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Abstract: High uric acid (UA) can act as a pro-oxidant in normal physiological conditions; however,
emerging evidence is still debatable with regard to the association between high UA and poor outcomes
among chronic hemodialysis (HD) patients. In the present study, 27,229 stable prevalent HD patients
were enrolled and divided into four groups according to the quartiles of baseline UA concentration,
and 5737 died during a median follow-up of 38 months. Multivariate Cox regression analysis showed
that a UA level of <6.1 mg/dL was associated with a higher risk of all-cause mortality compared
with a UA level of >8.1 mg/dL [HR, 1.20, 95% CI (1.10–1.31)] adjusting for baseline demographic and
biochemical parameters. Moreover, a UA level of <6.1 mg/dL was associated with greater risks of
cardiovascular mortality [HR, 1.26, 95% CI (1.13–1.41)] and stroke-related mortality [HR, 1.59, 95% CI
(1.12–2.25)], respectively. In vitro experiments further showed an increase in oxidative stress and an
inhibition nitric oxide synthesis by indoxyl sulfate (IS) in human aortic endothelial cells, which were
significantly attenuated by UA in a dose-dependent manner. We concluded that higher UA in serum
was associated with lower risk of all-cause and cardiovascular mortality among HD patients probably
through its antioxidant property in ameliorating the IS-related vascular toxicity.
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1. Introduction

Uric acid (UA) is the end product of purine metabolism in humans. Diet and increased
consumption of fructose and alcoholic beverages [1] affect the serum concentration of UA.
Many epidemiological studies indicate that hyperuricemia increases the risk for hypertension, insulin
resistance, and cardiovascular (CV) disease in the general population [2,3]. Investigators have proposed
that hyperuricemia-mediated endothelial dysfunction plays a central role in the development and
progression of CV disease, and growing evidence suggests that increased serum UA levels lead to
endothelial dysfunction and vascular stiffness [4] because high serum UA initiates oxidative stress and
reduces nitric oxide synthesis [5,6].
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Emerging evidence is still controversial with regard to the relationship of high UA with poor
outcomes among chronic hemodialysis (HD) patients. Three studies based on a relatively small
sample size found a J-shaped relationship between uric acid and mortality in HD patients [7–9].
A multi-center study with larger case number revealed that higher UA concentrations were associated
with lower all-cause and CV mortality in HD patients, suggesting a cardioprotective role of UA in this
population [10]. The cause of the “paradox” of high UA with low CV risk may be explained in part by
the association of uric acid with nutritional status, but an alternative mechanism such as uric acid’s
antioxidant property in hemodialysis patients was still suggested by Latif et al. [10].

Increased risk of CV morbidity and mortality is frequently encountered in HD patients.
The Framingham risk equation does not capture the full extent of CV risk in HD patients [11]. Instead,
non-traditional risk factors, including anemia, oxidative stress and micro-inflammation, appear to play
a pivotal role in promoting CV disease [12]. Moreover, endothelial dysfunction has been observed in
a uremic environment, indicating the possible role of uremia-related factors. Protein-bound uremic
toxins like indoxyl sulfate and p-cresyl sulfate have detrimental effects on the development of CV
disease in uremic settings [13,14]. Indoxyl sulfate (IS) has been known to cause endothelial dysfunction
by reducing nitric oxide production and increasing oxidative stress [15,16].

UA can initiate oxidative stress, but it also exhibits an antioxidant in plasma [17]. Therefore,
UA has a complex and apparently paradoxical role in individuals with high oxidative stress and its
antioxidant property is considered to be an alternative mechanism regarding the association between
serum UA concentration and mortality in HD patients [10]. In the present study, we investigated the
association between higher serum UA concentration and lower all-cause and CV mortality in a large,
nationwide cohort of chronic HD patients. We further examined the antioxidant properties of high UA
against IS-induced endothelial dysfunction in vitro.

2. Results

2.1. High UA Levels Are Associated with Lower CV and All-Cause Mortality

Between 2001 and 2006, a total of 60,196 incident HD patients were registered in the Taiwan Society
of Nephrology (TSN) Dialysis Registry. After exclusion of patients for various reasons (Figure 1),
27,229 stable HD patients were enrolled for analysis. We divided these patients into 4 groups according
to UA level quartiles. Table 1 shows the baseline demographic data of these 4 groups. The data indicate
statistically significant differences among the groups in all measured parameters except serum calcium
(Ca). The serum UA level was normally distributed in the study population, with a mean concentration
of 7.1 mg/dL (Figure S1).
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Table 1. Characteristics of hemodialysis patients with different serum uric acid concentrations.

Parameters
UA Level (mg/dL)

p Value
<6.2 6.2–7.1 7.1–8.1 >8.1

n 6078 7037 7445 6669
Age, years 66.3 (11.7) 63.5 (11.2) 62.3 (11.2) 61.0 (10.8) <0.001

Age group, n (%) <0.001
40–64 years 2490 (41) 3596 (51.1) 4164 (55.9) 4049 (60.7)
65–74 years 1895 (31.2) 2151 (30.6) 2106 (28.3) 1782 (26.7)
75+ years 1693 (27.9) 1290 (18.3) 1175 (15.8) 838 (12.6)

Male, n (%) 2543 (41.8) 3284 (46.7) 3761 (50.5) 3549 (53.2) <0.001
DM, n (%) 2575 (42.4) 2957 (42) 3050 (41) 2609 (39.1) <0.001

Kt/V 1.7 (0.3) 1.6 (0.3) 1.6 (0.3) 1.6 (0.3) <0.001
Hematocrit, % 29.8 (3.3) 30.1 (3.2) 30.2 (3.3) 30.3 (3.6) <0.001
Ferritin, ng/L 574 (481) 546 (470) 537 (493) 544 (514) <0.001

