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Abstract
The interrelationship of multiple endothelial biomarkers and chronic kidney disease (CKD)

has not been well studied. We measured asymmetric dimethylarginine (ADMA), L-arginine,

soluble intercellular adhesion molecule-1 (sICAM-1), soluble vascular adhesion molecule-

1 (sVCAM-1), soluble E-selectin (sE-selectin), von Willebrand factor (vWF), flow-mediated

dilation (FMD), and nitroglycerin-induced dilation (NID) in 201 patients with CKD and 201

community-based controls without CKD. Multivariable analyses were used to examine the

interrelationship of endothelial biomarkers with CKD. The multivariable-adjusted medians

(interquartile ranges) were 0.54 (0.40, 0.75) in patients with CKD vs. 0.25 (0.22, 0.27) μmol

/L in controls without CKD (p<0.0001 for group difference) for ADMA; 67.0 (49.6, 86.7) vs.

31.0 (27.7, 34.2) μmol/L (p<0.0001) for L-arginine; 230.0 (171.6, 278.6) vs. 223.9 (178.0,

270.6) ng/mL (p=0.55) for sICAM-1; 981.7 (782.6, 1216.8) vs. 633.2 (507.8, 764.3) ng/mL

(p<0.0001) for sVCAM-1; 47.9 (35.0, 62.5) vs. 37.0 (28.9, 48.0) ng/mL (p=0.01) for sE-

selectin; 1320 (1044, 1664) vs. 1083 (756, 1359) mU/mL (p=0.008) for vWF; 5.74 (3.29,

8.72) vs. 8.80 (6.50, 11.39)% (p=0.01) for FMD; and 15.2 (13.5, 16.9) vs. 19.1 (17.2,

21.0)% (p=0.0002) for NID, respectively. In addition, the severity of CKD was positively

associated with ADMA, L-arginine, sVCAM-1, sE-selectin, and vWF and inversely associ-

ated with FMD and NID. Furthermore, FMD and NID were significantly and inversely corre-

lated with ADMA, L-arginine, sVCAM-1, sE-selectin, and vWF. In conclusion, these data

indicate that multiple dysfunctions of the endothelium were present among patients with

CKD. Interventional studies are warranted to test the effects of treatment of endothelial

dysfunction on CKD.
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Introduction
Chronic kidney disease (CKD) is highly prevalent worldwide and a major risk factor for end-
stage renal disease (ESRD), cardiovascular disease (CVD), and premature death [1–3]. Endo-
thelial dysfunction plays a critical role in the development of atherosclerosis and vascular
lesions, which might be a shared common pathogenic pathway for CKD and CVD [4,5]. How-
ever, the interrelationship of multiple dysfunctions of endothelium with CKD is not well
studied.

Endothelial dysfunction, measured by impaired endothelium-dependent flow-mediated
dilation (FMD) and circulating biomarkers, has been observed among patients with CKD [6–
14]. For instance, Van Guldener et al. reported impaired FMD in hemodialysis and peritoneal
dialysis patients [6,7]. Impaired FMD was also associated with proteinuria in patients with dia-
betes or hypertension [8,9]. In addition, plasma asymmetric dimethylarginine (ADMA), an
endogenous nitric oxide synthase (NOS) inhibitor, was found to be associated with CKD pro-
gression [10,11]. Other endothelial dysfunction biomarkers in the inflammation and thrombo-
sis pathways were also reported to be associated with decreased kidney function [12,13].
However, the associations between the biomarkers of endothelial dysfunction and CKD were
inconsistent among studies [6–14]. In addition, important confounding factors were not
adjusted in many studies. Furthermore, there are no studies examining the interrelationship of
multiple endothelial dysfunction biomarkers with CKD. The objectives of this study are to
investigate the association of multiple biomarkers of endothelial dysfunction with the risk
and severity of CKD, as well as to examine the correlation among these biomarkers in patients
with CKD.

