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tension and left-shifted the concentration response curve of 
phenylephrine-stimulated contraction in the donor-SkA.
 L -NAME only increased the resting tension in the nondia-
lyzed vessel. In vitro stiffness positively correlated with PWV 
(R 2  = 0.302, p = 0.001), and dialyzed SkA was 60% stiffer than 
nondialyzed and donor SkA. The acetylcholine relaxation 
was negatively correlated with PWV in donors and recipi-
ents (R 2  = 0.282, p = 0.01). In conclusion, we have uniquely 
demonstrated differential microvasculature dysfunction
between nondialyzed and dialyzed CKD patients. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 There is an increasing recognition that the adverse 
clinical outcomes associated with chronic kidney disease 
(CKD) are primarily due to cardiovascular disease. Both 
large and small vessel disease (such as diabetes mellitus 
and hypertensive nephrosclerosis) have been described in 
CKD  [1, 2] . Furthermore, the processes of arteriosclerosis 
and atherosclerosis are both present in CKD, with the 
former often being more prominent than the latter. The 
presence of structural and functional alterations in the 
microcirculation could be considered as an important 
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 Abstract 

 We hypothesized that there was differential vasomotor dys-
function in the microcirculation between nondialyzed and 
dialyzed chronic kidney disease (CKD) patients. During live 
donor kidney transplantation procedures, skin arterioles 
(SkA; internal diameter = 120  8  5  � m) from donors (n = 27) 
and recipients (nondialysis = 15; dialysis = 20) were dissected 
from the abdominal wall at the incision site. In vivo aortic 
pulse wave velocity (PWV) was also measured. In the in vitro 
isometric force measurement, nondialyzed SkA exhibited 
comparable contraction to donor SkA, whereas dialyzed SkA 
had 60 and 40–50% increase in contraction in response to 
depolarization and agonist (that is, phenylephrine, sero-
tonin and endothelin-1) stimulation, respectively. The ace-
tylcholine-induced relaxation in the nondialyzed SkA was 
decreased by 50% compared with dialyzed SkA. How-
ever, pre-incubation with superoxide dismutase greatly en-
hanced the relaxation response in the nondialyzed, but not 
in the dialyzed SkA and donor SkA. Pre-incubation with  N  G -
nitro- L -arginine methyl ester ( L -NAME) elevated the resting 
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link between renal failure and hypertension, ischemic 
heart disease, and heart failure. 

  The microvasculature acts on blood pressure propaga-
tion and is becoming more evident as the primary deter-
minant of long-term vascular resistance  [3, 4] . Function-
al and mechanical changes in microvasculature have 
been shown to be correlated with risk for cardiovascular 
morbidity and mortality  [5] . Recent data have also sug-
gested that alterations in small resistance artery mor-
phology may represent the most prevalent and the earli-
est form of target organ damage at the cardiac level  [6]  in 
essential hypertension  [7] . The endothelium, by secreting 
numerous vasoconstrictors or vasodilators, plays an im-
portant role in the control of vascular structure and tone 
 [8] . Studies have described reduced endothelium-derived 
nitric oxide (NO) bioavailability as a contributor to in-
creased arterial stiffness, and elevated pulse wave veloc-
ity (PWV) is associated with cardiovascular mortality in 
dialysis patients  [9–11] . 

  Despite the recognition that both macro- and micro-
vascular diseases could be independent contributors to 
progressive kidney failure  [10, 12] , the investigation of 
vascular contractile and endothelial function in the mi-
crocirculation in different CKD populations has been 
limited. Chronic kidney disease has been shown to alter 
the mechanosensitive and agonist-induced responses of 
peripheral arterioles, in part by interfering with NO-sig-
naling mechanisms  [13, 14] . An increase in contractile 
response to norepinephrine and endothelin-1 has been 
demonstrated in isolated human uremic resistance arter-
ies  [14] . It has also been suggested that uremia treated 
with dialysis was not associated with altered sensitivity to 
agonists  [15] . A number of studies which describe chang-
es in contractile and endothelial function in microcircu-
lation from different uremic models and vascular beds 
have been published  [8, 16–18] ; however, controversy re-
mains, perhaps due to the different disease models and 
disease stages studied. 