TSAT, % 33.2 (14.6) 33.2 (13.6) 32.9 (13.9) 32.3 (14.1) <0.001
Serum Ca, mg/dl 9.3 (0.8) 9.3 (0.7) 9.3 (0.7) 9.3 (0.8) 0.20
Serum P, mg/dl 4.2 (1.2) 4.7 (1.2) 5.0 (1.2) 5.5 (1.4) <0.001

Ca*P 33.7 (13.3) 34.3 (15.6) 33.0 (17.9) 29.4 (20.4) <0.001
iPTH, pg/mL 142 (165) 171 (181) 192 (205) 228 (236) <0.001

Data are n (%), or mean ± SD unless otherwise indicated; Abbreviations: UA: uric acid; DM, diabetes mellitus;
TSAT: transferrin saturation; Ca: calcium; P: phosphate; iPTH: intact parathyroid hormone.

During a study period of 7 years (median follow-up of 38 months; maximal follow-up of
84 months), 5737 (21%) patients died. Overall, the main causes of death were CV-related (63%),
malignant disease (11%), stroke (7%), and others (11%). In multivariate Cox proportional hazard
model, the adjusted hazard ratios (aHRs) for all-cause mortality (aHR, 1.20; 95% CI: 1.10–1.31),
CV mortality (aHR, 1.26; 95% CI: 1.13–1.41), and stroke mortality (aHR, 1.59; 95% CI: 1.12–2.25) were
significantly higher in patients with UA below 6.1 mg/dL (Table 2). However, UA level had no effect
on death due to cancer, infection, or GI disorders. Sensitivity tests were performed by analyzing UA in
intention-to-treat (first year UA level) and as-treated (last year UA) models, consistent results were
obtained (Supplemental Table S1). The results of these separate analyses all indicated a serum UA
level below 6.1 mg/dL was associated with higher risk for all-cause and CV mortality in HD patients.
Figure 2 shows Kaplan–Meier plots for mortality in patients with different levels of UA (left panel),
and the crude HRs and aHRs for mortality in these patients (right panel). These results showed that
patients with low UA levels were associated with increased risks of all-cause, CV and stroke mortality,
but not cancer mortality.

Figure 2. Cont.
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Figure 2. Kaplan–Meier plots (left) and hazard ratios (right) for mortality in chronic hemodialysis
patients. Patients with higher UA levels had lower all-cause (A), CV-related (B), and stroke-related
(C) mortality, but the cancer mortality (D) was comparable among the four UA quartiles.
Adjusted hazard ratios (HRs) were calculated using a time-averaged analysis in a multivariate Cox
regression analysis.

Table 2. Serum UA level and risk of all-cause, cardiovascular, stroke and cancer mortality among chronic
hemodialysis patients.

Uric Acid (mg/dL) Events IR c. HR (95% CI) a. HR (95% CI)

All-cause mortality

<6.2 1627 66.3 1.68 (1.56–1.81) 1.20 (1.10–1.31)
6.2–7.1 1511 49.0 1.23 (1.14–1.33) 1.09 (1.01–1.19)
7.1–8.1 1444 43.9 1.10 (1.02–1.19) 1.06 (0.97–1.15)

>8.1 1155 39.8 1.0 (reference) 1.0 (reference)



Toxins 2017, 9, 20 5 of 13

Table 2. Cont.

Uric Acid (mg/dL) Events IR c. HR (95% CI) a. HR (95% CI)

CV related mortality

<6.2 1073 43.7 1.78 (1.62–1.96) 1.26 (1.13–1.41)
6.2–7.1 935 30.3 1.23 (1.11–1.35) 1.09 (0.98–1.22)
7.1–8.1 902 27.4 1.11 (1.01–1.22) 1.06 (0.95–1.18)

>8.1 716 24.7 1.0 (reference) 1.0 (reference)

Stroke mortality

<6.2 101 4.1 1.79 (1.32–2.44) 1.59 (1.12–2.25)
6.2–7.1 115 3.7 1.61 (1.19–2.17) 1.61 (1.16–2.24)
7.1–8.1 97 2.9 1.27 (0.93–1.74) 1.27 (0.91–1.79)

>8.1 67 2.3 1.0 (reference) 1.0 (reference)

Cancer mortality

<6.2 146 5.9 1.25 (0.99–1.57) 0.87 (0.67–1.13)
6.2–7.1 177 5.7 1.19 (0.95–1.48) 0.93 (0.73–1.19)
7.1–8.1 170 5.2 1.07 (0.85–1.33) 1.01 (0.79–1.28)

>8.1 140 4.8 1.0 (reference) 1.0 (reference)

a. HR: adjusted hazard ratio; CI: confidence interval; c. HR: crude hazard ratio; IR: incidence rate, per
1000 person-years; Cox proportional model was adjusted for age, sex, comorbid disease, diabetes mellitus,
Kt/V, hematocrit, ferritin, transferrin saturation, serum albumin, calcium, serum phosphorus, and intact
parathyroid hormone.

2.2. UA Ameliorates IS-Induced Endothelial Dysfunction In Vitro

We then used an in vitro system to determine whether UA acts as an anti-oxidant in a uremic
environment. We used the MTT assay to determine the effect of different IS and UA concentrations
on the viability of human aorta endothelial cells (HACEs) (Figure 3). A high concentration of UA
(1 mM) or IS (500 µM) decreased the 24-h cell viability. However, simultaneous treatment with low
concentrations (0.5 mM UA and 200 µM IS) did not affect HAEC viability. The 200 µM IS used in
subsequent experiments is comparable to the IS serum level in uremic patients [18]. A high UA
concentration (0.5 mM and 1 mM) slightly increased oxidative damage (Figure 3D), but IS caused
oxidative damage at 50 µM (Figure 3E). Interestingly, simultaneous incubation of cells in 0.5 mM
UA and 200 µM IS led to less oxidative damage than incubation in 200 µM IS alone (Figure 3F).
A representative fluorescence microscopy images is illustrated in Figure 3G.

