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Abstract

Aims—Arterial stiffening may lead to hypertension, greater left ventricular after-load and adverse
clinical outcomes. The underlying mechanisms influencing arterial elasticity may involve
oxidative injury to the vessel wall. We sought to examine the relationship between novel markers
of oxidative stress and arterial elastic properties in healthy humans.

Methods & Results—We studied 169 subjects (mean age 42.6 + 14 years, 51.6% male) free of
traditional cardiovascular risk factors. Indices of arterial stiffness and wave reflections measured
included carotid-femoral Pulse Wave Velocity (PWV), Augmentation index (Aix) and Pulse
Pressure Amplification (PPA). Non-free radical oxidative stress was assessed as plasma oxidized
and reduced amino-thiol levels (cysteine/cystine, glutathione/GSSG) and their ratios (redox
potentials), and free radical oxidative stress as derivatives of reactive oxygen metabolites
(dROMSs). Inflammation was assessed as hsCRP and interleukin-6 levels.

The non-free radical marker of oxidative stress, cystine was significantly correlated with all
arterial indices; PWV (r= 0.38, p<0.001), Aix (r=0.35, p<0.001) and PPA (r=—0.30, p<0.001). Its
redox potential, was also associated with PWV (r=0.22, p=0.01), while the free radical marker of
oxidative stress dAROMS was associated with Aix (r=0.25, p<0.01). After multivariate adjustment
for age, gender, arterial pressure, height, weight, heart rate and CRP, of these oxidative stress
markers, only cystine remained independently associated with PWV (p=0.03), Aix (p=0.01) and
PPA (p=0.05).

Conclusions—In healthy subjects without confounding risk factors or significant systemic
inflammation, a high cystine level, reflecting extracellular oxidant burden, is associated with
increased arterial stiffness and wave reflections. This has implications for understanding the role
of oxidant burden in pre-clinical vascular dysfunction.
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Introduction

Changes in the mechanical and elastic properties of the arterial wall, occurring as a
consequence of age and disease, are widely accepted pathophysiologic mechanisms leading
to increased left ventricular afterload, myocardial ischemia and cardiovascular events.t 2
The underlying biology leading to vessel stiffness remains unclear and may involve several
determinants such as repetitive mechanical distension and recoil causing altered gene
expression and adverse changes in the milieu of the vessel wall including modifications in
collagen and elastin architecture and function via enzymatic mediators such as matrix
metalloproteases.3

Oxidant induced cellular injury may be a fundamental causal pathway leading directly or
indirectly to loss of elasticity in the arterial wall. Excess oxidant burden alters DNA
transcription leading to cellular proliferation and interruption of numerous redox sensitive
signaling pathways that influence arterial remodeling.* While vascular tissues from
hypertensive animals demonstrate elevated oxidant burden, human studies have yet to
convincingly demonstrate an association between oxidative stress and arterial stiffness.” If
confirmed, this link would provide support for the early role of oxidative stress in vascular
health in humans without disease, potentially offer new biomarkers to identify vascular
dysfunction, and allow for specifically targeted therapeutic interventions.

Although the harmful vascular effects of free radical species in vitro remain undisputed,
clinical experience with free radical scavengers has been uniformly disappointing leading to
concept that free radicals may not constitute clinically important sources of oxidants and
that non-free radical species may be of equal or greater importance.® Major aminothiol
compounds, indices of non-free radical oxidant stress, play a critical role in redox signaling
and can be quantified in plasma to assess oxidative stress burden in vivo.® Of these, cysteine
constitutes the major thiol pool extracellularly that reacts readily with oxidants to form its
oxidized disulphide cystine. Intracellularly, glutathione is a major antioxidant that helps
eliminate peroxides and maintain cellular redox, and its oxidized form is GSSG.® Increased
oxidative stress, measured as lower levels of glutathione, higher levels of cystine, or altered
ratios of reduced to oxidized thiols, is associated with risk factors for cardiovascular disease
(CVD), subclinical vascular disease and with adverse outcomes.’® Derivatives of reactive
oxidative metabolites (lROMS) which measures plasma peroxides is considered to reflect
free radical oxidant burden. Its usefulness as a biomarker has been demonstrated in several
studies demonstrating for example association with inflammation and atrial fibrillation.10: 11