  The present study was designed to investigate the im-
pact of uremia/the presence of impaired kidney function 
on the functional and mechanical properties of isolated 
resistance arteries from CKD patients. We hypothesized 
that vasomotor dysfunction and arterial stiffening would 
be present in the microcirculation from CKD patients, 
and that these perturbations would be more severe in pa-
tients on dialysis compared with those not on dialysis. 
Using tissue from both donors and recipients who were 
undergoing living kidney transplantation, we concluded 
that the endothelium-dependent and endothelium-inde-
pendent relaxation in resistance vessels was severely sup-

pressed in the nondialyzed patients. In contrast, the mi-
crovasculature in the dialyzed group showed increased 
contraction and stiffness. Uniquely, we correlated the in 
vitro measurements with in vivo measurements of vascu-
lar stiffness, and describe interesting inverse correlations 
with the endothelial function. All of these findings serve 
to increase our appreciation of the microvascular chang-
es which occur in CKD. 

  Methods 

 Patient Recruitment and Study Design 
 Patients who were to undergo live donor kidney transplanta-

tion at the St. Paul’s Hospital (Vancouver, B.C., Canada) were ap-
proached for participation in the study. The study was approved 
by the ethics board of Providence Health Care and the University 
of British Columbia. Written informed consent was obtained 
from donors and recipients prior to the surgery. They agreed to 
have small samples of skin segment dissected from the incision, 
and to undergo PWV measurements at the time of transplanta-
tion. Medical records were used to obtain demographic data as 
well as information regarding cardiovascular risk factors and re-
nal function at the time of transplantation. The eGFR was calcu-
lated using the MDRD formula ( table 1 ). 

  Preparation of Patient Samples 
 During live donor kidney transplantation, an ellipse of skin 

approximately 4–5 mm from the abdominal wall to a depth of 
10–15 mm was dissected carefully from both donors and recipi-
ents. Skin segments were immediately placed into ice-cold RPMI 
solution in the presence of heparin and transported to the labora-
tory where it was placed in cold physiological Krebs’ solution, pH 
of 7.4, continuously aerated with a 5% CO 2 /95% O 2  mixture. A 
series of experiments were conducted to test the functional and 
mechanical characteristics of the vessels obtained. 

  Note that the number of patient data is included in each figure. 
Although the total number of subjects is 62, in some experiments 
there were missing data. This was because, given the nature of the 
tissue harvested from each patient, we were not able to dissect the 
same numbers of arterial segments from each individual. We had 
to take into consideration the healing and cosmetic result as well 
as the size of surgical scar. From some patients 8–10 segments 
were obtained, thus allowing us to perform all functional and 
stiffness measurement listed in the study. However, in those situ-
ations where only 2–3 segments were obtained, we selected spe-
cific experiments to perform. For example, we would perform 
KCl, phenylephrine (PE), 5HT contraction, acetylcholine (ACh) 
relaxation, N-nitro- L -arginine methylester ( L -NAME) pretreat-
ment and stiffness measurement. When only limited numbers of 
vessel segments were obtained, we were unable to perform angio-
tensin/endothelin contraction, because their effects were not 
readily reversible.

