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Abstract

Background

To date, over 150 possible uremic solutes have been listed, but their role in the progression

of CKD is largely unknown. Here, the association between a selected panel of uremic sol-

utes and progression in CKD patients was investigated.

Methods

Patients from the MASTERPLAN study, a randomized controlled trial in CKD patients with a

creatinine clearance between 20 and 70 ml/min per 1.73m2, were selected based on their

rate of eGFR decline during the first five years of follow-up. They were categorized as rapid

(decline >5 ml/min per year) or slow progressors. Concentrations of eleven uremic solutes

were obtained at baseline and after one year of follow-up. Logistic regression was used to

compare the odds for rapid to slow progression by uremic solute concentrations at baseline.

Variability in uremic solute levels was assessed using scatter plots, and limits of variability

were calculated.

Results

In total, 40 rapidly and 40 slowly progressing patients were included. Uremic solutes were

elevated in all patients compared to reference values for healthy persons. The serum levels

of uremic solutes were not associated with rapid progression. Moreover, we observed sub-

stantial variability in solute levels over time.

Conclusions

Elevated concentrations of uremic solutes measured in this study did not explain differences

in rate of eGFR decline in CKD patients, possibly due to lack of power as a result of the small

sample size, substantial between patient variability, and variability in solute concentrations
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over time. The etiology of intra-individual variation in uremic solute levels remains to be

elucidated.

Introduction

Patients with advanced chronic kidney disease (CKD) suffer from a wide array of symptoms,

including anemia, bone-mineral disorders, reduced cognitive function and hypertension.

These symptoms are thought to be caused, at least partially, by the accumulation of so-called

uremic solutes.

Vanholder et al. defined uremic solutes as those compounds which accumulate in blood and

tissues during the development of end stage kidney disease and which have an impact on bio-

logical functions.[1] To date, the European Uremic Solute Workgroup (EUTox) lists over 150

of such retention solutes.[2, 3] Moreover, solutes classified by the EUTox project may be ele-

vated not only in dialysis patients, but in patients with less advanced stages of CKD as well.[4, 5]

Evidence suggests that uremic solutes can induce apoptosis and epithelial-to-mesenchymal

transition in the proximal tubule.[6–8] In addition, uremic solutes are substrates but also

inhibitors of tubular transport proteins that are responsible for the excretion of drugs, solutes

and waste products.[5, 9–16] Furthermore, uremic solutes can alter mitochondrial function-

ing, resulting in increased superoxide and hydroxyl radical production and increased rates of

apoptosis. [17, 18] Uremic solutes have been associated with clinical outcome as well. A recent

review suggests a major role for protein-bound uremic solutes in cardiovascular morbidity

and mortality.[19] Moreover, sequestration of uremic solutes in the intestine resulted in a

slower eGFR decline in CKD patients.[20] However, this is indirect evidence for a role of ure-

mic solutes at best. Therefore, we investigated whether a selection of uremic solutes were

determinants for renal function deterioration in patients with moderate CKD.

Materials and Methods

Study population

The MASTERPLAN study was a randomized controlled trial (ISRCTN registry number

73187232) that compared a multifaceted treatment approach with the aid of a nurse practi-

tioner to standard care by a nephrologist on cardiovascular outcome in patients with CKD.

[21] In total, 788 adult patients with CKD and an estimated creatinine clearance between 20

and 70 ml/min per 1.73m2 were included. All patients provided written informed consent, and

the study was approved by the medical ethics committee of the University Medical Centre

Utrecht. All patients were treated according to the same guidelines. However, the nurse practi-

tioners were specifically trained in motivational interviewing to enhance compliance and pro-

mote life-style changes.[21] We performed a nested case-control study. Patients who received

a transplant before baseline were excluded from our selection. In order to evaluate the change

in uremic solute concentration over time, only patients with at least one year of follow-up

were included. Rapid progression was defined according to KDIGO guidelines as a decline of

more than 5 ml/min per 1.73m2 per year. A single control from the remaining patients was

selected at random for each rapid progressor.

Data collection

Data collection has been described in detail previously.[21] At baseline and annual intervals

blood samples were drawn using EDTA tubes and stored at -80˚C. Blood samples collected at

Uremic Solutes in CKD

PLOS ONE | DOI:10.1371/journal.pone.0168117 December 29, 2016 2 / 16

genzyme.nl), Pfizer Netherlands, Dr Arjan D van

Zuilen, (www.pfizer.nl), and Sanofi-Aventis

Netherlands, Dr Arjan D van Zuilen, (www.sanofi.

nl). The funders had no role in study design, data

collection and analysis, decision to publish, or

preparation of the manuscript.

Competing Interests: The MASTERPLAN study

was supported by grants from the Dutch Kidney

foundation (www.nierstichting.nl, NSN PV01) and

the Netherlands Heart Foundation (www.

hartstichting.nl, Hartstischting, 2003B261). H. A.

