruiting monocytes and 

lymphocytes to injured tissue (190, 271) thereby exacerbating the inflammatory response. 

Structural changes in the vascular wall, such as a reduced elastin to collagen ratio, 

has been implicated in the development of arterial stiffness (268) and could also 

contribute to the inflammation-associated arterial stiffness.  Proinflammatory molecules 

lead to expression of matrix metalloproteinases (MMPs) (165), advanced glycation end-

products (AGEs) (17), and proteoglycans (311), all of which are associated with arterial 

stiffness.  MMP-9 is a proteolytic enzyme that uses elastin as its substrate and contributes 

to vascular remodeling, reducing the elastin to collagen ratio and potentially increasing 

arterial stiffness (200, 223, 353, 354).  AGEs develop from the cross-linking of glucose 

molecules to matrix proteins and accumulation of AGEs on elastin and collagen protein 

cause hardening of the vessel wall (278).  Furthermore, arterial stiffness is partially 

reversed with administration of AGE cross-link breaker (150, 203).  AGEs are higher in 

SLE patients and the concentration is related to SLE disease duration (68), implicating a 

link between a chronic inflammatory load and AGEs.  Proteoglycans are also associated 

with increasing arterial stiffness (85).  Because proteoglycans induce extracellular matrix 

remodeling (254), it is possible that changes in proteoglycan composition directly 
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contribute to hardening of the arteries.  In addition, proinflammatory cytokines (TNF-α, 

IL-1β) induce expression of adhesion molecules such as VCAM-1 or ICAM-1 (29, 62, 

244, 338).  Adhesion molecules promote attachment of leukocytes to the vessel wall and 

are upregulated in the SLE disease state (287, 341).  VCAM-1 and ICAM-1 recruit 

inflammatory cells, promote endothelial adhesion and infiltration, and contribute to 

VSMC proliferation, potentially altering the function of the vascular wall (167, 286, 291, 

348).  Indeed, ICAM-1 was associated with endothelium-dependent vasodilation in 

apparently healthy adults (131), and correlated with arterial stiffness (4).  In summary, 

there are a number of mechanisms that explain how chronic inflammation can potentially 

alter vascular function.  

REGULAR EXERCISE AND INFLAMMATION 

 Reducing inflammation is increasingly recognized as an attainable target for 

lowering cardiovascular risk (253).  Regular aerobic exercise is a well-established 

lifestyle modification that is beneficial for reducing arterial stiffness and improving 

endothelial function (72, 305, 306).  Cross-sectional evidence suggests that habitual 

exercise is independently associated with lower markers of inflammation (9, 56, 102, 

169, 319), and exercise training interventions decrease inflammatory markers (109, 162, 

228).  Potential mechanisms for exercise-induced decrease in systemic inflammation are 

reduced adiposity (154), increased antioxidant capacity (98), increased NO 

bioavailability (298), lower circulating monocytes (292), or decreased expression of 

adhesion molecules (144).  It should be noted, however, that the concept of an anti-

inflammatory effect of exercise remains controversial with several studies reporting no 

change in inflammatory markers after exercise training (199, 216, 220).  For example, 4 
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months of exercise training in previously sedentary overweight individuals did not reduce 

CRP concentrations (199).  This is a rather surprising result because CRP concentrations 

in this subject population were high at baseline.  However, the above exercise 

interventions are very different from a typical endurance-training program designed to 

improve cardiovascular fitness as subjects only exercised for 30 minutes at a moderate 

intensity.  Given that maximal aerobic capacity is inversely associated with (169), and 

adiposity is positively correlated with (90), inflammatory markers (CRP, fibrinogen), an 

improvement in either or both may be necessary for exercise training to have a beneficial 

effect on inflammatory markers.  When the efficacy of the intervention was expressed 

based on tertiles of fat loss, the group that lost the most amount of body fat, was the only 

group that had significant improvements in VO2max, and demonstrated the greatest 

reduction in CRP, although it did not reach significance.  Taken together, it appears that 

regular exercise is a low-cost, readily available treatment for lowering inflammation and 

the associated risk for cardiovascular disease. 