  With respect to the PWV, some data are missing due to the fact 
that some patients were not available for the PWV measurement 
(that is, some patients are living in other cities) prior to transplan-
tation surgery.
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  Isometric Force Measurement 
 Resistance-sized skin arterioles (SkA; carefully dissected from 

the subcutaneous fat layer; internal diameter: 120  8  5  � m) were 
mounted isometrically in a small vessel myograph (A/S Danish 
Myotechnology, Aarhus N, Denmark) for measuring generated 
force  [19, 20] . Vessel segments were stretched for 20 min at which 
the resting force was stabilized, and then were challenged twice 
with 80 mM KCl before experiments. PE (1 nM to 300  � M), endo-
thelin-1 (1–700 nM), angiotensin-II (1–30 nM) and serotonin (1 nM 
to 1  � M) were added cumulatively to generate concentration-
response curves. To evaluate the endothelium-dependent relax-
ation, vessels were precontracted with 3  � M PE before making 
cumulative applications of ACh (0.01 nM to 100  � M). The percent-
age of relaxation compared to the maximal PE-induced contrac-
tion was recorded at different concentrations of ACh. The pEC 50  
values (negative logarithm of the concentration giving half the 
maximum response) were assessed for individual concentration-
response curves by nonlinear regression analysis. Sodium nitro-
prusside (SNP; 0.1 n M  to 10  �  M ) was added to the PE-precon-
tracted vessels to assess the endothelium-independent relaxation. 
To reveal the endogenous NO production, vessels were pre-incu-

bated with  L -NAME (200  � M) for 30 min before PE-induced con-
traction. To assess whether removal of superoxide affected relax-
ation, SkA segments were pre-incubated with superoxide dis-
mutase (SOD; 150 units ml –1 ) for 30 min before precontraction 
with PE (3  �  M ), which was followed by the cumulative concentra-
tions of acetylcholine.

  In vitro Arterial Stiffness Measurement 
 Measurements of vessel elasticity were derived from stress-

strain curves  [19] . Briefly, in a small vessel myograph, a 2-mm 
vessel segment was stretched by increasing the distance between 
the 2 stainless wires, and held at each length for 3 min. The pro-
cedure was repeated until the vessel was unable to maintain its 
tension. In the measurement of elasticity, strain increased expo-
nentially as a function of the vessel diameter, eliciting a J-shaped 
curve. The equation of such an exponential growth is Y = start  !  
exp(K  !  X), where Y is stress, X is strain and K is a rate constant, 
where Y increases exponentially. Steeper slopes indicate increased 
stiffness and the value of K reflects a numeric indicator of the 
stiffness of vessels.

Table 1. Demographics and clinical features of the patients and living donors

Donor
(n = 27)

Nondialysis
(n = 15)

Dialysis
(n = 20)

p value

Female, % 70.4 26.7 45.0 0.28
Age, years 5182.3 5386.2 5583.0 0.75
Creatinine, �M 81.483.73 423833.7 NA NA
eGFR, ml/min/1.73 m2 74.682.59 13.681.15 NA NA
Diabetes, % 0 7 20 0.28
Hypertension, % 0 100 100 NA
Hyperlipidemic, % 0 47 25 0.19
Smokers, % 15 20 25 0.74
Calcium, mM not collected 2.3480.04 2.3980.04 0.34
Phosphate, mM not collected 1.6680.11 1.6580.12 0.95
PTH, pM not collected 37.187.6 39.388.9 0.86
Hemoglobin 13082.6 11282.9 12083.0 0.07
Glucose, mM 5.180.3 6.380.4 8.282.1 0.44
Cholesterol, mM 5.280.5 4.880.4 4.680.8 0.79
LDL, mM 3.280.4 3.180.5 2.880.8 0.77
Triglyceride, mM 1.280.1 1.780.2 1.980.2 0.38
Length of dialysis, months 0 0 37.689.7 NA
Previous kidney transplant, % 0 13.3 10.0 0.77
Months since GFR <30 0 78.4825.6 68.2810.8 0.69
Months since 1st nephrologist consultation 0 141832.0 104816.9 0.27
ACE inhibitor, % 0 33.3 15.0 0.21
ARB, % 0 13.3 20.0 0.62
�-Blocker, % 0 40.0 35.0 0.77
Calcium channel blocker, % 0 66.7 20.0 0.004*
Aspirin, % 3.7 26.7 50.0 0.17
Statin, % 0 46.7 25.0 0.19