Subjects and Methods

Study participants
We recruited 201 patients with CKD and 201 controls without CKD in the greater New Orle-
ans area from 2007 to 2010. CKD patients aged 21–74 years were recruited from nephrology
and internal medicine clinics via physicians’ referral by trained research staff in the study area.
All eligible CKD patients identified in the recruiting clinics were invited to participate in the
study. CKD was defined as estimated glomerular filtration rate (eGFR)<60 ml/min/1.73 m2 or
presence of albuminuria (�30 mg/24-hours). Patients were excluded if they had a history of
chronic dialysis, kidney transplants, immunotherapy in the past six months, chemotherapy
within the past two years, or current clinical trial participation that may have an impact on
CKD. Additional exclusion criteria were history of HIV or AIDS and inability or unwillingness
to give informed consent. Controls were recruited through mass mailing to residents aged 21–
74 years living in the same area according to zip code. The eligibility of controls was assessed
by a clinic screening visit. Individuals were included if they had no evidence of CKD (eGFR
>60 ml/min/1.73 m2 and no persistent albuminuria).

Tulane University Institutional Review Board approved this study, and written informed
consent was obtained at the screening visit from all study participants.

Measurements
A standard questionnaire was administered by trained staff at a clinical visit to obtain demo-
graphic information, lifestyle risk factors (including cigarette smoking, alcohol drinking, and
physical activity), and self-reported history of CVD, diabetes, hypercholesterolemia, and
hypertension, as well as the use of antihypertensive, lipid-lowering, and anti-diabetic medica-
tions and aspirin.
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Three blood pressure (BP) measurements were obtained at a clinical visit by trained and cer-
tified staff according to a common protocol adapted from procedures recommended by the
American Heart Association [15]. A standard mercury sphygmomanometer was used, and one
of four cuff sizes (pediatric, regular adult, large, or thigh) was chosen based on participant arm
circumference. BP was measured with the participant in the sitting position after they had
rested for 5 minutes. Body height and weight were measured twice with the participant in light
indoor clothing without shoes during their clinical visit and were used to calculate body mass
index (BMI).

An overnight fasting blood sample was collected to measure blood biomarkers of endothe-
lial dysfunction, plasma glucose, serum creatinine and cholesterol, and triglycerides. eGFR
was estimated from serum creatinine, sex, age, and race using the CKD-EPI equation [16]. A
24-hour urinary sample was collected to measure creatinine and albumin excretion. Serum
cholesterol and triglyceride levels were assayed using an enzymatic procedure on the Hitachi
902 automatic analyzer (Roche Diagnostics, Indianapolis, IN, USA). Serum glucose was mea-
sured using a hexokinase enzymatic method (Roche Diagnostics, Indianapolis, IN, USA).
Serum creatinine was measured using the Roche enzymatic method (Roche—Hitachi P-Mod-
ule instrument with Roche Creatininase Plus assay, Hoffman-La Roche, Basel, Switzerland).
Urinary concentrations of albumin and creatinine were measured with a DCA 2000 Analyzer
(Bayer AG, Leverkusen, Germany).

Serum soluble intercellular adhesion molecule-1 (sICAM-1), soluble vascular adhesion
molecule-1 (sVCAM-1), and soluble E-selectin (sE-selectin) were measured by an ELISA
assay using the quantitative sandwich enzyme immunoassay technique (R&D Systems, Min-
neapolis, MN). Day-to-day variability of the assay was 6.0 to 10.1% for sICAM-1, 8.5 to 10.2%
for sVCAM-1, and 5.7 to 8.8% for sE-selectin. Plasma von Willebrand factor (vWF) was mea-
sured by an ELISA assay (American Diagnostica, Greenwich, CT) with a day-to-day variabil-
ity less than 10.0%. Plasma ADMA and L-arginine were determined by HPLC according to a
standard protocol with a coefficient of variation of 3.5% for ADMA and 2.1% for L-arginine
[17]. All laboratory measures were conducted at the Department of Pathology of Boston Chil-
dren's Hospital.