 Exercise is often recommended for patients with chronic inflammatory diseases 

such as SLE to alleviate disease-specific symptoms.  As little as 12-weeks of exercise in 

individuals with SLE resulted in reduced fatigue (313), lower tender point counts (250), 

improved quality of life  (42), and improved physical function (51).  Additionally, 

exercise training programs in SLE patients have been successful in improving aerobic 

capacity (42) and did not exacerbate disease activity (51).  Because SLE patients have an 

elevated risk of cardiovascular disease and often suffer from cardiovascular 

abnormalities, regular exercise may be effective in reducing their overall risk.  Few 

studies have examined physical activity in SLE patients and currently, no study has 
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examined the association between habitual exercise in SLE patients and emerging risk 

factors for cardiovascular disease. 
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Chapter VI:  General Discussion 

 

 Cardiovascular disease is a leading cause of death in the United States with a 

2009 estimated economic burden of over $475 billion.  Early prevention and treatment of 

cardiovascular disease is essential for lowering healthcare costs, reducing mortality, and 

enhancing the quality of life in an aging population.  Identifying risk factors for the 

disease is imperative to successful prevention.  Although an extensive effort to identify 

risk factors for cardiovascular disease is ongoing, the underlying mechanisms of disease 

onset and progression are unclear.  Impaired vascular function, manifesting as an increase 

in arterial stiffness or a decrease in endothelium-dependent vasodilation are precursors to 

clinically-relevant disease and have emerged as additional independent risk factors.  

Clinically-relevant reductions in vascular function are detected in apparently healthy 

individuals, with impaired vascular function potentially progressing to cardiovascular 

disease.  Currently, much of the research focus is on how and why such unfavorable 

modifications are exhibited in some individuals. 

 Inflammation has been implicated in the development of cardiovascular disease 

states and may exert its negative effect on the pathogenesis of altered vascular function.  

However, not much is known about the role that inflammation plays in vascular changes.  

For this reason, the purpose of this dissertation was to determine the association 

inflammation and vascular function.  The primary hypothesis is that inflammation plays a 

role in the development of vascular dysfunction.  In order to address this, acute 

inflammation was induced using 2 different protocols, and chronic inflammation was 
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examined by recruiting two groups of SLE patients that presumably exhibit distinctly 

different levels of inflammation.  Collectively, the projects outlined in this dissertation 

support the role of inflammation in the pathogenesis of impaired vascular function.  The 

major findings are: 1) eccentric exercise-induced muscle damage, a model of acute 

inflammation, results in a transient increase in central arterial stiffness; 2) individuals 

with systemic lupus erythematosus (SLE), a model of chronic inflammation, 

demonstrated lower vascular function than healthy controls; 3) habitually-exercising SLE 

patients exhibited similar vascular function to healthy controls, revealing the potent effect 

of regular exercise; and 4) disease-related chronic vascular function was associated with 

inflammatory biomarkers. 

 Acute inflammation and the associated increase in arterial stiffness or decrease in 

endothelium-dependent vasodilation has been reported by several investigators.  

However, each of the aforementioned studies involved the exogenous administration of a 

pharmacological agent (endotoxin, vaccine, etc) and quantifying the vascular response in 

the hours following.  While these models are more "sterile" (because vascular function is 

evaluated locally), it fails to integrate the systemic physiological response.  Furthermore, 

based on fundamental immunology, the brief time course of such studies may have 

missed clinically important responses.  While this work provides an excellent background 

for the current project, there are many questions unanswered.  Therefore, the model of 

acute inflammation chosen in Study 1 eliminated the use of such agents and used a 

physiological stimulus of muscle damage from a classic exercise physiology model.  

Although the results of Study 1 are similar to the original studies, the model provides an 

additional clinical application.  Unaccustomed or strenuous bouts of physical activity 
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induce muscle damage and subsequent muscle repair allowing the exercised muscle to 

properly adapt to the stress.  Even though inflammation is a necessary consequence of 

muscular adaptation, any negative cardiovascular consequence is important to consider.  

The increase in central arterial stiffness in Study 1 may not be clinically relevant in a 

young, healthy population but may be detrimental in an older population with altered 

immune responses or established cardiovascular risk factors. 

 SLE has been used as a model of chronic inflammation and Study 2 extends the 

previous research by including a group of habitually exercising patients with assumed, 

and confirmed, lower inflammation.  Additionally, Study 2 is the first study to measure 

cardiovascular function ranging from the microcirculation to the left ventricle within a 

single cohort of SLE patients.  Furthermore, this is one of the first studies to evaluate the 

effects of chronic inflammation, independent of clinically apparent cardiovascular 

disease, by examining otherwise healthy SLE patients.  Indeed, the lack of difference 

between Exercising SLE patients and age-matched healthy Controls has implications 

beyond SLE.  Because several inflammatory markers were lower in the habitually-

exercising group, this suggests that the implementation of regular, moderate exercise can 

mediate the unfavorable effects of chronic inflammation on vascular function.  Moreover, 

disease activity in Exercising SLE patients' was lower than that of Sedentary SLE 

patients, suggesting that exercise reduces disease activity or improves self-assessment of 

physical function, both of which are important for the management of SLE.  As this was a 

cross-sectional study and a specific exercise training regimen was not advocated, it is 

difficult to determine if all modes and intensities of exercise have the same observed 

beneficial effect.  The SLE patients in this study performed primarily moderate intensity 
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exercise for a variety of modes, including walking, running, cycling, Pilates, and 

resistance training, indicating that it may not be the mode or intensity, but that these 

subjects were physically active for at least 3 hours per week.  Another potential 

explanation for the results of Study 2 is that Exercising SLE patients, similar to other 

physically active populations, embrace an overall "healthy lifestyle".  The evidence from 