M. Mutsaers was supported by the Dutch Kidney

Foundation (grant number IK08.03; www.

nierstichting.nl). Unrestricted grants were provided

by Amgen Netherlands (www.amgen.nl), Genzyme

Netherlands (www.genzyme.nl), Pfizer Netherlands

(www.pfizer.nl) and Sanofi-Aventis Netherlands

(www.sanofi.nl). There are no patents, products in

development or marketed products to declare. This

does not alter our adherence to all the PLOS ONE

policies on sharing data and materials, as detailed

online in the guide for authors.

http://www.genzyme.nl
http://www.pfizer.nl
http://www.sanofi.nl
http://www.sanofi.nl
http://www.nierstichting.nl
http://www.hartstichting.nl
http://www.hartstichting.nl
http://www.nierstichting.nl
http://www.nierstichting.nl
http://www.amgen.nl
http://www.genzyme.nl
http://www.pfizer.nl
http://www.sanofi.nl


one year were used to determine follow-up uremic solute concentrations. Information on

medical history, physical activity, diet and medication use was obtained using questionnaires.

Patients underwent physical examination. Standard laboratory measurements were performed

at local laboratories. However, serum creatinine values were calibrated to the central study

laboratory.

Uremic solute measurements

During the study, samples were analyzed in nine separate batches, each batch including both

the baseline and follow-up sample for an individual patient to reduce analytic variation. Fur-

thermore, every batch included both rapid and slow progressors to ensure statistical adjust-

ment for potential batch effects was possible. We selected a panel of eleven well known toxins

based on previous work. The selected solutes inhibit tubular transport activity,[5] are associ-

ated with epithelial phenotypic changes in the renal tubule,[4] or reduce mitochondrial activity

in tubular epithelial cells.[18] Uremic solute concentrations were determined with liquid chro-

matography-tandem mass spectrometry (LC-MS/MS) as described previously.[22] Before

chromatography an aliquot of plasma was diluted in H2O (1:1) and deproteinized with per-

chloric acid (final concentration 3.3% (v/v)). Next, samples were centrifuged at 12,000 x g for 3

min and the clear supernatant was injected into the UPLC-MS/MS system that consisted of an

Accela HPLC system coupled to a TSQ Vantage triple quadropole mass spectrometer (Thermo

Fischer Scientific, Breda, the Netherlands) equipped with a C18 UPLC column (Acquity

UPLC HSS T3 1.8 um; Waters, Milford, MA). The autosampler temperature was set at 8˚C

and the column temperature at 40˚C. The flow rate was 350 μl/min. Eluent solvent A consisted

of 10 mM NH4-acetate, solvent B was 5 mM NH4-acetate and 0.1% formic acid and solvent C

was 100% methanol. Detection of the components was based on isolation of the deprotonated

(negative electrospray; [M-H]-) or protonated molecular ion (positive electrospray; [M+H]+)

and subsequent MS/MS fragmentations and a selected reaction monitoring (SRM) were car-

ried out. The UPLC-MS/MS operating conditions and SRM transitions used for parent com-

pounds and ion products were optimized for each component. A calibration curve was used to

quantify the solute levels in the samples. Acquired data were processed with Thermo Xcaliber

software (Thermo scientific).

Statistical analyses

Descriptive data are presented as frequencies and proportions, means and standard deviations

for normally distributed variables or medians and inter quartiles ranges if the distribution was

skewed. X2, Wilcoxon ranksum, and t-tests were used to compare baseline covariates between

groups. Reference concentrations for healthy controls were obtained from the Human Meta-

bolome database.[23] We compared the mean concentrations in our population to these val-

ues. Correlations between baseline covariates and uremic solute levels were obtained from a

linear regression and calculated as the square root of R2.

The variation in serum levels of uremic solutes was assessed with scatter plots and Bland-

Altman plots. The limits of variation were calculated as 1.96 times the standard deviation of

the average difference in baseline and follow-up concentration. As the variation in concentra-

tion increased with uremic solute level, we took the natural logarithm of the baseline and fol-

low-up concentrations. Back transformation of the difference and its limits allowed us to

interpret the variation in uremic solute concentrations as ratios.[24]

Logistic regression was used to estimate odds ratios for rapid progression by uremic solute

level. We used the dagitty.net tool to create a causal diagram and identify the minimal variable

set to be included into the logistic regression in order to obtain an unbiased estimate of the
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association between uremic solute concentrations and progression of CKD. The causal dia-

gram can be found in the supplements available online (S1 Fig directed acyclical graph for the

analysis of uremic solutes as determinants of rapid progression in CKD).