We hypothesized that these non-free radical and free radical based plasma markers of
oxidative stress would be associated with indices of arterial stiffness and wave reflections
and tested this hypothesis in a carefully selected cohort of healthy non-smoking subjects free
of overt cardiovascular risk factors.
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Study Population

The study design enrolled only healthy subjects to mitigate confounding from CVD or its
risk factors known to influence both oxidant burden and measures of arterial elasticity. A
total of 169 healthy non-smoking volunteers, aged 20—70 years were recruited after careful
screening for absence of hypertension (SBP<130 or DBP<90 mmHg on three occasions),
hyperlipidemia (total cholesterol level <200 mg/dL, LDL <120 mg/dl), impaired fasting
glucose or diabetes (fasting glucose <100 mg/dL), and obesity (BMI <=25) (Table 1). Other
exclusion criteria included history of any CVD or valvular heart disease, pregnancy, any
chronic illnesses, taking prescription medications or any vitamin supplements for 6 weeks.
Specific dietary intake patterns were not documented but all blood samples and
measurements were taken after an overnight fast. The study was approved by the Emory
University Institutional Review Committee. Informed consent was obtained from all
subjects.

Arterial Elasticity Indices

Biomarkers

Avrterial elasticity was estimated using the Sphygmocor device (Atcor Medical, Australia).
Pulse Wave Velocity (PWV) was measured by acquiring pressure waveforms at the carotid
and femoral arteries, and velocity [distance/time in m/s] was calculated using the “foot-to-
foot” method.12 The surface distance between the carotid and femoral points of maximal
pulsation was estimated to the closest cm, using a standard medical measuring tape. Pulse
Wave Analysis of the pressure waveforms at the radial artery estimated central (proximal)
aortic pressures and the degree of pressure augmentation secondary to reflected waves from
the periphery. This permitted derivation of an augmentation index (Aix) (augmentation
index = augmented pressure/total central pulse pressure). Aix is sensitive to heart rate (HR)
and while estimates of the HR adjusted Aix are calculated by the device, we used the
unadjusted Aix and elected to adjust for HR in multivariate analysis. Pulse Pressure
Amplification (PPA) is a measure of the difference between the peripheral and central pulse
pressures, expressed as a direct ratio, peripheral PP/ central PP. In the healthy vasculature
there is amplification of the pulse waveform as it travels towards the periphery, but in
disease states, there is a disproportionate increase in central pulse pressure leading to a
diminution of PPA.13 Thus, PPA represents the global effects of arterial stiffness, peripheral
resistance, and wave reflections. Reproducibility studies in our laboratory on 9 subjects on
consecutive days have demonstrated a coefficient of variation of 3.8%, 20.3% and 2.2% for
PWYV, Aix75 and PPA respectively.

(1) Amino-thiols—We measured plasma cysteine, its oxidized form cystine, glutathione,
and its oxidized disulphide (GSSG) in all subjects as described previously.1 Ratios of
cysteine/cystine and glutathione/GSSG are expressed as redox potentials, E,CySS and
E;GSSG, respectively, where a more oxidized value has a more positive numeric value.14
Briefly, samples were collected directly into tubes containing a preservative to retard auto-
oxidation, centrifuged, and stored at —80°C, which shows no significant loss for 1 year.
Analyses by high performance liquid chromatography were performed after dansyl
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derivatization on a 3-aminopropyl column with fluorescence detection. Metabolites were
identified by co-elution with standards and quantified by integration relative to the internal
standard, with validation relative to external standards as previously described.1* The
coefficients of variation (CV) for glutathione was 5%, GSSG was 9.7%, cysteine 3.8%, and
cystine 3.2%.