Study 2 that dispute this explanation is that the only differences in 3-day food records, 

analyzed by a dietitian, were higher kilocalorie and sodium intake in the Exercising SLE 

group.  Additionally, the three subject groups were matched for anthropometric variables 

and traditional metabolic risk factors.  Taken together, Study 2 provides the foundation 

for future studies directed at an exercise and/or lifestyle intervention to reduce 

inflammation, disease activity, and cardiovascular risk are enthusiastically recommended. 

 In this dissertation, exercise was used as both a stimulus to induce acute 

inflammation and as a potential therapy to ameliorate the unfavorable effects of chronic 

inflammation.  An acute bout of exercise in untrained individuals causes an inflammatory 

response in order to initiate muscle repair and adaptation.  Study 1 used eccentric 

exercise to induce a maximal amount of muscle damage possible in specific muscle 

groups.  Outside of the laboratory, eccentric-only exercise is not a common mode of 

exercise, although the ensuing muscle soreness from eccentric-type exercise occurs more 

frequently.  Many activities, such as hiking, downhill-running, and sport-specific drills 

have eccentric components that may result in muscle soreness.  Accordingly, the results 

of Study 1 indicate that strenuous, unaccustomed exercise could be hazardous in 

individuals with impaired immune regulation (such as those with SLE).  However, with 

moderate aerobic training, repeated exposure to minor increases in inflammation 
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following each exercise session, eventually produces a beneficial adaptation.  The 

exercise-induced adaptation likely has a beneficial effect on overall cardiovascular 

disease risk through modifying the chronic inflammatory load caused by SLE disease. 

 In summary, this dissertation provides additional evidence that inflammation 

plays a role in the pathogenesis of vascular dysfunction and is an important biomarker for 

cardiovascular risk.  Future studies directed at modifying the unfavorable effects of acute 

and chronic inflammation on vascular function are imperative to improve cardiovascular 

disease prevention. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter VII:  Summary and Future Directions 

 

SUMMARY 

 

 

 

Figure 7.1  Summary of Study 1.  The solid lines indicate the results demonstrated in this 
study and the dotted lines represent the hypothesized associations. 
 



 

 

Figure 7.2  Summary of Study 2.  The solid lines indicate the results demonstrated in this 
study and the dotted lines represent the noted associations. 
 

 

 

 

 

 

 

 

 



FUTURE DIRECTIONS 

 There are a number of possible future projects utilizing the two models outlined in 

this dissertation.  In both models, the inclusion of more subjects would likely increase the 

observed power and potentially generate more conclusive results on the mechanistic role 

of inflammation in the development of vascular dysfunction.  Because of the stated 

limitations of the acute inflammation model, Study 1 could be improved and extended by 

including a direct method of detecting inflammation.  In Study 1 we were unable to 

confirm the presence of an inflammatory response using the measurement of systemic 

markers.  An alternative approach is to perform immunohistochemistry on whole blood 

or collect peripheral blood mononuclear cells (PBMCs) and measure functional 

characteristics of these cells before and after muscle damage.  Another potential project 

would be to investigate both the local and systemic vascular consequences of eccentric-

induced muscle damage.  For example, performing unilateral eccentric exercise and 

investigating local microvessel function in the exercised and control limb.  Using this 

approach, the effect of local damage, inflammation, or edema on vascular function can be 

examined.  In the present study, we did not evaluate any local measurement of vascular 

function.  An additional project is to combine the assessment of muscle damage with the 

administration of a non-steroidal antiinflammatory (NSAIDs) and evaluate the effect on 

vascular function.  If quantifying the muscle damage-induced inflammatory response 

proves to be too difficult, abolishing the inflammatory response using an NSAID allows 

for experimentally-controlling for inflammation and examining the local or systemic 

vascular effects.  A final potential project is to investigate muscle damage and recovery 



in a group with impaired immune regulation in which the effects on vascular function 

may be more pronounced.   