p values show statistical differences between the living kidney donors and recipients using one-way ANOVA. * p < 0.05. NA = Not 
available.
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  In vivo PWV 
 All studies were conducted in a quiet, temperature-controlled 

room. After 15 min of supine rest, peripheral blood pressure was 
recorded. Using noninvasive methods, radial artery waveforms 
were obtained with a high-fidelity micromanometer (SPC-301; 
Millar Instruments, Houston, Tex., USA) applied at the radial 
pulse as previously described  [21] . This generated an augmenta-
tion index, a composite measure of systemic arterial stiffness and 
wave-reflection amplitude or intensity (Sphygmocor; AtCor 
Medical, Sydney, N.S.W., Australia). Aortic (carotid to femoral) 
PWV was determined from measurements obtained from carotid 
and femoral pulses. 

  Statistics 
 Data were reported as mean  8  SD for normally distributed 

data (or median  8  SE for those with nonnormal distribution). 
Comparisons of unpaired data were performed using unpaired t 
tests for parametric data, one-way ANOVA for multiple groups 
and  �  2  tests for nominal data. Correlation plots were analyzed by 
linear regression; coefficient of determination was calculated 
from Pearson correlation. Statistical analysis and construction of 
concentration response curves were performed using GraphPad 
Prism software (version 4.03). Statistical significance was defined 
as p  !  0.05.

  Results 

 Patient Cohort 
 A total of 62 patients were studied, representing 27 do-

nors and 35 recipients. All agreed to participate in the 

study between November 2007 and November 2008. Of 
the recipients, 15 were nondialysis, 8 were receiving peri-
toneal dialysis and 12 were on hemodialysis at the time of 
transplantation and thus tissue harvest and study ( ta-
ble 1 ). Besides the use of calcium channel blockers, there 
was no significant difference between nondialyzed and 
dialyzed groups. 

  Enhanced Contractile Function in the 
Microcirculation from Dialyzed Patients 
 The vasoconstriction of SkA in response to KCl-in-

duced depolarization and receptor-mediated stimula-
tion were not significantly different between donor and 
nondialyzed groups. However, the depolarization re-
sponse was markedly elevated in the dialyzed patients 
by 60% when compared with the nondialysis group 
( fig. 1 a, b). 

  Although the sensitivity to PE (denoted as pEC 50  val-
ues) was not significantly different among the 3 groups 
(donor = 6.41  8  0.11; nondialyzed = 6.49  8  0.28; dia-
lyzed = 6.72  8  0.13), the maximal force (E max ) induced 
by 3  � M PE in the dialyzed SkA was increased by 47% 
compared with that of the nondialyzed group. Neverthe-
less, dialyzed SkA developed 50% more force in response 
to endothelin-1 and serotonin compared with the other 2 
groups. However, the angiotensin II-stimulated contrac-
tion was not different among the 3 groups ( fig. 1 c). 
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  Reduced Endothelium-Dependent and
Endothelium-Independent Relaxation in the 
Microcirculation from Nondialyzed Patients 
 The SkA from the dialyzed group had similar ACh re-

laxation response as that from the donors. The relaxation 
response was significantly (p  !  0.01) decreased in the 
nondialyzed group, with a 50% reduction in the E max  
compared with the other 2 groups ( fig. 2 a). Nevertheless, 
the sensitivity to ACh in the nondialyzed group (pEC 50  = 
7.05  8  0.52) was greatly reduced compared with dialyzed 
(pEC 50  = 8.23  8  0.36) and donor (pEC 50  = 7.90  8  0.29) 
groups, as indicated by the right shift of the ACh-concen-
tration response curves ( fig. 2 b).