2.3. UA Attenuates IS-Impaired Endothelial NO Production

NO, produced by the endothelial NO synthase (eNOS), is fundamental to cardiovascular
homeostasis, and an intact Akt-eNOS-NO signal pathway is critical for maintaining endothelial cell
function [19,20]. Thus, we determined the effect of IS on the levels of Akt, eNOS, and NO in HAECs
(Figure 4). The results indicate that 200 µM IS significantly reduced NO production, but co-incubation
of 200 µM IS with 0.5 mM UA partially reversed this effect. The Western blotting results indicate that
although 200 µM IS did not influence the levels of Akt and eNOS, it significantly decreased the levels
of the activated forms of these enzymes (p-Akt and p-eNOS). Moreover, co-incubation of 200 µM IS
with 0.5 mM UA partially reversed this effect.
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Figure 3. Uric acid attenuates oxidative stress under uremic conditions in vitro. Viability (MTT test) of
HAECs following incubation with different concentrations of UA (A); indoxyl sulfate (B); and 200 µM
indoxyl sulfate with different concentrations of UA (C); Oxidative stress (CM-H2DCFDA fluorescence)
of HAECs following incubation with different concentrations of UA (D); indoxyl sulfate (E); and
200 µM indoxyl sulfate with different concentrations of UA (F); Representative fluorescence microscopy
images showing the effect of UA dose (0–0.5 mM) on the attenuation of oxidative stress induced by
200 µM indoxyl sulfate (G). * p < 0.05 compared to control; ** p < 0.01 compared to control; # p < 0.05
compared to 200 µM IS. n = 6 in each experiment.
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Figure 4. UA preserves endothelial cell NO bioavailability under uremic conditions. Effect of 200 µM
indoxyl sulfate with different concentrations of UA on the level of NO (DAF-FM fluorescence) (A);
and expression of the active and total forms of Akt (C) and eNOS (D); Panel (B) shows representative
Western blotting results that are summarized in C and D. * p < 0.05 compared to control; # p < 0.05
compared to IS 200uM. n = 4 in each experiment.

3. Discussion

3.1. Main Findings

In the current study, we used cell culture experiments to demonstrate that a high level of UA
(0.5 mM equals to 8.4 mg/dL) attenuates endothelial dysfunction, and the inhibition of IS induced
oxidative stress and the preservation of NO production by uric acid is one of the possible mechanisms.
In concert with these in vitro experiments, we also found that a lower serum UA concentration is
associated with higher risks for all-cause and CV mortality among HD patients. Our data highlight the
potentially protective role of UA in vascular toxicity induced by IS in chronic HD patients (Figure 5).
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Figure 5. Proposed protective role of UA on the endothelium under uremic condition. End-stage renal
disease patients have an extremely high CV mortality rate because uremic toxins induce oxidative
stress, but also have decreased nitric oxide production due to inhibition of the Akt-eNOS pathway.
These lead to endothelial dysfunction and subsequent complications. A high-normal UA concentration
has anti-oxidant effects and preserves NO bioavailability, thereby improving endothelial function and
decreasing the risk of CV-related mortality.

3.2. Comparison with Previous Studies

In the general population, there is abundant clinical and experimental evidence that UA
contributes to the development and progression of heart and kidney disease because it increases
hypertension, activity of the renin-angiotensin-aldosterone system (RAAS), and micro-inflammation,
and decreases insulin sensitivity [21–23]. However, there is rare evidence that UA-lowering therapy
prevents progression of kidney disease or reduces CV events. In fact, a recent double-blind, multicenter,
randomized controlled trial of patients with heart failure and moderate CKD found that xanthine
oxidase inhibitor did not improve clinical status, quality of life, or left ventricular ejection fraction [24].
Serum UA in the HD population has different prognostic impact from that in general population [10,25].
In HD-dependent patients, some investigators found a J-curve relationship between UA and mortality,
while others disclosed an association between high serum UA and lower mortality. The reasons
for this discrepancy are probably due to sample size difference, study design, existence of potential
confounders, and nutritional status. Our study confirmed the latter association using a nationwide
database with a large number of cases.

3.3. Potential Mechanisms

There is uncertainty regarding whether UA mediates disease or is only a surrogate of disease
severity [26,27]. UA is the end product of purine metabolism in humans, in contrast to most mammals.
Thus, due to the loss of uricase activity in the evolution of hominids, primates have higher UA levels
than other mammals. Furthermore, 90% of the UA filtered by the kidneys is reabsorbed instead
of being excreted. These facts suggest that UA is not simply a harmful waste product, but may be
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beneficial. Previous studies have interpreted the loss of uricase and the high level of UA in primates as
providing an important evolutionary advantage [28]. Oxidative damage to proteins plays a crucial
role in aging [29], and UA is one of the most important antioxidants in the human body [30]. Actually,
UA is the most abundant aqueous antioxidant, accounting for up to 60% of plasma antioxidative
capacity [31]. Therefore, the loss of uricase expression may have provided an evolutionary advantage
to hominids [31]. Because UA at physiological concentrations effectively blocks ROS but vitamin C
does not [32], the loss of uricase may also compensate for the evolutionary loss of vitamin C synthesis
in humans [32,33].