 Using a model of chronic inflammation, the next logical step is to implement an 

exercise intervention in previously sedentary SLE patients to determine if habitual 

exercise has a direct beneficial effect on vascular function, and, if so, what factors are 

mediating this adaptation.  Study 2 is a cross-sectional study that suggests a favorable 

effect of regular exercise on vascular function, inflammation, and SLE disease activity, 

but an intervention study is necessary to confirm.  It would also be useful to include a 

longitudinal assessment of SLE disease activity that includes clinical measures over the 

course of the intervention.  Another future project using a model of chronic inflammation 

is to examine several measures of microvessel function in both sedentary and physically 

active SLE patients.  There is still some controversy regarding microvessel function in 

SLE and the results from Study 2 added to the complexity.  It is possible that the 

microvascular dysfunction is precipitating many of the cardiovascular manifestations in 

SLE as well as inflammation-associated disease activity.  Although Study 2 examined 

SLE as a model of chronic inflammation, the results extend beyond SLE and may be 

applied to other conditions.  Thus, a final future project is to examine the role of habitual 

exercise in inflammation-mediated vascular dysfunction in other chronic inflammatory 

diseases. 
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Appendix A: Definition of Terms 

 

Acute inflammation:  the initial immune response to harmful stimuli lasting minutes or 
hours.  
 
Anti-dsDNA antibodies:  autoantibodies produced against DNA fragments typically 
found in SLE patients.  The combination of these autoantibodies and their specific 
antigens form immune complexes. 
 
Arterial compliance:  the slope of the pressure/volume curve.  An incremental change in 
blood pressure will elicit a concomitant increase in arterial diameter.  
 
Arterial stiffness:  progressive hardening of arterial wall and change in ability to cushion 
the pulsatile flow from the heart to steady flow through the arterial tree.  
 
Augmentation index:  a measure of systemic arterial stiffness, derived from the ascending 
aortic pressure waveform.  Two components of the waveform are analyzed, the ejected 
wave from the heart and the reflected wave from the periphery.   
 
Chronic inflammation:  pathological condition of active inflammation lasting more than 
several days. 
 
Eccentric contraction:  muscle generates force while fibers are actively lengthening. 
 
Endothelial function:  the ability of the thin cells lining the inside of a blood vessel to 
respond to changes in blood flow, stretch, circulating substances, and inflammatory 
mediators.  

 
Endothelium-dependent vasodilation:  increase in arterial diameter in response to 
increased shear stress or acetylcholine infusion.  Shear stress increases production of 
nitric oxide in endothelial cells.  Nitric oxide diffuses to adjacent vascular smooth muscle 
cells and causes them to relax (vasodilation). 
 
Exercise training:  regularly engaging in planned physical activity for at least 30 minutes 
a day, 3 days per week, for 6 months. 
 
Flow-mediated dilation:  a change in blood flow through a vessel causes a change in the 
arterial diameter.  An increase in blood flow increases shear stress acting on the vessel 
wall and causes dilation to maintain perfusion.  See endothelium-dependent vasodilation. 
 
Immune complex: a molecular complex of antibody molecules and bound antigens.  
Immune complexes can vary greatly in size due to the amount of binding sites for 
antigens to attach. 
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Inflammation:  a non-specific immune response to infection or injury in attempt to 
remove the irritant and initiate the healing process. 
 
Lupus:  see systemic lupus erythematosus (SLE). 
 
Macrophages:  is a monocyte, originally derived from bone marrow that enters into tissue 
and matures.  Macrophages quickly respond to microbes or foreign substances, are able 
to undergo division, and remain at the inflammatory site for 1-2 days.   
 
Minimal vascular resistance:  an indirect index of structural changes in the resistance 
arteries.  Calculated as mean arterial pressure divided by maximal post-ischemic blood 
flow. 
 
Neutrophils:  (polymorphonuclear) the most abundant circulating white blood cell.  
Neutrophils are produced in the bone marrow and mediate the earliest phases of 
inflammatory responses, circulating in the blood for up to 6 hours before undergoing 
apoptosis. 
 
Nitric Oxide (NO):  one of the endothelium-derived relaxing factors (EDRF).  Nitric 
oxide is synthesized from arginine by nitric oxide synthase (NOS).  NO formed by the 
endothelial isoform of NOS is a vasodilator and inhibits platelet activity, vascular smooth 
muscle cell growth, and leukocyte adhesion. 
 
Oxidative stress:  an imbalance between production of free radicals (reactive oxygen 
species) and removal by antioxidants (enzymes, vitamins) 
 
Pomegranate fruit extract:  juice from pomegranate fruit that is rich in polyphenol 
antioxidants.    
 
Sedentary: exercising less than 30 minutes per week for the past six months.  
 