  Impact of Exogenous NO 
 Endothelium-independent relaxation induced by the 

addition of SNP, an NO donor which bypasses endoge-
nous NO production by endothelial cells, completely di-
lated PE-precontracted dialyzed and nondialyzed SkA. 
However, the pEC 50  value of SNP was significantly re-
duced (p  !  0.01) in the nondialyzed group, indicating that 
the nondialyzed SkA had reduced sensitivity to exoge-
nous NO ( fig. 3 ). 

  Impact of Superoxide Removal 
 Excessive amount of reactive oxygen species, termed 

oxidative stress, contributes to vascular dysfunction and 
has been suggested to be associated with CKD progres-
sion. To test if oxidative stress contributed to the impaired 
ACh relaxation, SkA was incubated with SOD, the major 
antioxidant responsible for superoxide removal in the 
vasculature  [22, 23] . SOD greatly improved the ACh re-

laxation in the nondialyzed SkA, with a significant (p  !  
0.05) increase in both ACh E max  response and the pEC 50  
values ( fig. 4 a). Similar improvement was not observed
in the dialyzed SkA ( fig. 4 b) and donor SkA (data not 
shown).

  Impact of Endogenous NO Removal 
 To reveal the basal NO production and its impact on 

resting tension and agonist-induced contraction, vessels 
were pre-incubated with  L -NAME, a specific inhibitor of 
NO synthase, before stimulation with PE.  L -NAME pre-
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treatment significantly elevated the resting tension to 
29.4  8  7.9 mN in the donors (p = 0.019) and 42.17  8  8.50 
mN in the nondialyzed group (p = 0.025), but had no ef-
fect in the dialyzed group (from 2.17  8  1.42 to 4.38  8  
2.81 mN; p = 0.49).  L -NAME left shifted the concentra-
tion-response curve of PE-stimulated contraction in the 
donor group, and the EC 50  value was decreased by 2.4-
fold (93.3 nM) compared with that in the absence of
 L -NAME (427 nM) (p = 0.05). However, in two recipient 
groups,  L -NAME did not significantly alter the EC 50  val-
ues of PE (p = 0.65) ( fig. 5 ).

  Increased Stiffness in the Microcirculation from 
Dialyzed Patients 
 In the in vitro mechanical property measurement, 

from the stress-strain curves, we found that the K value 
indicating vessel stiffness of dialyzed SkA was 60% stiff-
er than that of the nondialyzed and donor groups ( fig. 6 a, 
b). Additionally, the in vitro K value of SkA positively 
correlated with the PWV (R 2  = 0.301, p = 0.001;  fig. 6 c). 

  Vascular Stiffness and Endothelium-Dependent 
Relaxation 
 NO-mediated endothelium-dependent relaxation in 

large artery is suggested to be important in regulating 
arterial stiffness  [9–11] . In SkA, we studied the correla-
tion between ACh response and PWV. In separated 
groups, the R 2  for nondialysis was 0.17 (p = 0.16), the R 2  
for dialysis was 0.23 (p = 0.09) and the R 2  for donor was 
0.44 (p = 0.004). However, attempting to elucidate the 

 validation of PWV in assessing endothelial function in 
our subjects (donors and recipients), we reported the R 2  
from all subjects and the value is 0.28, p = 0.01, showing 
the significant negative correlation between the E max  of 
ACh relaxation and PWV ( fig. 7 ). 

  Discussion 

 By comparing recipients and their kidney donors, and 
examining human microvasculature, we are the first to 
clearly report that CKD patients have perturbations in 
functional and mechanical properties of the microcircu-
lation. Four novel observations arose from this study: (1) 
contractile function in response to depolarization and 
agonist (that is, PE, serotonin and endothelin-1) stimula-
tion was significantly elevated in the vessels of dialyzed 
recipients; (2) endothelium-dependent and endothelium-
independent relaxation was impaired in the nondialyzed 
vessels; (3) SkA from dialyzed patients were stiffer than 
those from nondialyzed and donor groups; (4) endo-
thelium-dependent relaxation was negatively correlated 
with vessel stiffness, and there was a significant correla-
tion between in vivo and in vitro stiffness measurements. 
Thus, we have described a translational experiment which 
helps define microvascular changes in CKD and corre-
late those with composite measures of macrovascular 
stiffness in vivo. 