In the current study, UA reduced uremic toxin-induced oxidative stress in endothelial cells.
Oxidative stress has emerged as a significant pathogenic feature of uremia. The presence of oxidative
stress in ESRD is indicated by an overabundance of the oxidation products of lipids, carbohydrates,
and proteins in the plasma and tissues of uremic patients. Uremia has long been interpreted as a
sign of premature aging, along with DNA and mitochondrial damage, increased ROS generation,
and accelerated vascular disease [34]. Thus, UA may have a beneficial role in uremia, similar
to the evolutionary benefit it provides to hominids. A novel finding of the current study is
that a high physiological UA concentration preserves NO bioavailability under uremic conditions.
Diminished intrinsic NO production and subsequent endothelial dysfunction is a critical problem in
uremic patients [35]. Previous experimental studies showed that IS inhibits Akt signaling in various
cell types [36,37], and our data confirmed these findings and further linked it to the Akt-eNOS-NO
pathway, which is vital for endothelial cell function. Our in vitro experiments clearly illustrated that UA
can ameliorate the inhibitory effects of IS and preserve NO bioavailability in HAECs. Our clinical data
are consistent with these in vitro experiments, indicating that HD patients with a higher UA level had a
lower risk of mortality due to CV and stroke; the risk of mortality from factors unrelated to endothelial
cell dysfunction (cancer, GI tract problems, and infection) were not associated with serum UA level.

3.4. Limits and Strengths

Compared to previous studies, the current study examined the largest number of HD patients
and used in vitro experiments to examine the potential mechanism of the observed clinical effects.
We conclude that UA ameliorated IS-induced endothelial damage, and that a high–normal level of
UA is beneficial for HD patients. The results of the current study may also have implications for
determining the target UA level in dialysis patients, and may influence the prescription of UA-lowering
drugs in this population. However, several limitations should be noted. First, the TSN Dialysis Registry
does not included data on C-reactive protein, asymmetric dimethylarginine, and NO, and these are
important mediators or surrogate markers of endothelial function. Therefore, we cannot correlate
serum UA and indoxyl sulfate level with endothelial function in our cohort study. Second, the TSN
Dialysis Registry does not include non-fatal events, such as myocardial infarction, heart failure, or
gout attack, so we could not examine the relationship of UA level with these events. Among HD
patients, uricosuric drugs are not effective, and less than 5% of our HD patients received xanthine
oxidase inhibitors. Although xanthine oxidase inhibitors also have anti-oxidant effects [38], we could
not meaningfully investigate the association of allopurinol/febuxostat use and survival because the
number of patients using these drugs was quite small. Another limitation of this study is that we
excluded younger, malnourished patients and those who died within one year after initiation of HD,
so our patients might not represent a typical HD population.

4. Conclusions

High UA exhibits various activities, from pro-oxidant activities in the general population to
anti-oxidant activities in uremic patients. In chronic HD patients, high CV mortality is correlated
with endothelial dysfunction partly related to uremic toxins, which exacerbate oxidative stress and
reduce NO production. In the current study, we found that a high–normal serum UA concentration
can preserve endothelial cell function in vitro and is associated with better survival among chronic
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HD patients. Therefore, a high–normal UA level in HD patients may be a compensatory mechanism
that counteracts the oxidative damage and vascular toxicity from uremic toxins like IS.

5. Materials and Methods

5.1. Data Sources

TSN Dialysis Registry maintained records of all ESRD patients requiring chronic dialysis
in Taiwan [39]. TSN Dialysis Registry database included demographics, disease-associated
conditions, dialysis dosage, laboratory data, and clinical outcomes of each dialysis patient in Taiwan.
Annual reports of dialysis facilities, treatment quality, and patient information have also been collected.
The percentage of reports received from dialysis centers each year has approached 100% since 1997 [39].

5.2. Study Participants and Follow Up

To determine the role of UA on the long-term outcomes of HD patients, we reviewed the records
of the TSN Dialysis Registry to identify all incident ESRD patients in Taiwan from 1 January 2001 to
31 December 2006. Patients treated by peritoneal dialysis, recipients of kidney transplantation, and
those with incomplete biochemistry data were excluded. To avoid survival bias, we excluded patients
younger than 40 years old and those who died within one year of initiation of dialysis [40]. To avoid
potential bias from malnutrition-related hypouricemia, patients with serum albumin less than 3 g/dL
were also excluded. All remaining patients were divided into four groups according to the quartiles
of baseline UA level, and were followed up until death or 31 December 2008, whichever came first.
Mortality records were retrieved from the Taiwan Death Registry at the Taiwan Ministry of the Interior.
The outcome included all-cause mortality, cardiovascular mortality (ICD-9-CM code 410.x, 414.x, 428.x
and 440.x), and mortality due to stroke (ICD-9-CM code 433.x, 434.x, or 436) and cancer (ICD-9-CM code
140–208). The institutional review board of Taipei Veterans General Hospital approved the study design.
The study was carried out in accordance with the approved protocol and the Declaration of Helsinki.

5.3. Cell Culture and Preparation of UA and Indoxyl Sulfate

HAECs were cultured in endothelial growth medium (medium-200 supplemented with LSGS,
Life Technologies) with 10% fetal bovine serum (FBS) as described previously [40]. These cells were
then incubated with a protein bound IS to mimic endothelial dysfunction in HD patients [35]. UA has
very poor water solubility, and re-crystallization can occur at low temperatures. Because of this,
UA cannot be prepared in a high-concentration stock solution, but must be freshly prepared at the
working concentration. Thus, UA powder (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
60 ◦C distilled water in an ultrasonic sonicator for 30 min before experiments; after cooling to 37 ◦C,
the solution was added to the culture medium. Most serum IS exists in a protein-bound form rather
than free, so IS powder (Sigma-Aldrich, St. Louis, MO, USA) was mixed with FBS overnight and then
added into the culture medium before experiments.