Systemic inflammation:  an innate immune response that is sufficiently strong and has 
systemic effects.   
 
Systemic lupus erythematosus (SLE):  chronic immune disorder that affects many organs 
in the body.  The immune system becomes hyperactive, forming antibodies that attack 
normal tissues, including the skin, joints, kidneys, brain, heart, lungs, and blood.  The 
disease is also characterized by periods of illness (flares) and wellness (remission). 
 
Vascular function: general term to describe changes in the arterial tree including arterial 
stiffness and endothelium-dependent vasodilation.  
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Appendix B: Questionnaires 
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Systemic Lupus Activity Questionnaire (SLAQ) 
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Verification of SLE Diagnosis 
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Appendix C: Macro- and Microvascular Measurements 

 

Pulse Wave Velocity: Carotid-femoral pulse wave velocity (cfPWV) and brachial-ankle 

pulse wave velocity (baPWV) was measured by the Colin VP-2000 (Colin Medical 

Instruments; San Antonio, Texas).  Subjects rested quietly for 10 minutes in the supine 

position while laboratory personnel placed blood pressure cuffs, electrodes, and pressure 

tonometers in the correct anatomical locations.  The Colin VP-2000 instrument also 

records heart rate, heart sound and blood pressure.  Applanation tonometry incorporates 

an array of 12 micropiezoresistive transducers to detect pressure waveforms.  The time it 

takes for the wave to travel between the 2 tonometers, and the distance between the 

tonometers was used to calculate PWV.  Heart rate, bilateral brachial and ankle blood 

pressures, carotid and femoral pulse waves were measured for 30-seconds at least 3 times 

per testing period (60).  

 

Augmentation Index:  Aortic augmentation index (AI), a measure of arterial stiffness and 

peripheral wave reflection, was measured in the supine position.  Electrodes were placed 

on the subject to measure heart rate.  The subject’s wrist was immobilized in a brace in 

order for the investigator to obtain the pressure waveform from the radial artery using a 

high-fidelity micromanometer (Millar TCB- Millar Instruments; Houston, TX).  Brachial 

blood pressure was used to correct for investigator hold down pressure.  Sequential 

waveforms from the radial artery were recorded for 10 seconds and immediately analyzed 

by an automated device (Sphygmocor, AtCor Medical; Sydney, Australia).  

Measurements were repeated 4-6 times over several minutes to obtain an average AI.  A 
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general transfer function was applied to the radial waveform to calculate aortic AI.  

Furthermore, AI was compared at a corrected heart rate of 75bpm, as heart rate affects 

the percent of augmentation (346). 

 

 

Image 1C.  Aortic pressure waveform from Yasmin & Brown, 1999 (352). 

   Augmentation index (%) = ΔP/PP 

 

 Carotid Arterial Compliance:  Arterial compliance, a measure of local arterial stiffness at 

the carotid artery, was measured non-invasively in the supine position.  The common 

carotid artery was first located from a cross-sectional image of the neck, using an 

ultrasound machine equipped with a high-resolution linear array transducer (L9-3; 

Phillips iE33 Ultrasound System; Bothel, WA).  Once the bifurcation of the common 

carotid artery is determined, the transducer was rotated to display a longitudinal image of 

the cephalic portion of the common carotid artery where the bifurcation and a linear 
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segment of the artery are both displayed on the screen (See Image 2C.).  Once the 

ultrasound image of the carotid artery is optimized for diameter detection, a second 

investigator located the contralateral carotid artery for assessment of blood pressure using 

a high-fidelity micromanometer (Millar TCB-500, Millar Instruments; Houston, TX).  To 

correct for investigator hold-down pressure, carotid pressure waveforms were calibrated 

to mean arterial pressure and diastolic arterial pressure averaged over the previous 15 

minutes from a cuff placed on the brachial artery.  Simultaneous measurement of carotid 

diameters and carotid blood pressure were obtained.  If the image or the pressure 

waveforms were not satisfactory, the process was repeated.  Images were captured for at 

least 20 heart cycles and transferred to an offline computer for analysis (Vascular Tools 

5-Carotid Analyzer, Medical Imaging Applications, Coralville, IA).  Diameter 

measurements of the carotid artery were taken approximately 1-2 cm proximal to the 

carotid bulb from the media-adventitia of the far wall to the media-adventitia of the near 

wall by one investigator.  Ten to thirty heart cycles were analyzed.  The highest and 

lowest of both the systolic and diastolic diameter was deleted and the rest were averaged 

for the calculation.  Carotid arterial compliance was calculated as: 

       [(MaxDiam-MinDiam) / MinDiam] / [2*(Pulse Pressure)]* π  * (MinDiam)2 
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Image 2C.  Linear segment of the carotid artery (Sonographer: JNB). 