(2) Derivatives of Reactive Oxygen Metabolites (dAROMS)—The d-ROMs
(derivatives of Reactive Oxygen Metabolites) assay, is a colorimetric test for the assessment
of serum hydroperoxides, (H(ROMS Test; Diacron, Grosseto, Italy). The test been used to
measure oxidative stress in plasma samples and has been correlated directly with
lipoperoxides and 8-isoprostanes, but with the advantage that it does not require extraction/
purification of the sample.15 Its usefulness as a biomarker has been demonstrated in prior
studies as has the technique for its assessment.10: 16 |ntra-assay CVs in our laboratory were
0.2% at 300 and 2.3% at 550 Carr units.

(3) CRP and IL6—High-sensitivity C-reactive protein was measured by
immunonephelometry (Dade Behring, Deerfield, 1llinois) and Interleukin 6 by ultrasensitive
ELISA (R&D Systems, Minneapolis, Minnesota).

Statistical Methods

Results

All continuous variables are described as mean + standard deviation, or median (inter-
quartile range) while categorical variables are presented as proportions. CRP and IL-6
values were non-normally distributed and log transformed for parametric analysis. Spearman
rank correlation coefficients were calculated for examining bivariate associations between
PWYV, Aix and PPA and patient characteristics as well as with markers of inflammation and
oxidative stress. Multivariate regression models were then constructed using significant or
near-significant univariate predictors (p<0.1) with unstandardized regression coefficients
and confidence intervals and model R? calculated for each index. P values of <0.05 were
considered significant. All analyses were performed using the SPSS v17.0 statistical
package (SPSS, Illinois, USA).

Baseline characteristics of the 169 subjects studied are presented in Table 1 (mean age 41.2
+ 14, males 50.7%). The low Framingham Risk Score and systemic inflammation is a
reflection of their healthy status. There were significant correlations between the oxidized
and reduced thiol pairs (cystine and cysteine r=0.26, p< 0.001; glutathione and GSSG r=
0.39, p<0.001). While there was a modest inverse relationship between cystine and
glutathione (r= —0.15, p=0.05), dROMs was not correlated with any of the thiol markers or
their ratios. There were modest correlations between the inflammatory markers, CRP and
IL6 and cystine, glutathione and dROMS (Supplementary Table 1). Significant univariate
determinants for the thiol markers are presented in Supplementary Table 2. Notably age was
associated with cystine (r=0.26, p<0.01) and E,CySS (r=0.18, p=0.01).
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Associations with Arterial Elasticity Indices

We observed correlations between PWV, Aix and PPA; PWV and Aix (r=0.34, p<0.001),
PWV and PPA (r=-0.29, p=0.001) and Aix and PPA (r=—0.87, p<0.001).17 Univariate
determinants of PWV included age, gender, height, weight, total cholesterol and mean
arterial pressure. For Aix and PPA, determinants included those for PWV as well as heart
rate and C-reactive protein (Table 2).

Of the thiol markers, cystine correlated significantly with PWV, Aix, and PPA (Table 2,
Figure 1). The remaining thiols were not correlated with any of the arterial indices, except
for the redox potential of cysteine/cystine which associated with PWV (r=0.22, p=0.01) and
the redox potential of glutathione/GSSG which showed modest association with PWV
(r=0.15, p=0.08). The free radical marker of oxidative stress, d(ROMS correlated only with
Aix (r=0.25, p<0.01) and marginally with PPA (r=—0.15, p=0.09).

Using significant univariate predictors including cystine, separate linear regression models
were then constructed for PWV, Aix and PPA (Table 3). After multivariate adjustment, only
age, mean arterial pressure and cystine were independent predictors of PWV. For Aix, age,
gender, height, mean arterial pressure, heart rate and cystine were independent predictors,
while for PPA the same variables except height were independently correlated. These
multivariate models for PWV, Aix and PPA accounted for 42%, 61% and 48% of their
variability, respectively.

Similar multivariate analyses for the other biomarkers of oxidative stress, namely the redox
potentials of cysteine and glutathione which had univariate associations revealed that neither
was independently associated with PWV (E,CySS p=0.43; E,GSSG p=0.88). Likewise, the
free radical marker of oxidative stress, dROMS, was also no longer associated with Aix after
multivariate adjustment with variables listed in table 3 (p=0.93).