Endothelium-dependent FMD in response to reactive hyperemia and endothelium-inde-
pendent, nitroglycerin-induced vasodilation (NID) were measured using high resolution ultra-
sound (Siemens Acuson Ultrasound System, San Jose, CA) during the clinical examination
[18]. Participants were examined in the supine position after 15 minutes of rest and after at
least 10-hours of fasting. In addition, participants were requested to avoid alcohol, cigarette
smoking, coffee/tea, and exercise for at least 10 hours before their FMDmeasurement. B-mode
scans of the right brachial artery were obtained in longitudinal sections 2 to 8 cm above the
elbow by use of a 7.5-MHz linear array transducer. After baseline images were obtained, a
blood pressure (BP) cuff was inflated to 50 mm Hg above the participant’s systolic BP for 5
minutes. Digitized images of the right brachial artery diameter were captured continuously for
1 minute before application of the cuff and for 5 minutes after cuff deflation. A second baseline
measurement was taken after 5 minutes of recovery. Subsequently, sublingual nitroglycerin
(0.4 mg) was administered, and brachial artery measurements were obtained after 5 minutes as
described above. Ultrasound images were recorded on a super VHS videocassette for offline
electronic image analysis with the use of Image Pro Software (Image Pro, Data Translation Inc,
Marlboro, Mass) at the Vascular Laboratory of the University of Pennsylvania. Endothelium-
dependent FMD was calculated as the maximal percentage change in vessel size during hyper-
emia. Endothelium-independent NID was calculated as the percentage change in vessel size
from baseline to 5 minutes after administration of sublingual nitroglycerin.
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Statistical analyses
Medians and interquartile ranges of endothelial dysfunction biomarkers were calculated for
CKD patients and controls, and the Mann-Whitney test was used to test differences in the
unadjusted medians [19]. Quantile regression was used to obtain adjusted medians (interquar-
tile ranges), and the Wald test was used to test differences in the adjusted medians between
CKD patients and controls [20]. Age, gender, race, high-school education, current cigarette
smoking, weekly alcohol consumption, physical activity (� twice per week), BMI, low-density
lipoprotein (LDL) cholesterol, serum glucose, systolic BP, history of CVD, and medication use
were adjusted in these analyses. Multivariable linear regression was used to examine the associ-
ation of eGFR and urinary albumin with biomarkers after adjustment for the previously men-
tioned covariates. Log transformations were used for all biomarkers, except NID, because they
are not normally distributed. Multivariate-adjusted regression coefficients are reported for a
one standard deviation increase in biomarkers. All analyses were performed using SAS version
9.2 statistical software (Cary, NC).

Results
The general characteristics of study participants by CKD status are presented in Table 1. Those
with CKD were older, less educated, and less likely to drink alcohol compared to those without
CKD. In addition, they were more likely to have a history of CVD, hypertension, diabetes, and
hypercholesterolemia and to have been taking medications for these conditions. Mean BMI,
systolic BP, serum glucose, and urinary albumin were significantly higher, while LDL-choles-
terol and eGFR were lower, in CKD patients compared to controls.

Table 2 shows the adjusted medians or means of endothelial dysfunction biomarkers by
CKD status. After adjustment for potential CKD risk factors, including the use of antihyperten-
sive agents, hypoglycemic agents, lipid-lowering agents, and aspirin, the medians of all blood
endothelial biomarkers, except sICAM-1, were significantly higher in CKD patients compared
to controls. The multiple-adjusted medians of FMD and means of NID were significantly
lower in CKD patients compared to controls.

Table 3 presents age-gender-race-adjusted and multivariate-adjusted regression coefficients
(95% confidence intervals) of one standard deviation higher log-transformed endothelial dys-
function measures and NID with eGFR and log-transformed urinary albumin excretion. In the
multivariate-adjusted models, higher log (ADMA), log (L-arginine), and log (sVCAM-1) were
significantly associated with a decreased eGFR and increased albuminuria, while higher log
(sE-selectin) was only associated with increased albuminuria, and log (vWF) was only associ-
ated with a decreased eGFR. A higher log (FMD) and NID were significantly associated with
an increased eGFR and decreased albuminuria.

Correlation coefficients among endothelial dysfunction biomarkers are presented in
Table 4. FMD and NID were highly correlated with each other, and they were significantly and
inversely correlated with circulating levels of log (ADMA), log (L-arginine), log (sVCAM-1),
log (sE-selectin), and log (vWF). Circulating log (ADMA) was highly correlated with circulat-
ing levels of log (L-arginine) and log (sVCAM-1) and moderately correlated with log (sE-selec-
tin) and log (vWF). Circulating levels of log (sICAM-1), log (sVCAM-1), log (sE-selectin), and
log (vWF) were significantly and positively correlated with each other.