 

Flow-mediated Dilation  (FMD):  Endothelium-dependent vasodilation was assessed by 

FMD using noninvasive, standardized procedures (58).  This non-invasive test measures 

vascular function of the brachial artery by quantifying the amount of arterial vasodilation 

in response to reactive hyperemia.  The subject rested in the supine position for at least 

10 minutes before setting up to measure FMD.  The right arm was extended and placed in 

a customized arm support system to prevent movement of the arm and to standardize the 

position of the ultrasound transducer (82)(See Image 3C). 
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     Image 3C.  Arm support system used for FMD data collection. 

 

Brachial artery diameters and blood flow velocity were measured from images derived 

from a Doppler ultrasound machine equipped with a high-resolution linear array 

transducer (L9-3 transducer, Philips iE33 Ultrasound System; Bothel, WA).  Once the 

subject was resting in a comfortable position, the pneumatic arm cuff was placed on the 

forearm, 3-5 cm distal to the antecubital fossa and connected to a rapid cuff inflator (E20 

Rapid Cuff Inflator, D.E. Hokanson; Bellevue, WA Hokanson).  Once a longitudinal 
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image of the brachial artery, 5-10 cm proximal to the antecubital fossa was obtained, the 

arm stabilizer was secured.  One minute of baseline brachial artery diameter and 20 

seconds of blood velocity were recorded prior to cuff inflation.  The arm cuff was then 

inflated to 100 mmHg above resting systolic blood pressure (measured prior to baseline 

image capture) for 5 minutes.  Blood velocity was recorded 10 seconds prior to cuff 

deflation, and 25 seconds after cuff deflation (See Image 4C).  At 25 seconds after release 

of the cuff, the ultrasound was switched to 2D mode to optimize the image for brachial 

artery diameter measurements for the next 95 seconds.  The image files were transferred 

to an offline computer and stored for later data analysis using commercially available 

image analysis software (Brachial Analyzer, Medical Imaging Applications; Coralville, 

IA).  Brachial arterial diameter during end-diastole, as determined from the ECG trace, 

was taken from the media-adventitia interface on the near wall to the media-adventitia far 

wall boundary.  Brachial image analysis was performed by the same investigator.  The 

magnitude of change in end-diastolic diameter was expressed as an absolute percentage 

of flow-mediated dilation.   

 FMD% = (peak diastolic diameter-baseline diastolic diameter) 
            baseline diastolic diameter 
 
To calculate baseline diastolic diameter, at least 20 cardiac cycles with clear media 

adventitia boundaries were averaged.  Peak diastolic diameter was taken from the average 

of 3 consecutive cardiac cycles demonstrating the largest brachial artery dilation. 
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Image 4C.  Brachial artery diameter and Doppler velocity upon release of the forearm 
cuff (Sonographer: JNB). 
 

Minimal Vascular Resistance was measured in the supine position using venous 

occlusion plethysmography (E20 Rapid Cuff Inflator, EC6 Interface Box, D.E. 

Hokanson; Bellevue, WA).  The arm is placed in a foam stabilizing device, slightly above 

heart level, throughout the entire procedure.  A mercury-in-silastic strain-gauge was 

placed approximately 5 cm distal the antecubital crease around the largest circumference 

of the forearm and secured using surgical tape.  Subjects rested in this position for at least 
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5 minutes.  A blood pressure cuff on the wrist is inflated to 200 mmHg (to exclude blood 

flow to the hand) while measuring baseline forearm blood flow.  Forearm blood flow 

measurements were measured by inflating a cuff on the brachial artery to 50 mmHg (to 

prevent venous outflow) for 5 seconds, every 15 seconds for a total of 3 minutes.  

Subjects again rested for at least 5 minutes to let blood flow return to normal.  Next, a 

blood pressure cuff on the upper arm is inflated to 100 mmHg above resting blood 

pressure for 10 minutes.  During the last 2 minutes of arm occlusion, the subject 

performed handgrip exercise to obtain peak forearm blood flow and minimal vascular 

resistance (140).  Subjects were instructed to maximally squeeze a handgrip 

dynamometer (HDM-915, Lode Instruments; Groningen, The Netherlands) for 2 seconds 

and release for 3 seconds and continue the pattern for 2 minutes.  Immediately after 

handgrip exercise and cuff deflation forearm blood flow was measured again every 15 

seconds for 3 minutes as before.  Forearm blood flow was analyzed automatically using 