5.4. Determining Oxidative Stress And Nitric Oxide In Vitro

A commercially available indicator of general oxidative stress (CM-H2DCFDA) was used.
The cell-permeable H2DCFDA (Thermo Scientific Inc., Waltham, MA, USA) passively diffuses
into cells and remains within the cell after cleavage by intracellular esterases. Upon oxidation,
the non-fluorescent H2DCFDA was converted to the highly fluorescent CM-H2DCFDA, which was
better retained within living cells than H2DCFDA. Thus, HACEs cultured in 24-well plates were
incubated with 10 µM H2DCFDA for 30 min, washed with sterile PBS, and incubated with UA and
IS at different concentrations for 3 h. To determine the effect of UA on IS-induced ROS production,
HAECs were pre-treated with different concentrations of UA for 30 min, and then incubated with
200 µM IS for 3 h. The IS incubation time was determined according to previous studies [15,35].
Fluorescence at 527 nm (excitation, 485 nm) was determined with an automatic plate reader.
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NO has an extremely short physiological half-life, so special methods are needed to measure the
reaction products of NO biochemistry. Thus, we used a standard diaminonaphthalene-based assay
to determine NO production according to manufacturer’s protocol [41]. Briefly, HAECs were treated
as described above, and loaded with 10 µM of a NO-sensitive fluorescence probe (DAF-FM, Thermo
Scientific Inc.) for 30 min. Fluorescence at 515 nm (excitation, 495 nm) was measured with an automatic
plate reader. Data are presented as means ± SDs of six independent experiments.

5.5. Western Blotting

Proteins in cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to PVDF membranes, and detected by Western blot analysis
according to established protocols. The primary antibodies were: anti-phospho-eNOS and anti-eNOS
(Abcam, Cambridge, MA, USA), and anti-phospho-AKT and anti-AKT (Cell Signaling Technology,
Danvers, MA, USA). Anti-β-actin was used as a loading control. Independent Western blotting
experiments were performed four times, and protein expression was quantified by densitometry.

5.6. Statistical Analysis

All values were expressed as means and SDs unless otherwise specified. For the in vitro
experiments, multiple groups were compared by analysis of variance (ANOVA), with Bonferroni’s post
hoc correction. For clinical data, baseline characteristics were compared by ANOVA or chi-square tests.
In a multivariable Cox regression model, the effect of UA was adjusted for age, gender, diabetes
mellitus, comorbid diseases, cause of ESRD, type of vascular access, dialysis adequacy (Kt/V),
normalized protein catabolic rate (nPCR), hematocrit, and serum biochemistry data. Results are
expressed as Kaplan-Meier plots or hazard ratios (HRs). A constant HR over time (an assumption of
proportional hazards analysis) was evaluated by comparing estimated log-log survival curves for all
time-independent covariates. All of these plots had two parallel lines, indicating no violation of this
assumption. All p-values were two-sided, and the significance level was set at 0.05. All analyses were
performed using commercially available software (SAS, version 9.2, SAS Institute Inc., Cary, NC, USA
and Stata SE, version 11.0, Stata Corp., College Station, Texas, USA).

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/1/20/s1,
Figure S1: Serum UA level in the study population of stable hemodialysis patients. The serum UA level was
normally distributed in the study population, with a mean concentration of 7.1 mg/dL (A); Analysis of individual
patient data indicated that the serum UA concentration changed over time, so the time-averaged UA was not
tightly correlated with the first year UA concentration (r2 = 0.75) or the last year UA concentration (r2 = 0.77)
(B,C), Table S1: Impact of serum UA level on risk of death by different causes. Hazard ratios were calculated by
intention to treat (ITT) and as-treated analysis.

Acknowledgments: This work was supported by grants from the Novel Bioengineering and Technological
Approaches to Solve Two Major Health Problems in Taiwan sponsored by the Taiwan Ministry of Science
and Technology Academic Excellence Program (MOST 105-2633-B-009-003) and Research Project (MOST
102-2314-B-010-004-MY3 and MOST 105-2314-B-010-016), the Ministry of Science and Technology, R.O.C. and
Project (V104E4-001 and V105C-013), Taipei Veterans General Hospital, and Foundation for Poison Control. These
funding agencies had no role in study design, data collection, analysis, decision to publish, or preparation of
the manuscript.

Author Contributions: Der-Cherng Tarng and Chih-Cheng Hsu conceived and designed the study; Wei-Liang Hsu
and Szu-Yuan Li drafted the manuscript; Der-Cherng Tarng did the critical revision of the manuscript; Jia-Sin Liu
and Chih-Cheng Hsu performed statistical analysis; Der-Cherng Tarng obtained funding; Po-Hsun Huang and
Shing-Jong Lin provided technical and material support; Der-Cherng Tarng, Yao-Pin Lin, and Shing-Jong Lin
provided study supervision; Yao-Pin Lin and Der-Cherng Tarng had full access to all of the data in the study and
took responsibility for the integrity of the data and the accuracy of the data analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lanaspa, M.A.; Tapia, E.; Soto, V.; Sautin, Y.; Sanchez-Lozada, L.G. Uric acid and fructose: Potential biological
mechanisms. Semin. Nephrol. 2011, 31, 426–432. [CrossRef] [PubMed]

www.mdpi.com/2072-6651/9/1/20/s1
http://dx.doi.org/10.1016/j.semnephrol.2011.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22000649


Toxins 2017, 9, 20 12 of 13

2. Richette, P.; Bardin, T. Gout. Lancet 2010, 375, 318–328. [CrossRef]
3. Feig, D.I.; Kang, D.H.; Johnson, R.J. Uric acid and cardiovascular risk. N. Engl. J. Med. 2008, 359, 1811–1821.

[CrossRef] [PubMed]
4. Gagliardi, A.C.; Miname, M.H.; Santos, R.D. Uric acid: A marker of increased cardiovascular risk.

Atherosclerosis 2009, 202, 11–17. [CrossRef] [PubMed]
5. Papezikova, I.; Pekarova, M.; Kolarova, H.; Klinke, A.; Lau, D.; Baldus, S.; Lojek, A.; Kubala, L.