Results

Baseline characteristics

Of the 788 patients included in the MASTERPLAN trial, 110 patients had received a kidney

transplant prior to baseline and 48 patients had less than one year follow-up and were there-

fore excluded. In total, 47 of the included patients showed rapid progression. We were unable

to retrieve samples for seven of them. Controls for the remaining 40 rapid progressors were

randomly selected. Fig 1 shows the flow chart for patient inclusion. Total follow-up duration

was 4.4 (inter quartile range 2.9 to 5.0) years. Table 1 shows the baseline characteristics for

both groups. The majority of included patients were male and mean age was 63 years in the

slow progressors compared to 55 years in the rapid progressors. Mean eGFR was 36 ml/min

per 1.73m2 for both slow and rapid progressors. In general, patients with rapid progression

were younger, were more likely to have congenital kidney disease (86% of whom had cystic

kidney disease), had higher proteinuria and uric acid, and a lower serum albumin concentra-

tion. Only the difference in baseline serum kynurenic acid concentration, which was higher in

rapid progressors, approached statistical significance (Table 2). Levels of uremic solutes in our

study sample were generally elevated compared to healthy individuals, with the exception of

kynurenic acid, which was lower compared to healthy individuals.

Association of uremic solute concentrations and baseline covariates

We performed exploratory analyses to determine associations between uremic solute con-

centration and known risk factors for the development and progression of CKD. Fig 2

shows correlations between uremic solutes and baseline covariates. Remarkably, CMPF

concentration only weakly correlated to other uremic solute concentrations. Hippuric acid

was statistically significantly correlated with kynurenic acid. Indole-3-acetic acid corre-

lated with p-cresyl sulfate. Indoxyl sulfate associated with p-cresyl sulfate and its glucuro-

nide and phenyl sulfate. Kynurenic acid correlated with kynurenine, quinolinic acid in

addition to its correlation with hippuric acid. Kynurenine associated with quinolinic acid

as well. Finally, p-cresyl glucuronide and p-cresyl sulfate concentrations correlated too.

Additionally, kynurenic acid and kynurenine correlated statistically significantly with

eGFR and serum urea concentration. Other base covariates were not strongly correlated

to uremic solute concentrations.

Variability of uremic solute concentrations

Fig 3 shows scatter plots for uremic solute concentrations at the follow-up measurement

versus baseline concentration. On average, the mean solute levels were slightly higher at fol-

low-up. However, substantial variation was observed, which increased with higher concen-

trations. We calculated the mean difference and the limits of variation between baseline and

follow-up concentrations, which is shown in Table 3. The limits can be interpreted as the

bounds in which 95% of all differences between follow-up and baseline concentration will

fall. As uremic solute concentrations cannot be negative and their distributions were right

tailed, a relative measure of variability was more appropriate. Therefore, we repeated the

analysis using log-transformed concentrations. Back transformation gave values that can be

interpreted as a ratio between follow-up and baseline concentration. For example, the limits

Uremic Solutes in CKD
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of variation in hippuric acid concentration between baseline and follow-up were 0.24 and

5.6, respectively. Remarkably, tryptophan and its metabolites, indole-3-acetic acid and

kynurenine, showed least variation.

Fig 1. Flow chart for patient inclusion.

doi:10.1371/journal.pone.0168117.g001
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Association between uremic solutes and progression of CKD

Table 4 shows the odds ratios for rapid progression by baseline serum uremic solute concen-

trations, crude and adjusted for potential confounders. None of the solutes were statistically

significantly associated to rapid progression in the crude analysis. Only indole-3-acetic acid

concentration was statistically significantly associated to rapid progression in the adjusted

analysis, with an adjusted OR of 2.07 (95% confidence interval 1.07 to 4.02) per incremental

Table 1. Baseline characteristics.

Variable Slow progressors (n = 40) Rapid progressors (n = 40)