NIVP3 software (NIVP3, D.E. Hokanson Inc; Bellevue, WA).  Minimal vascular 

resistance was calculated as the ratio of mean arterial blood pressure and post-occlusion 

maximal blood flow.  Mean arterial blood pressure was obtained from an average of 3-4 

measurements taken throughout the previous 45 minutes.  In the case where blood 

pressure was not stable, additional pressures were taken throughout baseline resting 

period on the contralateral arm.  Mean arterial blood pressure measurements obtained 

from sphygmomanometric evaluation are closely correlated with intra-arterial mean 

arterial pressure measurements and appropriate for the calculation of minimal vascular 

resistance (260). 
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Appendix D: Echocardiography 
 

Procedure: 

 Enter subject ID and information on the ultrasound device (Phillips iE33 

Ultrasound System; Bothel, WA) by pressing Patient Data. 

 Select S5-1 transducer and select preset Adult Echo protocol 

Parasternal Long Axis View 

 Instruct the subject lay supine in order to attach the 3-lead ECG to measure heart 

rate.  Select Physio if ECG does not appear automatically.  Position subject in the 

left lateral position (lying on left side with the left arm overhead and right arm 

along the side of the body). 

 Place transducer on the left parasternal region usually in the 3rd or 4th intercostal 

space.  The orientation of transducer should point toward the right shoulder of the 

subject. 

 2D mode: Left ventricular wall motion characteristics and LVOT (left ventricular 

outflow track) diameter.  Position transducer so aortic valve leaflets are visible.  

Adjust the focus to the appropriate depth around to the aortic valve.  Press Freeze 

to temporarily capture the image and scroll to aortic opening where leaflets are 

flat (see Image #1D below).  Select Analysis and LVOT diameter to quickly 

measure from anterior leaflet (where root meets the interventricular septum) to 

posterior leaflet (where it meets the anterior leaflet of the mitral valve).  If 

positioning is acceptable (LVOT from 2.0-2.2 cm), press Freeze again to show 

image in real time. 
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 To record: Select Loop and set to 10-12 heart cycles.  When image is clear, press 

Acquire to record image to the ultrasound hard drive. 

 

Image 1D.  LVOT with open aortic valve leaflets where LVOT area is calculated 
(Sonographer: JNB). 
 

 M-mode: Left ventricular dimensions and left ventricular mass calculations.  

From 2D mode, place cursor beam just past leaflets of the mitral valve.  Select M-

mode (see Image #2D below) and make sure the interventricular septum and 

posterior wall is clear.  In addition, there should be a clear delineation between 

diastole and systole.  Select Loop and set to 10-12 heart cycles.  Press Acquire to 
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record.  LV mass is calculated according to American Society of 

Echocardiography recommendations (172):  LV mass = 0.8[1.04((IVST + LVID 

+ PWT)^3-LVID^3)] + 0.6.  All measurements are taken at end-diastole. 

 To record: Select Loop and set to 10-12 heart cycles.  When image is clear, press 

Acquire to record image to the ultrasound hard drive. 

 

Image 2D.  M-mode for calculating left ventricular wall thickness and diameter 
(Sonographer: JNB). 
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Apical 4 Chamber 

 Instruct subject to remain in the same position but place the transducer in the 

vicinity of maximal impulse (approximately 2 cm below the nipple).  The 

transducer should be oriented down towards the bed.  Adjust the depth and gain 

accordingly so that all 4 chambers are visible. 

 Pulse Wave (PW): Mitral valve E/A ratio.  Start with the 4 chamber view in 2D 

mode and move the cursor beam so it is parallel to the left ventricle and move the 

cursor ball to where mitral valve leaflets close.  From 2D, select the Color mode 

to check for regurgitation and cursor placement.  Next, select PW mode to detect 

Doppler blood velocity.  If necessary, drop the baseline and increase the gain to 

60-65% so that the waves are clearly visible.  After several cardiac cycles, press 

Freeze and scroll back to a clear Doppler signal.  Press Analysis, select Mitral 

Valve, and select Peak E and make a measurement on the highest signal of the 

first wave.  Select Peak A and make a measurement on the peak of the second 

wave.  The E/A ratio should now be displayed on the screen.  A normal E/A ratio 

is above 1.0 and less than 2.8.  

 To record: Select Loop and set to 5-8 heart cycles.  When waveforms are clear, 

press Acquire to record image to the ultrasound hard drive. 

 

Apical 5 Chamber 

 The subject should be in the same position and transducer footprint is in the same 

location as in the Apical 4 Chamber view.  Angle the transducer anteriorly to 

open up aortic root. 
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 Pulse Wave (PW): Aortic Velocity Time Integral (VTI) for calculation of stroke 

volume.  In 2D mode, place cursor beam parallel to outflow tract (see Image 3D).  