Finally, none of the markers of inflammation correlated with arterial elasticity indices after
multivariate adjustment.

Discussion

Herein, we demonstrate an independent association between a plasma biomarker of
extracellular non-free radical oxidant burden, cystine, and indices of arterial stiffness and
wave reflections in a healthy population free of risk factors and inflammation. Our results
lend support to the emerging role of oxidative stress in the pathogenesis of arterial stiffness
as well as the value of non-free radical based approaches to quantifying oxidant burden in
vivo.

While oxidative stress has been correlated extensively with measures of endothelial
dysfunction, few studies have explored its relationship with arterial elastic properties.8 18
Both elevated saphenous vein or neutrophil superoxide anion generation and increased
isoprostanes have been associated with arterial stiffness indices in atherosclerotic
populations.19: 20 However, these relationships may have been secondary to presence of risk
factors and atherosclerosis. To our knowledge, only one previous study has demonstrated an
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independent association between advanced oxidation protein products and an indirect
stiffness index derived from peripheral plethysmography in a healthy population.2! Our
study however uses more accepted methodology for assessing arterial stiffness and wave
reflections and a wider spectrum of oxidant markers.

Although arterial stiffness improved with vitamin C, in some studies, these results were not
confirmed by others.22: 23 This discrepancy is consistent with clinical trials that failed to
demonstrate CVD benefit with antioxidant vitamins, raising the possibility that free radicals
may not be major contributors of oxidant damage and that non-free radical species may be
of equal or greater importance.® Indeed in our study we also failed to demonstrate an
association between a free radical marker of oxidative stress, (lIROMS), and indices of
arterial elasticity.

Plasma aminothiol metabolites are reliable markers of systemic oxidative stress, with the
glutathione pool reflecting intracellular and the cysteine/cystine pools extracellular oxidative
stress.5 While we did not observe any significant associations with glutathione or GSSG, the
oxidized disulphide, cystine, that reflects extracellular oxidative burden, was significantly
associated with markers of impaired arterial elasticity. In previous studies, high plasma
cystine levels were associated with endothelial dysfunction, smoking and importantly
adverse outcomes.”2 Mechanistically, the extracellular redox state of the cysteine/cystine
pool modulates CVD through pro-inflammatory signaling, regulated by cell surface protein
redox states. These involve mitochondrial oxidation, nuclear factor-kB activation and
elevated expression of genes for monocyte recruitment to endothelial cells.24
Experimentally, extracellular cystine concentrations regulates cell proliferation via
epidermal growth factor receptors, activates the mitogen-activated protein kinase pathway,
stimulates monocyte adhesion by an NF-kB-dependent pathway, and accelerates
apoptosis.2> This supports the use of plasma measures of cystine and its redox potential
E,CySS as key indicators of vascular health despite lack of tissue quantification of oxidant
burden.

The exact mechanisms that determine plasma cystine levels are not known.24 Previous
research shows that cystine increases with age and that the variation of cystine concentration
increases as a function of age.2% It is noteworthy that plasma cystine levels are controlled in
part by the x;~ system acting as a highly efficient cystine/glutamate transporter and may
potentially represent a therapeutic target.2” A decline with age in the responsiveness of Nrf2,
the transcription factor controlling expression of this cystine/glutamate transporter, has been
reported.2® Consequently this could contribute to the increased cystine in plasma, although
human data on this is lacking. In our study we observed an association with age and cystine
and adjusted for this in multivariate analysis. Cystine also has a diurnal variation and is
dependent upon dietary sulfur amino acid intake in the post-prandial period, but no
significant effect of dietary intake level over a 4-day period was observed in the fasting
state.29-31 |n the present study, subjects were fasted so dietary intake is not expected to
directly impact the plasma cystine.