In addition, inflammatory biomarkers, log-tumor necrosis factor-alpha (r = –0.174,
p<0.001), and interleukin-6 (r = –0.104, p = 0.04) were significantly and inversely correlated
with FMD. However, log-C reactive protein was not significantly correlated with FMD (r = –

0.048, p = 0.35).
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Sensitivity analysis
After excluding participants with systolic BP�140/90 mm Hg or fasting plasma glucose�126
mg/dL, the multivariable-adjusted medians (inter-quartile ranges) were 0.53 (0.39, 0.76) vs.
0.24 (0.22,0.27) μmol/L for ADMA (p<0.0001), 65.2 (50.3, 91.8) vs. 29.6 (27.2, 33.4) μmol/L
for L-arginine (p<0.0001), 929.6 (711.6, 1136.7) vs. 595.0 (499.8, 773.0) ng/mL for sVCAM-1
(p<0.0001), and 6.1 (3.5, 9.2) vs. 9.1 (6.9, 12.2) % for FMD (p = 0.03) in patients with CKD
(n = 91) and controls (n = 157), respectively.

Discussion
The present study indicated that abnormalities in multiple endothelial pathways, i.e., the nitric
oxide pathway (ADMA and L-arginine), inflammation (sVCAM-1 and sE-selectin), thrombo-
sis (vWF), and impaired endothelial dependent dilation (FMD), were significantly and inde-
pendently associated with CKD. These associations remained after adjustment for established
CKD risk factors as well as the use of antihypertensive, antidiabetic, and lipid-lowering medica-
tions and aspirin. In addition, these endothelial dysfunction biomarkers were associated with
CKD severity measured by eGFR and/or albuminuria. Furthermore, multiple endothelial dys-
function biomarkers were correlated with each other. These findings suggest that endothelial
dysfunction in multiple pathways is present in patients with CKD.

These study findings may have important clinical and public health implications. CKD is a
common public health problem and is associated with increased risk of CVD [1–3]. Previous
studies have reported that endothelial dysfunction is a risk factor for CVD in the general

Table 1. Characteristics of 201 Patients with Chronic Kidney Disease and 201 Controls without Chronic Kidney Disease.

Variables CKD patients (n = 201) Non-CKD controls (n = 201) P-value

Age, years 55.9 ± 9.9 52.5 ± 10.0 0.0007

Male, % 55.2 45.3 0.05

Blacks, % 60.7 51.2 0.06

High-school education, % 58.5 81.6 <0.0001

Current cigarette smoking, % 53.7 48.8 0.32

Weekly alcohol drinking, % 27.9 59.2 <0.0001

History of cardiovascular disease, % 43.7 7.0 <0.0001

History of hypertension, % 88.1 23.9 <0.0001

History of diabetes, % 49.3 5.5 <0.0001

History of hypercholesterolemia, % 65.7 30.9 <0.0001

Use of antihypertensive agents, % 79.6 15.4 <0.0001

Use of hypoglycemic agents, % 34.3 3.0 <0.0001

Use of lipid lowering agents, % 21.9 9.0 0.0003

Use of aspirin, % 34.8 8.5 <0.0001

Body-mass index, kg/m2 32.2 ± 7.8 28.9 ± 6.4 <0.0001

Systolic blood pressure, mm Hg 132.2 ± 21.0 122.0 ± 14.7 <0.0001

Diastolic blood pressure, mm Hg 77.2 ± 13.5 77.6 ± 9.4 0.77

Plasma glucose, mg/dL 119.9 ± 46.7 103.4 ± 35.4 <0.0001

LDL-cholesterol, mg/dL 103.3 ± 45.9 118.2 ± 30.2 <0.0001

Serum creatinine, mg/dL 2.0 ± 1.1 0.9 ± 0.2 <0.0001

eGFR, mL/min/1.73 m2 43.3 ± 19.9 96.7 ± 16.8 <0.0001

Urinary albumin, mg/24 hrs 74.5 (12.3, 417.4) 5.9 (4.1, 11.4) <0.0001

LDL = low-density lipoprotein; eGFR = estimated glomerular filtration rate.