mean / median SD / IQR mean / median SD / IQR p

Men 63% 75% 0.23

Age 64.9 (57.8–70.6) 57.1 (46.2–67.8) 0.07

Caucasians 88% 85% 0.75

Current smoker 23% 28% 0.61

Diabetes 20% 25% 0.59

ADPKD 8% 28% 0.02

Systolic blood pressure [mmHg] 139.6 19.1 139.7 24.1 0.98

Diastolic blood pressure mmHg] 78.5 (69.4–85.5) 82.4 (70.2–86.5) 0.18

eGFR [ml/min per 1.73m2] 35.7 (28.5–44.8) 36.3 (25.7–42.9) 0.65

Proteinuria [g/24h] 0.3 (0.2–0.7) 1.0 (0.2–2.3) 0.01

BMI [kg/m2] 27.5 4.2 26.5 3.5 0.26

Serum cholesterol [mM] 4.6 (4–5.3) 5.0 (4.3–5.9) 0.18

Serum albumin [g/l] 40.8 3.2 39.4 3.3 0.07

Serum calcium [mM] 2.3 0.1 2.3 0.1 0.50

Serum phosphate [mM] 1.0 (0.9–1.1) 1.1 (0.9–1.3) 0.26

Serum bicarbonate [mM] 24.8 3.8 23.9 3.2 0.26

Hb [mM] 8.4 0.9 8.1 1.1 0.21

PTH [pM] 7.2 (4.5–11) 10.2 (7.5–13.6) 0.01

Serum urea [mM] 10.7 (8.2–14.2) 12.6 (9.1–16.8) 0.50

Serum uric acid [mM] 0.4 0.1 0.5 0.1 0.05

Hb1Ac [%] 5.8 (5.5–6.3) 5.9 (5.6–6.6) 0.75

ACEi/ARB 85% 83% 0.76

Any BP lowering drugs 95% 93% 0.64

Anticoagulants 58% 53% 0.65

Vitamin D 13% 23% 0.24

Phosphate binders 5% 3% 0.56

Any lipid lowering drugs 68% 68% 1.00

ESA 5% 5% 1.00

Protein intake (g/d) 70.9 19.0 71.9 24.3 0.84

Fat intake (g/d) 67.3 (56–95.3) 76.1 (59.7–104) 0.49

Cholesterol intake (g/d) 154.9 (117.6–198.2) 168.3 (119.6–215.3) 0.49

Linoleic acid intake 13.2 5.8 13.8 6.1 0.67

Carbohydrate intake (g/d) 231.6 77.8 239.8 94.4 0.68

Dietary fiber intake (g/d) 19.7 (17.4–26.7) 19.6 (15.9–26.2) 0.82

Alcohol intake (g/d) 6.7 (0–17.1) 2.1 (.1–13.6) 0.49

Fluid intake (ml/d) 1691 (1375–2210.7) 1726 (1248.2–2199.6) 0.82

Data are presented as mean ± standard deviation, median (inter quartile range) and proportions. eGFR: estimated GFR, calculated using the abbreviated

Modified Diet in Renal Disease equation re-expressed for mass-spectrometry traceable serum creatinine concentration.

doi:10.1371/journal.pone.0168117.t001
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standard deviation in concentration. As a sensitivity analysis, the association between uremic

solute concentrations and change in eGFR as a continuous variable was also determined, but

appeared to be similar as presented in Table 5.

Discussion

Main findings

Advanced stages of chronic kidney disease are characterized by the retention and accumula-

tion of uremic solutes, yet it remains unclear whether uremic solutes are a product of CKD or

act as culprits in disease progression. The current study demonstrated that serum concentra-

tions of uremic solutes were elevated in patients with CKD compared to healthy persons.

Additionally, the results indicate that serum levels of several uremic solutes were generally not

associated with a rapidly progressive decline in eGFR over five years of follow-up within a

cohort of CKD patients with poor kidney function, possibly due to lack of power as a result of

small sample size, substantial between patient variation in solute concentrations and variable

solute concentrations within individual patients over time. Indole-3-acetic acid was seemingly

associated to rapid progression of CKD. However, the association was only present in the mul-

tivariate model, and no other uremic toxins were associated with rapid progression of CKD,

including those within the same metabolic pathway, most notably tryptophan. Therefore the

association between indole-3-acetic acid and progression may very well be the product of col-

lider bias. Finally, in all multivariate logistic regression models, low serum albumin, high pro-

teinuria and congential cause of kidney disease were associated with rapid progression of CKD

(data not shown).

Relation to other studies

Uremic solute concentrations are elevated in CKD stages 3 and 4. By showing that ure-

mic solutes are elevated in patients with moderate CKD, our results corroborate previous

work by others and ourselves.[5, 25, 26] Uremic solutes have been hypothesized to contribute

to eGFR decline in CKD. Uremic solutes, such as hippuric acid, indole-3-acetic acid, kynure-

nic acid have been shown to inhibit tubular excretion by competing for organic anion uptake

transporters and efflux pumps.[5, 27, 28] Therefore, elevated uremic solute plasma

Table 2. Uremic solute concentrations in CKD patients.

Uremic solute Reference* Slow progressors Rapid progressors

Mean (SD or range) Median IQR Median IQR p

CMPF [uM] 4.6 (4.2) 5.7 (2.7–14.9) 4.1 (1.7–8.3) 0.17

Hippuric acid [uM] 3.0 (0.0–5.0) 12.8 (5.5–24.5) 12.9 (5.9–24.9) 1.00

Indole acetic acid [uM] 0.05 (0.0–0.118) 3.4 (2.1–5.4) 4.2 (2.6–5.9) 0.17

Indoxyl sulfate [uM] 2.49 (1.36) 16.7 (10.3–21.8) 15.5 (8.8–22.2) 0.65

Kynurenic acid [nM] 230 (10) 122 (94–188) 154 (111–178) 0.07

Kynurenine [uM] 1.6 (0.1) 2.8 (2.4–3.3) 3.0 (2.4–3.6) 0.36

Quinolinic acid [uM] 0.47 (0.047) 0.7 (0.5–1) 0.9 (0.6–1.1) 0.26

p-Cresyl glucuronide [uM] 1.0 (0.7) 0.3 (0.1–0.6) 0.3 (0–0.7) 1.00

p-Cresyl sulfate [uM] n/a 42 (25–68) 49 (24–82) 0.17

Phenyl sulfate [uM] n/a 4.9 (2.6–8.2) 5.4 (3.4–11.6) 0.36

Tryptophan [uM] n/a 43 (33–49) 40 (30–47) 0.36

* Reference values were obtained from the Human Metabolome Database.[23] CMPF: 3-carboxy-4-methyl-5-propyl-2-furanpropionate.

doi:10.1371/journal.pone.0168117.t002
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concentrations increase the risk of drug interactions and toxicity. Moreover, several uremic

solutes contribute to epithelial-to-mesenchymal transition in the renal tubule.[6–8] However,

elevated levels of these uremic solutes were not associated with a more rapid eGFR decline in

the present study. Overall, there is little evidence to support a direct effect of individual uremic

solutes on progressive eGFR decline in patients with moderate CKD.