Uric acid modulates vascular endothelial function through the down regulation of nitric oxide production.
Free Radic. Res. 2013, 47, 82–88. [CrossRef] [PubMed]

6. Zharikov, S.; Krotova, K.; Hu, H.; Baylis, C.; Johnson, R.J.; Block, E.R.; Patel, J. Uric acid decreases NO
production and increases arginase activity in cultured pulmonary artery endothelial cells. Am. J. Physiol.
Cell Physiol. 2008, 295, C1183–C1190. [CrossRef] [PubMed]

7. Hsu, S.P.; Pai, M.F.; Peng, Y.S.; Chiang, C.K.; Ho, T.I.; Hung, K.Y. Serum uric acid levels show a ‘j-shaped’
association with all-cause mortality in haemodialysis patients. Nephrol. Dial. Transplant. 2004, 19, 457–462.
[CrossRef] [PubMed]

8. Lee, S.M.; Lee, A.L.; Winters, T.J.; Tam, E.; Jaleel, M.; Stenvinkel, P.; Johnson, R.J. Low serum uric acid level is
a risk factor for death in incident hemodialysis patients. Am. J. Nephrol. 2009, 29, 79–85. [CrossRef] [PubMed]

9. Suliman, M.E.; Johnson, R.J.; Garcia-Lopez, E.; Qureshi, A.R.; Molinaei, H.; Carrero, J.J.; Heimburger, O.;
Barany, P.; Axelsson, J.; Lindholm, B.; et al. J-shaped mortality relationship for uric acid in CKD. Am. J.
Kidney Dis. 2006, 48, 761–771. [CrossRef] [PubMed]

10. Latif, W.; Karaboyas, A.; Tong, L.; Winchester, J.F.; Arrington, C.J.; Pisoni, R.L.; Marshall, M.R.; Kleophas, W.;
Levin, N.W.; Sen, A.; et al. Uric acid levels and all-cause and cardiovascular mortality in the hemodialysis
population. Clin. J. Am. Soc. Nephrol. 2011, 6, 2470–2477. [CrossRef] [PubMed]

11. Longenecker, J.C.; Coresh, J.; Powe, N.R.; Levey, A.S.; Fink, N.E.; Martin, A.; Klag, M.J. Traditional
cardiovascular disease risk factors in dialysis patients compared with the general population: The choice
study. J. Am. Soc. Nephrol. 2002, 13, 1918–1927. [CrossRef] [PubMed]

12. Sarnak, M.J.; Levey, A.S.; Schoolwerth, A.C.; Coresh, J.; Culleton, B.; Hamm, L.L.; McCullough, P.A.;
Kasiske, B.L.; Kelepouris, E.; Klag, M.J.; et al. Kidney disease as a risk factor for development of
cardiovascular disease: A statement from the american heart association councils on kidney in cardiovascular
disease, high blood pressure research, clinical cardiology, and epidemiology and prevention. Circulation
2003, 108, 2154–2169. [CrossRef] [PubMed]

13. Ito, S.; Yoshida, M. Protein-bound uremic toxins: New culprits of cardiovascular events in chronic kidney
disease patients. Toxins 2014, 6, 665–678. [CrossRef] [PubMed]

14. Barreto, F.C.; Barreto, D.V.; Liabeuf, S.; Meert, N.; Glorieux, G.; Temmar, M.; Choukroun, G.; Vanholder, R.;
Massy, Z.A. Serum indoxyl sulfate is associated with vascular disease and mortality in chronic kidney
disease patients. Clin. J. Am. Soc. Nephrol. 2009, 4, 1551–1558. [CrossRef] [PubMed]

15. Yu, M.; Kim, Y.J.; Kang, D.H. Indoxyl sulfate-induced endothelial dysfunction in patients with chronic kidney
disease via an induction of oxidative stress. Clin. J. Am. Soc. Nephrol. 2011, 6, 30–39. [CrossRef] [PubMed]

16. Jhawar, S.; Singh, P.; Torres, D.; Ramirez-Valle, F.; Kassem, H.; Banerjee, T.; Dolgalev, I.; Heguy, A.; Zavadil, J.;
Lowenstein, J. Functional genomic analysis identifies indoxyl sulfate as a major, poorly dialyzable uremic
toxin in end-stage renal disease. PLoS ONE 2015, 10. [CrossRef] [PubMed]

17. Kang, D.H.; Ha, S.K. Uric acid puzzle: Dual role as anti-oxidantand pro-oxidant. Electrolyte Blood Press. 2014,
12, 1–6. [CrossRef] [PubMed]

18. Meijers, B.K.; De Loor, H.; Bammens, B.; Verbeke, K.; Vanrenterghem, Y.; Evenepoel, P. P-cresyl sulfate and
indoxyl sulfate in hemodialysis patients. Clin. J. Am. Soc. Nephrol. 2009, 4, 1932–1938. [CrossRef] [PubMed]

19. Dimmeler, S.; Fleming, I.; Fisslthaler, B.; Hermann, C.; Busse, R.; Zeiher, A.M. Activation of nitric oxide
synthase in endothelial cells by Akt-dependent phosphorylation. Nature 1999, 399, 601–605. [PubMed]

20. Smith, A.R.; Hagen, T.M. Vascular endothelial dysfunction in aging: Loss of Akt-dependent endothelial
nitric oxide synthase phosphorylation and partial restoration by (R)-alpha-lipoic acid. Biochem. Soc. Trans.
2003, 31, 1447–1449. [CrossRef] [PubMed]