doi:10.1371/journal.pone.0132047.t001
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population, as well as in patients with CKD [4,21,22]. Our study added new information on
multiple endothelial biomarker abnormalities associated with increased risk of CKD. The
strengths of this study include that multiple circulating biomarkers of endothelial dysfunction
and endothelium-dependent FMD, as well as endothelium-independent NID, were measured
simultaneously and that established risk factors for CKD were adjusted in multivariable analy-
ses. However, this cross-sectional analysis cannot establish temporal relationships between
endothelial biomarkers and risk of CKD. Future longitudinal cohort studies and clinical trials
are warranted to test the causal relationship of endothelial dysfunction on CKD development
and progression.

Our study is the first to examine the correlation of brachial artery FMD with multiple circu-
lating biomarkers of endothelial dysfunction among patients with CKD. The noninvasive
brachial artery FMD is a valid, widely-used clinical measure of endothelium-dependent vaso-
motor function in humans, which reflects nitric oxide (NO) availability [23]. Our study indi-
cated that FMD was highly significantly correlated with plasma ADMA and L-arginine, two
circulating biomarkers of NO bioavailability. In addition, our study found that FMD was mod-
erately correlated with endothelium-mediated pro-inflammatory and pro-thrombotic mole-
cules, including sVCAM-1, sE-selectin, and vWF, which suggests that NO deficiency may co-
exist with other pathogenesis of endothelial dysfunction in patients with CKD.

Impaired brachial artery FMD was associated with increased risk of CVD in several pro-
spective cohort studies in the general population [24–26]. In addition, previous studies also
reported impaired FMD in ESRD patients on dialysis [6,7]. Our study indicated that impaired
brachial artery FMD was present in early-stage CKD patients prior to dialysis. Our study also
indicated that FMD was associated with the severity of CKD measured by eGFR and albumin-
uria. These findings are consistent with previous reports that albuminuria was associated with
impaired FMD in patients with diabetes or hypertension [8,9]. In addition, our study findings

Table 2. Biomarkers of Endothelial Dysfunction According to Chronic Kidney Disease Status.

Age-gender-race-adjusted median (IQR) Multivariable-adjusted median (IQR)*

CKD patients
(n = 201)

Non-CKD controls
(n = 201)

P for
difference

CKD patients
(n = 201)

Non-CKD controls
(n = 201)

P for
difference

ADMA, μmol/L 0.51 (0.39, 0.72) 0.25 (0.22, 0.27) <0.0001 0.54 (0.40, 0.75) 0.25 (0.22, 0.27) <0.0001

L-Arginine,
μmol/L

61.9 (48.8, 87.5) 30.9 (27.5, 34.4) <0.0001 67.0 (49.6, 86.7) 31.0 (27.7, 34.2) <0.0001

sICAM-1, ng/mL 225.0 (170.5, 277.9) 216.8 (178.0, 269.5) 0.33 230.0 (171.6, 278.6) 223.9 (178.0, 270.6) 0.55

sVCAM-1, ng/
mL

967.8 (773.9,
1202.9)

619.0 (501.8, 752.9) <0.0001 981.7 (782.6,
1216.8)

633.2 (507.8, 764.3) <0.0001

sE-selectin, ng/
mL

47.5 (34.7, 63.8) 37.1 (26.7, 49.1) 0.0001 47.9 (35.0, 62.5) 37.0 (28.9, 48.0) 0.010

vWF, mU/mL 1370 (1053, 1668) 1034 (735, 1319) <0.0001 1320 (1044, 1664) 1083 (756, 1359) 0.008

FMD, % 5.58 (2.74, 8.84) 8.40 (6.39, 11.4) <0.0001 5.74 (3.29, 8.72) 8.80 (6.50, 11.4) 0.014

NID,† % 14.6 (13.4, 15.7) 20.0 (18.8, 21.1) <0.0001 15.2 (13.5, 16.9) 19.1 (17.2, 21.0) 0.0002

IQR = inter-quartile range; ADMA = asymmetric dimethylarginine; sICAM-1 = soluble intercellular adhesion molecule-1; sVCAM-1 = soluble vascular

adhesion molecule-1; sE-selectin = soluble E-selectin; vWF = von Willebrand factor; FMD = flow-mediated dilation; and NID = nitroglycerin-induced

dilation.