Uremic solute concentrations vary greatly over time. Our findings indicate that intra-

individual uremic solute levels were highly variable. Eloot and colleagues have shown a large

variation in uremic solute concentrations between patients, and poor correlation between

eGFR and concentrations of several solutes.[29] Importantly, they showed that variability in

solute concentrations between patients increased with decreasing eGFR, reflected by increas-

ingly greater standard deviations. In a follow-up article the authors argued that this might

mean that, indices of tubular function become more important as renal failure progresses.[30]

Fig 2. Correlations between uremic solute concentrations and baseline covariates. The square root of the pearson’s R2 was

taken to achieve positive values. The black symbols mark correlations that were statistically significant at a nominal p<0.05 after

Bonferroni correction. DM: diabetes mellitus, Dx: congenital kidney disease, SBP: systolic blood pressure, DBP: diastolic blood

pressure, eGFR: estimated GFR, Uprot: proteinuria, BMI: body mass index, chol: serum cholesterol, alb: serum albumin, ca: serum

calcium, phos: serum phosphate, PTH: serum parathyroid hormone, UA: serum uric acid, RASi: renin-angiotensin inhibition,

BPdrugs: blood pressure lowering drugs, anti-coag: anti-coagulation, VitD: vitamin D use, phos binder: phosphate binder use, statin:

lipid lowerin drug use, ESA: erythropoiesis stimulating agent use, CMPF: 3-carboxy-4-methyl-5-propyl-2-furanpropionate, HA:

hippuric acid, IAA: indole-3-acetic acid, IS: indoxyl sulfate, KYNA: kynurenic acid, KYN: kynurenine, QA: quinolinic acid, PCG: p-

cresyl glucuronide, PCS: p-cresyl sulfate, PHS: phenyl sulfate, TRP: tryptophan, prot intake: dietary protein intake, sat fatty acid:

saturated fatty acid intake, MU fatty acid: mono unsaturated fatty acid intake, PU fatty acid: poly unsaturated fatty acid intake, carb

intake: carbohydrate intake, % fat: proportion of fat in diet, % protein: proportion protein in diet, % carbs: proportion carbohydrates in

diet, % unsat fat: proportion of poly unsaturated fatty acids of total fatty acid intake.

doi:10.1371/journal.pone.0168117.g002
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This view is corroborated by the results of the IDEAL study, in which three quarters of all

patients randomized to a late start of hemodialysis, initiated dialysis prior to achieving the

Fig 3. Scatter plots for the concentration in uremic solute concentration at follow-up versus the baseline concentration.

The solid line represents the linear fit. Units are in μmol/l for all solutes except for kynurenic acid which was measured in nmol/l.

cmpf: 3-carboxy-4-methyl-5-propyl-2-furanpropionate, ha: hippuric acid, iaa: indole-3-acetic acid, is: indoxyl sulfate, kyna: kynurenic

acid, kyn: kynurenine, qa: quinolinic acid, pcg: p-cresyl glucuronide, pcs: p-cresyl sulfate, phs: phenyl sulfate, trp: tryptophan.

doi:10.1371/journal.pone.0168117.g003

Table 3. Variability of uremic solute concentrations.

Uremic solute Mean difference Limits of variation Antilog mean difference* Limits of variation

CMPF 1.0 -13 - 15 1.13 0.35 - 3.6

HA 4.7 -33 - 43 1.15 0.24 - 5.6

IAA 0.1 -3.8 - 4.0 1.05 0.53 - 2.1

IS 5.5 -20 - 31 1.29 0.43 - 3.9

KYNA 63 -222 - 349 1.23 0.51 - 3.0

KYN 0.5 -1.5 - 2.5 1.13 0.70 - 1.8

QA 0.5 -2.5 - 3.5 1.34 0.46 - 3.9

pCG 0.3 -1.9 - 2.4 1.48 0.11 - 19

pCS 13 -57 - 82 1.14 0.22 - 5.8

PHS 2.8 -14 - 20 1.35 0.28 - 6.6

TRP -1.4 -17 - 14 0.95 0.64 - 1.4

*The antilog can be interpreted as a ratio. The antilog of the mean difference was calculated by taking the natural logarithms of the baseline and follow-up

concentration for each patients. Then the difference between the two was calculated and the mean of these differences for all patients was estimated.