  The contractile function in response to membrane de-
polarization and agonist (that is, PE, serotonin and endo-
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thelin-1) stimulation was markedly increased in the dia-
lyzed SkA compared with that in the nondialyzed SkA, 
which demonstrated comparable responses with the do-
nor ( fig. 1 ). Since small vessels play an important role in 
regulating blood pressure and are sensitive to blood vol-
ume expansion, the increased sensitivity to membrane 
depolarization and agonist stimulation may be related to 
aberrant control of blood pressure and body fluid in the 
dialyzed patients. The increased plasma levels of vaso-
constrictors, that is, endothelin-1, serotonin and norepi-
nephrine, have been reported in end-stage CKD patients, 
which could result from decreased metabolic clearance 
rate, and stimulated synthesis caused by exaggerated 
sympathetic nervous activity, hypoxia, hemodynamic 
shear stress, increased blood pressure and other promot-
er cytokines present in uremia  [24–32] . There was re-
markable contraction in response to endothelin-1 ( fig. 1 c) 
 [14, 33] ; however, a reduced expression of endothelin-1 
receptor has been suggested in the vasculature, probably 
resulting from the prolonged exposure to the excessive 
secretion of endothelin-1  [34] . The increased plasma, uri-
nary and vascular levels of endothelin-1 were correlated 
with blood pressure and the degree of renal damage (pro-
teinuria, creatinine and glomerular sclerosis)  [32, 35] . 
The exaggerated endothelin-1 response has been suggest-
ed to be associated with elevated PWV, left ventricular 
hypertrophy, prevalence of atherosclerotic plaques and 
arterial intima-media thickening in CKD patients  [26, 
36] . In dialysis patients, the high serotonin response may 
implicate platelet and coagulation abnormalities, hypo- 
and hypertension  [27] , and the increased reactivity to se-
rotonin could be due to its interaction with sympathetic 
nerves  [33] . High circulating level of norepinephrine 
would predict adverse cardiovascular outcomes among 
hemodialysis patients and is strongly associated with left 
ventricular concentric hypertrophy and left ventricular 
systolic dysfunction  [29, 30] . The comparable angioten-
sin II-induced contraction between donor and recipient 
groups agreed with the previous studies  [37, 38] , but it ap-
peared to be conflicting since angiotensin II is believed 
to be one of the important vasoconstrictors causing hy-
pertension in CKD. Mechanical forces including pres-
sure and shear stress could regulate the production of an-
giotensin II  [39] . As the hemodynamic shear stress may 
vary between healthy and CKD resistance arteries, we 
believed that it could affect the local angiotensin II lev-
el, receptor expression and its downstream vascular re-
sponses  [40] . Nevertheless, since our recipient cohorts 
were well enough to undergo kidney transplantations, 
their cardiovascular risk burden was relatively lower 
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compared with the long-term dialysis patients. We spec-
ulate that their renin-angiotensin system could be well 
controlled by the use of various antihypertensive medica-
tions ( table 1 ), resulting in no difference in the angioten-
sin II response among the 3 groups.

  We assessed the bioavailability of NO in the microvas-
culature by ACh stimulation and  L -NAME pre-incuba-
tion. The marked reduction in ACh-stimulated endothe-
lium-dependent relaxation in the nondialyzed group 
( fig. 2 ) agreed with previous work which demonstrated a 
decreased relaxation to ACh in the cephalic veins from 
preemptive patients  [41] . However, the elevation of rest-
ing tension in the nondialyzed SkA by  L -NAME indicat-
ed the presence of basal NO in the microcirculation, 

while the unresponsiveness to  L -NAME in the dialyzed 
group suggested the absence of basal NO production 
( fig. 5 ). This differential NO bioavailability implicates 
the level of endothelial dysfunction and the deterioration 
of vascular health during CKD progression: from nondi-
alysis to dialysis status. 