*Adjusted for age, gender, race, high-school education, physical activity, current cigarette smoking, weekly alcohol drinking, body mass index, LDL-

cholesterol, plasma glucose, systolic blood pressure, history of cardiovascular disease, and use of antihypertensive agents, hypoglycemic agents, lipid

lowering agents, and aspirin.
† Mean (95% confidence intervals).

doi:10.1371/journal.pone.0132047.t002
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Table 3. Multivariable-Adjusted Regression Coefficients (95% Confidence Intervals) of One Standard Deviation Higher Log-transformed Endothe-
lial Dysfunction Biomarkers with Estimated-GFR and Log-transformed Urinary Albumin Excretion.

eGFR, mL/min/1.73 m2 Log-albuminuria, mg/24-hours

Effect size (95% CI) p-value Effect size (95% CI) p-value

Log (ADMA, 0.5μmol/L)

Age-gender-race-adjusted -31.0 (-32.1, -29.9) <0.0001 1.37 (1.21, 1.52) <0.0001

Multivariable-adjusted* -29.6 (-30.9, -28.28) <0.0001 1.18 (1.01, 1.36) <0.0001

Log (L-arginine, 0.5 μmol/L)

Age-gender-race-adjusted -30.0 (-31.3, -28.7) <0.0001 1.35 (1.19, 1.5) <0.0001

Multivariable-adjusted* -27.9 (-29.4, -26.3) <0.0001 1.15 (0.98, 1.32) <0.0001

Log (sICAM-1 0.4 ng/mL)

Age-gender-race-adjusted 1.90 (-1.24, 5.04) 0.23 -0.02 (-0.22, 0.18) 0.86

Multivariable-adjusted* 3.31 (0.66, 5.97) 0.01 -0.13 (-0.3, 0.05) 0.16

Log (sVCAM-1, 0.4 ng/mL)

Age-gender-race-adjusted -17.6 (-20.27, -14.94) <0.0001 1.0 (0.82, 1.17) <0.0001

Multivariable-adjusted* -12.42 (-15.17, -9.68) <0.0001 0.69 (0.51, 0.87) <0.0001

Log (sE-selectin, 0.5 ng/mL)

Age-gender-race-adjusted -5.13 (-8.32, -1.93) 0.002 0.58 (0.38, 0.77) <0.0001

Multivariable-adjusted* -2.11 (-5.0, 0.78) 0.15 0.34 (0.16, 0.53) 0.0004

Log (vWF, 0.4 mU/mL)

Age-gender-race-adjusted -7.21 (-10.35, -4.07) <0.0001 0.3 (0.09, 0.51) 0.005

Multivariable-adjusted* -3.2, (-6.0, -0.41) 0.02 0.06 (-0.13, 0.24) 0.56

Log (FMD, 0.8%)

Age-gender-race-adjusted 7.95 (4.73, 11.17) <0.0001 -0.55 (-0.75,-0.36) <0.0001

Multivariable-adjusted* 4.53 (1.60, 7.46) 0.003 -0.28 (-0.48, -0.09) 0.004

NID, 9.0%

Age-gender-race-adjusted 10.9 (7.41, 14.38) <0.0001 -0.62 (-0.85, -0.38) <0.0001

Multivariable-adjusted* 7.15 (3.75, 10.54) <0.0001 -0.27 (-0.5,-0.04) 0.02

ADMA = asymmetric dimethylarginine; sICAM-1 = soluble intercellular adhesion molecule-1; sVCAM-1 = soluble vascular adhesion molecule-1; sE-

selectin = soluble E-selectin; vWF = von Willebrand factor; FMD = flow-mediated dilation; and NID = nitroglycerin-induced dilation.