Subsequently, the antilog (exponent) of the difference was taken. CMPF: 3-carboxy-4-methyl-5-propyl-2-furanpropionate, HA: hippuric acid, IAA: indole-

3-acetic acid, IS: indoxyl sulfate, KYNA: kynurenic acid, KYN: kynurenine, QA: quinolinic acid, PCG: p-cresyl glucuronide, PCS: p-cresyl sulfate, PHS:

phenyl sulfate, TRP: tryptophan.

doi:10.1371/journal.pone.0168117.t003
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target eGFR due to uremic symptoms.[31] GFR, and its decline, may not be the only important

outcome parameter in progressive CKD. Another, more recent, study reported variability of

uremic solute concentrations as well.[32] However, the authors used correlation coefficients to

assess variability, which reflects the presence of a linear association rather than variability.[24]

Moreover, correlation depended on the range of measurement. Therefore, substantial varia-

tion may still be present despite a strong correlation. In contrast, the limits of variability signi-

fied the maximum difference between uremic solute concentration at the first and second

measurement for 95% of the observations.[24] Our results show that the variability bands for

all solute levels were wide. The variability in uremic solute concentrations was evaluated at two

time points, one year apart. Therefore, it is unclear whether variability is the consequence of

Table 4. Odds ratio of rapid progression for a panel of uremic solutes.

Uremic Solute Crude Adjusted

OR 95% CI OR 95% CI

CMPF 0.78 0.48 - 1.29 0.94 0.49 - 1.81

Hippuric acid 1.20 0.76 - 1.90 1.50 0.77 - 2.93

Indole acetic acid 1.25 0.78 - 2.01 2.07 1.07 - 4.02

Indoxyl sulfate 0.84 0.52 - 1.33 0.96 0.54 - 1.70

Kynurenic acid 1.42 0.83 - 2.42 1.39 0.66 - 2.91

Kynurenine 1.24 0.78 - 1.99 1.37 0.76 - 2.48

Quinolinic acid 1.46 0.91 - 2.34 1.21 0.66 - 2.19

p-Cresyl glucuronide 0.90 0.57 - 1.42 0.97 0.51 - 1.84

p-Cresyl sulfate 1.14 0.72 - 1.79 1.38 0.76 - 2.53

Phenyl sulfate 1.12 0.71 - 1.78 1.29 0.72 - 2.32

Tryptophan 0.99 0.63 - 1.57 1.18 0.63 - 2.21

Odds ratios (OR) are presented per incremental SD in uremic solute concentration. The adjusted ORs were obtained from a logistic regression corrected for

batch, age, diagnosis (congenital disease present), systolic blood pressure, dietary fiber intake, protein intake, proteinuria and serum albumin concentration

at baseline. CMPF: 3-carboy-4-methyl-5-propyl-2-furanpropionate.

doi:10.1371/journal.pone.0168117.t004

Table 5. Baseline uremic toxin concentrations as predictors of eGFR decline.

Uremic Toxin Univariate Multivariate

Change in GFR 95%CI Change in GFR 95%CI

CMPF 0.63 -0.23 - 1.48 0.53 -0.34 - 1.40

Hippuric acid 0.02 -0.85 - 0.89 -0.14 -0.94 - 0.66

Indole acetic acid -0.38 -1.25 - 0.48 -0.95 -1.73 - -0.18

Indoxyl sulfate 0.49 -0.38 - 1.35 0.24 -0.55 - 1.03

Kynurenic acid -0.16 -1.03 - 0.71 -0.01 -0.96 - 0.93

Kynurenine -0.07 -0.94 - 0.80 -0.29 -1.06 - 0.48

Quinolinic acid -0.42 -1.28 - 0.45 -0.19 -0.96 - 0.59

p-Cresyl glucuronide 0.12 -0.75 - 0.98 0.10 -0.74 - 0.94

p-Cresyl sulfate -0.29 -1.16 - 0.57 -0.60 -1.40 - 0.20

Phenyl sulfate -0.14 -1.01 - 0.73 -0.34 -1.12 - 0.45

Tryptophan -0.09 -0.96 - 0.78 -0.26 -1.05 - 0.53

Change in eGFR is presented per incremental SD in uremic solute concentration. The adjusted changes in eGFR were obtained from a linear regression

corrected for batch, age, diagnosis (congenital disease present), systolic blood pressure, dietary fiber intake, protein intake, proteinuria and serum albumin

concentration at baseline. CMPF: 3-carboy-4-methyl-5-propyl-2-furanpropionate.

doi:10.1371/journal.pone.0168117.t005
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random, day-to-day variation, or indicative of a trend. However, in all likelihood, the variation

in uremic solute concentrations in the present study stems from changes in production and/or

absorption of solutes, and not from changes in excretion, as excretory function is unlikely to

vary to such a great extent within the individual patient. The variability of uremic solute levels

could result in regression dilution bias, and therefore in a false negative result if a relation is truly

present. On the other hand, random variation can also result in spurious associations, in particu-

lar when sample size is limited, giving rise to false positive results. Either way, any study where

uremic solutes were measured at a single point in time is difficult to interpret as a consequence.

Uremic solutes and progression of CKD. A recent study in a Chinese population of

CKD patients showed that p-cresyl sulfate and indoxyl sulfate were associated to renal progres-

sion and mortality.[33] Observed p-cresyl sulfate concentrations were comparable to those

found in our study. However, the estimated effect for p-cresyl sulfate was larger in the study by

Wu et al. In contrast to our study, the authors included patients with a wider GFR range.