Our study confirmed findings from the recent analysis of 11,000 subjects that age and blood
pressure are independent determinants of PWV.32 However, in contrast to previous reports,
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we found that plasma inflammatory markers did not correlate with arterial elasticity, which
we believe is likely due to inclusion of subjects with risk factors in other reports.33: 34 Our
study is unique in that subjects were carefully screened and specifically excluded for
presence of risk factors, as reflected by the low Framingham risk values and CRP levels
compared to these other studies. Indeed, studies showing lack of independent association
between CRP and arterial stiffness generally had lower mean levels of CRP (<1.2 mg/L).3°
Given the complex relationship between inflammation and oxidative stress, arterial stiffness
may result either directly from oxidative stress or indirectly by promoting inflammation via
redox sensitive pathways.2> Inflammation in turn may lead to vascular stiffness as observed
in acute and chronic inflammatory states.36: 37 Our study suggests that oxidative stress may
influence vascular health, without necessarily activating systemic inflammation, and even in
the absence of any risk factors.

An important limitation of our study is its cross-sectional design which only demonstrates an
association, and interventions to specifically lower oxidative stress are needed to prove
causality. While our use of a screened healthy cohort is a major strength of this study, as we
effectively eliminated the effect of confounding CVD risk factors that are known to cause
both oxidative stress and arterial stiffness, it is possible that unmeasured confounders may
explain these findings. Finally, although other mechanisms may elevate cystine levels,
isotopic tracer studies are not available to confirm whether increased plasma cystine occurs
solely as a function of increased oxidation of cysteine, impaired clearance of cystine, or
both.30

In conclusion, we demonstrate that plasma cystine, a measure of extracellular oxidant
burden, is an independent predictor of arterial stiffness and wave reflections in healthy
subjects prior to development of any overt risk factors. While this does not demonstrate
causality, it does support the notion that arterial stiffness may at least in part be related to
systemic oxidant load. Further studies are required to determine whether plasma cystine
causes arterial stiffening, whether it can be used as a biomarker to identify individuals at
risk of developing premature vascular disease, and whether interventions to reduce oxidant
burden or cystine directly can prevent development of subclinical vascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Relationship between arterial stiffness indices and cystine. Panels A, B and C demonstrate

the relationship between cystine and carotid-femoral Pulse Wave Velocity (A),
Augmentation Index (B) and Pulse Pressure Amplification (C). r= Spearman correlation
coefficient.
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Table 1
Participant Characteristics

Characteristic Value

Age (yr) 42.6 (13.7)

Male Gender (%) 51.6

Caucasian (%) 67.2

Height (cm) 170.3 (10.1)

Weight (kg) 68.2 (11.7)

Body Mass Index (kg/m?) 23.5(2.7)

Brachial Systolic Pressure (mmHg) 114.8 (11.9)

Brachial Diastolic Pressure (mmHg) 68.2 (9.9)

Brachial Mean Arterial Pressure (mmHg)  83.7 (9.5)

Heart Rate (bpm) 60.9 (8.5)

Glucose (mg/dl) 85.1(8.1)

Total Cholesterol (mg/dl) 175.0 (27.5)

High Density Lipoprotein (mg/dl) 63.0 (16.7)

Low Density Lipoprotein (mg/dl) 95.9 (22.0)

C-Reactive Protein (mg/L) Mean (SD) 1.08 (2.6)
Median IQR)  0.47 (0.2-1.0)

Interleukin 6 (pg/ml) Mean (D) 0.91 (1.0)
Median IQR)  0.78 (0.4-1.1)

Framingham Risk Score (LDL Points) Mean -2.80 (6.50)
Median (IQR) -1 (-5to0 +2)

Pulse Pressure Amplification 1.39(0.2)

Augmentation Index (%) 18.6 (15.8)

Central Pulse Pressure (mmHg) 33.1(9.9)

Central Systolic Pressure (mmHg) 102.9 (13.9)

Central Diastolic Pressure (mmHg) 69.8 (10.4)

Pulse wave velocity (m/s) 6.77 (1.3)

Cystine (uM) 70.6 (13.6)

Cysteine (uM) 9.2(2.6)

EnCySS (mV) ~71.5 (7.6)

Glutathione (uM) 1.9(0.7)

GSSG (UM) 0.1(0.1)

EyGSSG (MV) -140.5 (11.9)

dROMS (AU) 560.6 (159.1)

Mean values (SD) given unless otherwise stated. AU=Arbitrary Units
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