*Adjusted for age, gender, race, high-school education, physical activity, current cigarette smoking, weekly alcohol drinking, body mass index, LDL-

cholesterol, plasma glucose, systolic blood pressure, history of cardiovascular disease, and use of antihypertensive agents, hypoglycemic agents, lipid

lowering agents, and aspirin.

doi:10.1371/journal.pone.0132047.t003

Table 4. Pearson Correlation Coefficients (P values) Among Endothelial Function Biomarkers.

Log (FMD) Log (ADMA) Log (L arginine) Log (sICAM-1) Log (sVCAM-1) Log (sE-selectin) Log (vWF)

Log (ADMA) -0.335 (<0.0001)

Log (L-arginine) -0.320 (<0.0001) 0.974 (<0.0001)

Log (sICAM-1) 0.000 (0.998) -0.086 (0.092) -0.063 (0.217)

Log (sVCAM-1) -0.150 (0.003) 0.507 (<0.0001) 0.513 (<0.0001) 0.306 (<0.0001)

Log (sE-selectin) -0.177 (0.0005) 0.257 (<0.0001) 0.240 (<0.0001) 0.183 (0.0003) 0.242 (<0.0001)

Log (vWF) -0.137 (0.007) 0.254 (<0.0001) 0.242 (<0.0001) 0.107 (0.035) 0.327 (<0.0001) 0.085 (0.092)

NID 0.521 (<0.0001) -0.366 (<0.0001) -0.355 (<0.0001) -0.035 (0.520) -0.172 (0.0013) -0.178 (0.0009) -0.133 (0.013)

ADMA = asymmetric dimethylarginine; sICAM-1 = soluble intercellular adhesion molecule-1; sVCAM-1 = soluble vascular adhesion molecule-1; sE-

selectin = soluble E-selectin; vWF = von Willebrand factor; FMD = flow-mediated dilation; and NID = nitroglycerin-induced dilation.

doi:10.1371/journal.pone.0132047.t004
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suggest that vasodilation induced by nitroglycerin (an endogenous NO donor) may be
impaired in patients with CKD.

ADMA is an endogenous inhibitor of NOS, and increased levels of ADMAmay be related
to reduced NO bioavailability and endothelial dysfunction [27]. Two clinical studies have
examined the association between plasma ADMA level and the progression of CKD [10,11].
Ravani et al. reported that plasma ADMA was an independent risk factor for ESRD and mor-
tality in 131 patients with CKD in Italy [10]. Fliser et al. also found that plasma ADMA was
associated with progression of mild and moderate CKD in 227 non-diabetic young kidney dis-
ease patients [11]. Our study supports these findings and showed a strong and independent
association of ADMA with both eGFR and albuminuria. Our study is one of the first investiga-
tions that found an elevated level of plasma L-arginine in pre-dialysis CKD patients. The
underutilization of L-arginine due to NOS inhibited by ADMA or decreased excretion of L-
arginine might contribute to elevated levels of L-arginine in CKD patients. This observation
might partially explain why L-arginine supplementation did not improve kidney function in
CKD patients [28].

Cell adhesion molecules, such as sICAM-1, sVCAM-1, and sE-selectin, trigger leukocyte
homing, adhesion, and migration into the subendothelial space, processes fundamental to the
formation of atherosclerotic lesions [29]. Elevated circulating levels of sICAM-1, sVCAM-1
and sE-selectin were found in ESRD patients on hemodialysis in some studies but not in others
[12,13,30,31]. Our study indicated that serum levels of sVCAM-1 and sE-selectin were signifi-
cantly increased in CKD patients. vWF is released into circulation by activated endothelial cells
and mediates platelet adhesion to injured endothelium, the first step in thrombus formation
[32]. vWF was found to be higher in CKD patients compared to normal controls [33,34]. Our
study provides additional evidence that vWF is independently associated with worse eGFR.

In conclusion, our study indicates that multiple dysfunctions of endothelium were present
among patients with CKD. In addition, multiple biomarkers of endothelial dysfunction were
correlated with each other. Our data warrant future interventional studies to test the effects of
treatment of endothelial dysfunction on the development and progression of CKD.
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