21. Johnson, R.J.; Nakagawa, T.; Sanchez-Lozada, L.G.; Shafiu, M.; Sundaram, S.; Le, M.; Ishimoto, T.; Sautin, Y.Y.;
Lanaspa, M.A. Sugar, uric acid, and the etiology of diabetes and obesity. Diabetes 2013, 62, 3307–3315.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(09)60883-7
http://dx.doi.org/10.1056/NEJMra0800885
http://www.ncbi.nlm.nih.gov/pubmed/18946066
http://dx.doi.org/10.1016/j.atherosclerosis.2008.05.022
http://www.ncbi.nlm.nih.gov/pubmed/18585721
http://dx.doi.org/10.3109/10715762.2012.747677
http://www.ncbi.nlm.nih.gov/pubmed/23136942
http://dx.doi.org/10.1152/ajpcell.00075.2008
http://www.ncbi.nlm.nih.gov/pubmed/18784379
http://dx.doi.org/10.1093/ndt/gfg563
http://www.ncbi.nlm.nih.gov/pubmed/14736974
http://dx.doi.org/10.1159/000151292
http://www.ncbi.nlm.nih.gov/pubmed/18689987
http://dx.doi.org/10.1053/j.ajkd.2006.08.019
http://www.ncbi.nlm.nih.gov/pubmed/17059995
http://dx.doi.org/10.2215/CJN.00670111
http://www.ncbi.nlm.nih.gov/pubmed/21868616
http://dx.doi.org/10.1097/01.ASN.0000019641.41496.1E
http://www.ncbi.nlm.nih.gov/pubmed/12089389
http://dx.doi.org/10.1161/01.CIR.0000095676.90936.80
http://www.ncbi.nlm.nih.gov/pubmed/14581387
http://dx.doi.org/10.3390/toxins6020665
http://www.ncbi.nlm.nih.gov/pubmed/24561478
http://dx.doi.org/10.2215/CJN.03980609
http://www.ncbi.nlm.nih.gov/pubmed/19696217
http://dx.doi.org/10.2215/CJN.05340610
http://www.ncbi.nlm.nih.gov/pubmed/20876676
http://dx.doi.org/10.1371/journal.pone.0118703
http://www.ncbi.nlm.nih.gov/pubmed/25811877
http://dx.doi.org/10.5049/EBP.2014.12.1.1
http://www.ncbi.nlm.nih.gov/pubmed/25061467
http://dx.doi.org/10.2215/CJN.02940509
http://www.ncbi.nlm.nih.gov/pubmed/19833905
http://www.ncbi.nlm.nih.gov/pubmed/10376603
http://dx.doi.org/10.1042/bst0311447
http://www.ncbi.nlm.nih.gov/pubmed/14641086
http://dx.doi.org/10.2337/db12-1814
http://www.ncbi.nlm.nih.gov/pubmed/24065788


Toxins 2017, 9, 20 13 of 13

22. Kang, D.H.; Nakagawa, T.; Feng, L.; Watanabe, S.; Han, L.; Mazzali, M.; Truong, L.; Harris, R.; Johnson, R.J.
A role for uric acid in the progression of renal disease. J. Am. Soc. Nephrol. 2002, 13, 2888–2897. [CrossRef]
[PubMed]

23. Vinik, O.; Wechalekar, M.D.; Falzon, L.; Buchbinder, R.; van der Heijde, D.M.; Bombardier, C. Treatment of
asymptomatic hyperuricemia for the prevention of gouty arthritis, renal disease, and cardiovascular events:
A systematic literature review. J. Rheumatol. Suppl. 2014, 92, 70–74. [CrossRef] [PubMed]

24. Givertz, M.M.; Anstrom, K.J.; Redfield, M.M.; Deswal, A.; Haddad, H.; Butler, J.; Tang, W.H.; Dunlap, M.E.;
LeWinter, M.M.; Mann, D.L.; et al. Effects of xanthine oxidase inhibition in hyperuricemic heart failure
patients: The xanthine oxidase inhibition for hyperuricemic heart failure patients (EXACT-HF) study.
Circulation 2015, 131, 1763–1771. [CrossRef] [PubMed]

25. Gouri, A.; Dekaken, A.; Bentorki, A.A.; Touaref, A.; Yakhlef, A.; Kouicem, N. Serum uric acid level and
cardiovascular risks in hemodialysis patients: An algerian cohort study. Clin. Lab. 2014, 60, 751–758.
[CrossRef] [PubMed]

26. Fabbrini, E.; Serafini, M.; Colic Baric, I.; Hazen, S.L.; Klein, S. Effect of plasma uric acid on antioxidant capacity,
oxidative stress, and insulin sensitivity in obese subjects. Diabetes 2014, 63, 976–981. [CrossRef] [PubMed]

27. Nieto, F.J.; Iribarren, C.; Gross, M.D.; Comstock, G.W.; Cutler, R.G. Uric acid and serum antioxidant capacity:
A reaction to atherosclerosis? Atherosclerosis 2000, 148, 131–139. [CrossRef]

28. Hayashi, S.; Fujiwara, S.; Noguchi, T. Evolution of urate-degrading enzymes in animal peroxisomes.
Cell Biochem. Biophys. 2000, 32, 123–129. [CrossRef]

29. Sohal, R.S. Role of oxidative stress and protein oxidation in the aging process. Free Radic. Biol. Med. 2002, 33,
37–44. [CrossRef]

30. Glantzounis, G.K.; Tsimoyiannis, E.C.; Kappas, A.M.; Galaris, D.A. Uric acid and oxidative stress.
Curr. Pharm. Des. 2005, 11, 4145–4151. [CrossRef] [PubMed]

31. Ames, B.N.; Cathcart, R.; Schwiers, E.; Hochstein, P. Uric acid provides an antioxidant defense in humans
against oxidant- and radical-caused aging and cancer: A hypothesis. Proc. Natl. Acad. Sci. USA 1981, 78,
6858–6862. [CrossRef] [PubMed]