Moreover, the baseline differences between patients showing progression and those who did

not were larger compared to our study. As a consequence, residual confounding may have

been present.

In an untargeted metabolic study, Niewczas et al. also found that baseline p-cresyl sulfate,

but not hippuric acid, was associated with progression to end stage renal disease in patients

with early stages of CKD.[32] Remarkably, they showed that in these patients, higher concen-

trations of tryptophan resulted in lower odds of progression. Likewise, Van der Kloet et al.
showed that the excretion of tryptophan and its metabolite kynurenic acid were increased in

diabetic patients who showed progressive increase in albuminuria.[34] In contrast, trypto-

phan, nor its metabolites kynurenine and kynurenic acid, associated with progression in our

hands. However, compared to the patients in the studies by Niewczas et al. and Van der Kloet

et al., our patients had more advanced CKD. Other metabolic pathways may play a role as

CKD progresses,[35] and therefore the effects of some solutes will only become prominent at

lower levels of GFR. For example, Wu et al. showed that both indoxyl sulfate and p-cresyl sul-

fate were only associated to renal progression and mortality in patients with GFR<45 ml/min

per 1.73m2. This suggests that GFR may be an effect modifier for the risk conveyed by uremic

solutes on renal progression. Under the sufficient cause model,[36] this would mean that p-

cresyl sulfate and indoxyl sulfate only result in renal progression if kidney damage is already

present. However, the findings of Wu et al. could not be reproduced in our study.

Strengths and limitations

A strong point of the present study is the prospective collection of all data and that samples

were obtained according to standard operating procedures. As a result, there was little missing

data and misclassification of categorical variables was unlikely. Additionally, uremic solutes

were measured at two points in time to study possible variation in uremic solute concentra-

tion. Assay variation was limited by including samples of individual patients in the same batch

and in the multivariate analysis we adjusted for between batch variation.

Nevertheless, the present study has its limitations. First, only eleven solutes out of the more

than 150 known solutes were studied. Moreover, only the effects of individual solutes on the

rate of progression were considered. Progression of CKD may be the result of several uremic

solutes acting together, either due to cumulative load of uremic solutes, or possibly through

synergistic effects. Furthermore, a biologically relevant solute may have been missed. Secondly,

in addition to extruding uremic solutes, the tubular epithelium removes other potentially toxic

compounds and drugs from the circulation.[37] As a result of the increased competition for

tubular transport, CKD patients may be at higher risk of drug interactions beyond the
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apparent risk due to a decreased GFR. This risk of drug interactions may result in more fre-

quent episodes of acute kidney injury. Such episodes may have gone undetected in the current

study, as serum creatinine was determined once every three months. Moreover, uremic solutes

can induce atherosclerosis.[6, 38, 39] Therefore, hypertension may occur and/or be more pro-

nounced, which in turn leads to a more rapid decrease in eGFR. Our follow-up may have been

too short, or the contrast in uremic solute exposure too subtle to study the long-term effects of

uremic solutes on hemodynamic changes and subsequent eGFR loss. Third, we have used the

abbreviated MDRD equation to estimate GFR. Although the eGFR-MDRD gives an unbiased

estimate of measured GFR in patients with CKD stages III to V, any GFR estimated from

serum creatinine is fairly insensitive to changes in eGFR over time.[40] This may have resulted

in an underestimation of the rate of GFR decline as well as misclassification of rapid progres-

sion. Fourth, the relatively low number of patients that were included in the study means that

statistical power was limited. The small sample size and high between patient variability of sol-

ute concentrations resulted in a small power to detect a statistically significant difference. A

rough post-hoc power calculation indicated that we had about 17% power to detect a statisti-

cally significant effect for a standard deviation increment in logged concentration on the rapid

progression of CKD. Low power may result in effect size overestimation, therefore the results

present here should be interpreted with caution. Fifth, tubular function and not GFR is

expected to be more strongly affected by elevated concentrations of uremic solutes. However,

in patients with stages III and IV CKD, progression is largely determined by factors causing

nephron loss, such as the primary kidney disease, hypertension and proteinuria. The number

of remaining, functional nephrons is reflected most accurately by GFR. In later stages of CKD,

when few functional nephrons remain, residual tubular function becomes more relevant.[27]

It determines the incidence of uremic symptoms, and therefore the onset and timing of renal

replacement therapy. In other words, uremic solutes may not be predictive of change in GFR

at early stages of CKD, but may very well predict the onset of end stage renal disease at later

stages of CKD. Furthermore, dietary intake of tryptophan and tyrosine containing products

are major sources for uremic solute formation. Food frequency questionnaires are known to

suffer from underreporting and recall bias, and therefore residual confounding due to misclas-

sification of dietary fiber and protein intake may be present. Finally, uremia has been associ-

ated with an altered gut microbiome composition and metabolism, which may include a

decrease in beneficial and an increase in potentially pathogenic gut microbiota members, and

an increase in the production of uremic toxins.[41, 42]