Place the cursor ball proximal to valve leaflets.  Select PW to detect Doppler 

blood velocity.  If necessary, drop the baseline or adjust the scale.  Move the 

cursor to the largest, cleanest image with downward deflection from baseline.  

After several cardiac cycles, press Freeze and scroll to a clean signal.  Next, select 

Analysis, select Aortic, select CO LVOT, and select LVOT VTI.  To calculate the 

VTI, trace the entire deceleration time of 1 cardiac cycle and press Enter.  Select 

HR-AV and scroll from the previous R wave to then current R wave to determine 

the R-R interval.  Press Enter to calculate the cardiac output measurement. 

Cardiac output and stroke volume are determined by multiplying the VTI of flow 

at the aortic annulus by its cross-sectional area. 

 To record: Select Loop and set to 8-12 heart cycles.  When waveforms are clear, 

press Acquire to record image to the ultrasound hard drive. 
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Image 3D.  LVOT Doppler velocity for VTI calculation (Sonographer: JNB). 
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Appendix E: Analysis of Blood, Plasma, and Serum 

 

Blood Sample Collection:  Blood samples were drawn from the antecubital vein using  

venapuncture.  In Study #1, 10-12 mL of whole blood were taken from each subject at 

each time point.  In Study #2, 16-20 mL of whole blood was obtained from each subject.  

Whole blood was drawn into serum separator tubes (BD Vacutainer 4mL, Fisher 

Scientific # 02-683-93A) and EDTA plasma tubes (BD Vacutainer 4mL, Fisher Scientific 

catalog # 02-689-4).   

 

Whole Blood Analysis and Storage:  Immediately after venapuncture, whole blood was 

drawn into 2 capillary tubes, each filled to 75%, and capped at one end using Crito-seal.  

Tubes were centrifuged at 10,000 rpm for 10 minutes and read on a Hematocrit reader. 

EDTA plasma tubes were immediately placed on ice.  Whole blood viscosity (500 

µL) was analyzed using a Brookfield DV-I+ digital viscometer (Brookfield Engineering 

Laboratories Inc.; Middleboro, MA).  After auto-zeroing the instrument, whole blood was 

placed in the sample cup.  Viscosity, % torque, and temperature were recorded at spindle 

speeds of 6, 12, 30, 60, and 100 rpm. 

Hemoglobin A1c (HbA1c), or glycosylated hemoglobin, is a measurement of 

long-term (90-120 days) glucose control.  In Study #2, HbA1c was measured from 10 µL 

of whole blood using a Micromat II Hemoglobin A1c Instrument (BioRad Laboratories; 

Hercules, CA). 
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In all studies, EDTA plasma tubes were centrifuged at 3500 rpm (Eppendorf 

5702R; Westbury, NY) for 10 minutes at 4°C before distributing into microcentrifuge 

tubes for storage at -80°C.  Serum separator tubes were allowed to clot at room 

temperature for at least 30 minutes before centrifuging for 20 minutes at 4400 rpm at 

4°C.  After separation, serum aliquots were dispersed into microcentrifuge tubes and 

stored at -80°C for later analysis.  

 

Metabolic Risk Factors:  Microcentrifuge tubes containing at least 500µL of EDTA 

plasma were thawed for analysis of glucose, triglycerides, and cholesterol (LDL, VLDL, 

and HDL).  Samples were measured using a dry-slide Vitros DT60 II Chemical System 

(Ortho-Clinical Diagnostics; Rochester, NY). 

 

Markers of Inflammation and Disease Activity:  C-reactive protein (CRP) and 

Interleukin-6 (IL-6) were measured in duplicate from serum samples using 

commercially available ELISA (enzyme-linked immunosorbent assay) kits (CRP, Alpha 

Diagnostics; San Antonio TX; hsIL-6, R&D Systems; Minneapolis, MN).  Other 

cytokines and inflammatory molecules were analyzed from serum samples using a 

multiplex assay system (Millipore; Billerica, MA).  IL-1β, IL-6, IL-10, IL-12, and TNF-

α were analyzed using Milliplex High Sensitivity Human Cytokine Kit; IL-1ra, MCP-1, 

VEGF were analyzed using Milliplex Human Cytokine/Chemokine Kit; and sE-Selectin, 

MMP-9, tPAI-1, sVCAM-1, sICAM-1, and MPO were analyzed using Milliplex CVD 

Panel 1. 
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Muscle Damage:  In Protocol I of Study 1, creatine kinase (CK) was used to quantify 

muscle damage using the UV-Kinetic method and a commercially available kit (Teco 

Diagnostics; CA). 
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