32. Spitsin, S.V.; Scott, G.S.; Mikheeva, T.; Zborek, A.; Kean, R.B.; Brimer, C.M.; Koprowski, H.; Hooper, D.C.
Comparison of uric acid and ascorbic acid in protection against EAE. Free Radic. Biol. Med. 2002, 33,
1363–1371. [CrossRef]

33. Johnson, R.J.; Titte, S.; Cade, J.R.; Rideout, B.A.; Oliver, W.J. Uric acid, evolution and primitive cultures.
Semin. Nephrol. 2005, 25, 3–8. [CrossRef] [PubMed]

34. Sharma, K. Obesity, oxidative stress, and fibrosis in chronic kidney disease. Kidney Int. Suppl. 2014, 4,
113–117. [CrossRef] [PubMed]

35. Tumur, Z.; Niwa, T. Indoxyl sulfate inhibits nitric oxide production and cell viability by inducing oxidative
stress in vascular endothelial cells. Am. J. Nephrol. 2009, 29, 551–557. [CrossRef] [PubMed]

36. Wang, W.J.; Chang, C.H.; Sun, M.F.; Hsu, S.F.; Weng, C.S. DPP-4 inhibitor attenuates toxic effects of indoxyl
sulfate on kidney tubular cells. PLoS ONE 2014, 9. [CrossRef] [PubMed]

37. Adelibieke, Y.; Shimizu, H.; Saito, S.; Mironova, R.; Niwa, T. Indoxyl sulfate counteracts endothelial effects of
erythropoietin through suppression of akt phosphorylation. Circ. J. 2013, 77, 1326–1336. [CrossRef] [PubMed]

38. Pacher, P.; Nivorozhkin, A.; Szabo, C. Therapeutic effects of xanthine oxidase inhibitors: Renaissance half a
century after the discovery of allopurinol. Pharmacol. Rev. 2006, 58, 87–114. [CrossRef] [PubMed]

39. Yang, W.C.; Hwang, S.J. Incidence, prevalence and mortality trends of dialysis end-stage renal disease in
Taiwan from 1990 to 2001: The impact of national health insurance. Nephrol. Dial. Transplant. 2008, 23,
3977–3982. [CrossRef] [PubMed]

40. Lin, S.J.; Hsieh, F.Y.; Chen, Y.H.; Lin, C.C.; Kuan, I.I.; Wang, S.H.; Wu, C.C.; Chien, H.F.; Lin, F.Y.;
Chen, Y.L. Atorvastatin induces thrombomodulin expression in the aorta of cholesterol-fed rabbits and in
tnfalpha-treated human aortic endothelial cells. Histol. Histopathol. 2009, 24, 1147–1159. [PubMed]

41. Bryan, N.S.; Grisham, M.B. Methods to detect nitric oxide and its metabolites in biological samples. Free Radic.
Biol. Med. 2007, 43, 645–657. [CrossRef] [PubMed]

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/01.ASN.0000034910.58454.FD
http://www.ncbi.nlm.nih.gov/pubmed/12444207
http://dx.doi.org/10.3899/jrheum.140465
http://www.ncbi.nlm.nih.gov/pubmed/25180131
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.014536
http://www.ncbi.nlm.nih.gov/pubmed/25986447
http://dx.doi.org/10.3923/pjbs.2013.852.858
http://www.ncbi.nlm.nih.gov/pubmed/24839817
http://dx.doi.org/10.2337/db13-1396
http://www.ncbi.nlm.nih.gov/pubmed/24353177
http://dx.doi.org/10.1016/S0021-9150(99)00214-2
http://dx.doi.org/10.1385/CBB:32:1-3:123
http://dx.doi.org/10.1016/S0891-5849(02)00856-0
http://dx.doi.org/10.2174/138161205774913255
http://www.ncbi.nlm.nih.gov/pubmed/16375736
http://dx.doi.org/10.1073/pnas.78.11.6858
http://www.ncbi.nlm.nih.gov/pubmed/6947260
http://dx.doi.org/10.1016/S0891-5849(02)01048-1
http://dx.doi.org/10.1016/j.semnephrol.2004.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15660328
http://dx.doi.org/10.1038/kisup.2014.21
http://www.ncbi.nlm.nih.gov/pubmed/25401040
http://dx.doi.org/10.1159/000191468
http://www.ncbi.nlm.nih.gov/pubmed/19129694
http://dx.doi.org/10.1371/journal.pone.0093447
http://www.ncbi.nlm.nih.gov/pubmed/24755682
http://dx.doi.org/10.1253/circj.CJ-12-0884
http://www.ncbi.nlm.nih.gov/pubmed/23337206
http://dx.doi.org/10.1124/pr.58.1.6
http://www.ncbi.nlm.nih.gov/pubmed/16507884
http://dx.doi.org/10.1093/ndt/gfn406
http://www.ncbi.nlm.nih.gov/pubmed/18628366
http://www.ncbi.nlm.nih.gov/pubmed/19609862
http://dx.doi.org/10.1016/j.freeradbiomed.2007.04.026
http://www.ncbi.nlm.nih.gov/pubmed/17664129
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	High UA Levels Are Associated with Lower CV and All-Cause Mortality 
	UA Ameliorates IS-Induced Endothelial Dysfunction In Vitro 
	UA Attenuates IS-Impaired Endothelial NO Production 

	Discussion 
	Main Findings 
	Comparison with Previous Studies 
	Potential Mechanisms 
	Limits and Strengths 

	Conclusions 
	Materials and Methods 
	Data Sources 
	Study Participants and Follow Up 
	Cell Culture and Preparation of UA and Indoxyl Sulfate 
	Determining Oxidative Stress And Nitric Oxide In Vitro 
	Western Blotting 
	Statistical Analysis 