  Endothelial dysfunction has been consistently dem-
onstrated in conduit vessels of patients with renal failure, 
with a smaller defect seen in the resistance vasculature 
 [14] . However, a recent study demonstrated the prognos-
tic role of endothelial dysfunction in resistance arteries 
from the population with high cardiovascular risk  [5] . A 
noninvasive laser Doppler flowmetry functional testing 
of endothelium-dependent microvascular reactivity also 
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suggested that the microvascular reactivity offers a sensi-
tive characterization of endothelial dysfunction  [42] . We 
believe that further studies are required to assess endo-
thelial function in individuals with GFR between 50 and 
80 ml/min to determine the level at which endothelial 
dysfunction is induced.

  The observation of normal endothelium relaxation in 
the dialyzed SkA is interesting and in conflict with cur-
rent beliefs that CKD-5 patients have blunted/poor endo-
thelial function. This apparent discordance can be ex-
plained in 3 ways. (1) Endothelial function is also modu-
lated by shear stress, a factor dependent on flow that 
cannot be simulated in the current study. (2) In the non-
dialyzed group, calcium channel blockers are the pre-
ferred medication. Several studies have demonstrated 
that the effect of different antihypertensive drugs on vas-
cular structure is not the same, with those interfering 
with the renin-angiotensin system being more effective 
 [43, 44] . (3) It has been shown that physiological flow is 
reduced in the skin microcirculation of uremics, and this 
abnormality is rapidly corrected by hemodialysis  [45] . 
Besides, dialysis could remove dimethyl  L -arginine and 
N(G)-monomethyl- L -arginine, an inhibitor of NO syn-
thesis, and thereby improve endothelial relaxation  [46] . 

  The impaired endothelium-dependent relaxation in 
the nondialyzed SkA, interestingly, could be improved by 
incubation with SOD ( fig. 4 a). Excessive amount of reac-
tive oxygen species, termed oxidative stress, would con-
tribute to vascular dysfunction in diabetes, heart failure, 
hypercholesterolemia, hypertension and chronic renal 
disease. Endothelial function has been shown to be im-
proved by antioxidants, such as SOD, melatonin as well 

as vitamins C and E  [22, 23] . Accumulation of oxidative 
stress is caused by an imbalance between the production 
and neutralization of reactive oxygen species. SOD is the 
major endogenous antioxidant responsible for superox-
ide removal. Oxidative stress may cause endothelial dys-
function through several direct and indirect pathways, 
the most well-known of which is the scavenging of NO by 
superoxide. Superoxide radicals bind to NO at a rate 3 
times faster than they bind to SOD; therefore, excess su-
peroxide production would increase the rate of NO deg-
radation  [23] . This also explained the reduced sensitivity 
to SNP-stimulated relaxation in the nondialyzed SkA as 
the exogenous NO would readily be neutralized by the 
augmented amount of reactive oxygen species. 

  Although endothelial dysfunction in nondialyzed pa-
tients may be reversed by dialysis, the increased stiffness 
( fig. 6 a, b) involving the long-term modification of vascu-
lar remodeling may not be readily reversed. There is a pro-
nounced intimal thickening and enhanced calcification 
of the internal elastic lamella in uremic patients, and these 
intrinsic degenerative changes of the arterial wall reduce 
vessel distensibility  [47] . The elevated peripheral vascular 
stiffness and impaired endothelial function may increase 
cardiac afterload and further impair cardiac function in 
CKD patients. In addition, arterial stiffness is character-
ized by very steep volume-pressure relationship and is as-
sociated with hemodynamic instability in dialyzed pa-
tients. This explains that small blood volume increase 
could produce abnormally high pressure while small de-
crease in blood volume could cause hypotension. 

  We also demonstrated the statistically significant cor-
relation between the in vitro assessment of small vessel 
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