Future research

The present study has some major implications for future research. First and foremost, the day-

to-day variation in uremic solute concentrations and the determinants thereof remain to be elu-

cidated. Researchers may need to measure the levels of solutes over time, and take detailed ques-

tionnaires or journals on diet and food preparation to adequately study variation and its

determinants. Secondly, our findings imply that eGFR decline may not be a useful outcome in

trials intervening on the level of uremic solutes in patients with established CKD. Perhaps inves-

tigators should focus on other clinically relevant outcomes instead, such as the frequency of

complications, erythropoiesis stimulating agent use or health-related quality of life. Finally, it

remains unclear if solutes have independent, cumulative effects or that synergism may occur.

Conclusions

Serum uremic solutes concentrations are elevated in patients with CKD compared to healthy

individuals. However, the elevated levels of several uremic solutes in patients with CKD were
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not associated with a more rapid decline in eGFR over five years of follow-up, possibly due to

lack of power due to a combination of small sample size, high between patient variability of

uremic solute concentration, and high within patient variability over time. The latter compli-

cates the interpretation of studies that measure uremic solutes at a single time point and needs

to be elucidated.

Supporting Information

S1 Fig. Directed Acyclical graph for the analysis of uremic solutes as determinants of rapid

progression in CKD. The causal diagram show the hypothesized causal mechanism and mini-

mal adjustment set for the multivariate analyses. The open nodes indicate variables included

in the adjustment set. The grey nodes are unmeasured confounders. HbA1c is blue, as it is

assumed to be a mediator for the effect of uremic solutes.

(TIF)

S1 File. data_uremicsolutesinckd.dta. The analysis dataset used for all analyses described in

the present study.

(DTA)

Acknowledgments

We would like to thank the collaborators and nurse practioners who participated in the MAS-

TERPLAN trial: M van Buren, M ten Dam, KAH Kaasjager, G Ligtenberg, YWJ Sijpkens, HE

Sluiter, PJG van de Ven, G Vervoort, LJ Vleming, H Bergsma, N Berkhout, M Boom, P Gun-

dlach, L Lensen, S Mooren, K Schoenmakers, A Wieleman, J Wierdsma and E Wolters.

Parts of the results have been presented at the American Society of Nephrology Kidney

Week 2013 in Atlanta, USA.

Author Contributions

Conceptualization: JAJGvdB HAMM RM JFMW.

Formal analysis: JAJGvdB.

Funding acquisition: JFMW ADvZ PJB.

Investigation: HAMM ADvZ PJB PHvdB FGMR.

Methodology: JAJGvdB HAMM PHvdB.

Supervision: FGMR RM JFMW.

Writing – original draft: JAJGvdB HAMM.

Writing – review & editing: JAJGvdB HAMM PHvdB RM JFMW.

References

1. Vanholder R, De Smet R. Pathophysiologic effects of uremic retention solutes. J Am Soc Nephrol.

1999; 10(8):1815–23. PMID: 10446951

2. Duranton F, Cohen G, De Smet R, Rodriguez M, Jankowski J, Vanholder R, et al. Normal and patho-

logic concentrations of uremic toxins. J Am Soc Nephrol. 2012; 23(7):1258–70. PubMed Central

PMCID: PMCPMC3380651. doi: 10.1681/ASN.2011121175 PMID: 22626821

3. Vanholder R, De Smet R, Glorieux G, Argilés A, Baurmeister U, Brunet P, et al. Review on uremic tox-

ins: classification, concentration, and interindividual variability. Kidney Int. 2003; 63(5):1934–43. doi:

10.1046/j.1523-1755.2003.00924.x PMID: 12675874

Uremic Solutes in CKD

PLOS ONE | DOI:10.1371/journal.pone.0168117 December 29, 2016 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168117.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168117.s002
http://www.ncbi.nlm.nih.gov/pubmed/10446951
http://dx.doi.org/10.1681/ASN.2011121175
http://www.ncbi.nlm.nih.gov/pubmed/22626821
http://dx.doi.org/10.1046/j.1523-1755.2003.00924.x
http://www.ncbi.nlm.nih.gov/pubmed/12675874


4. Mutsaers HA, Engelke UF, Wilmer MJ, Wetzels JF, Wevers RA, van den Heuvel LP, et al. Optimized

metabolomic approach to identify uremic solutes in plasma of stage 3–4 chronic kidney disease

patients. PLoS One. 2013; 8(8):e71199. PubMed Central PMCID: PMCPMC3732267. doi: 10.1371/

journal.pone.0071199 PMID: 23936492

5. Mutsaers HA, van den Heuvel LP, Ringens LH, Dankers AC, Russel FG, Wetzels JF, et al. Uremic tox-

ins inhibit transport by breast cancer resistance protein and multidrug resistance protein 4 at clinically

relevant concentrations. PLoS One. 2011; 6(4):e18438. PubMed Central PMCID: PMCPMC3070735.

doi: 10.1371/journal.pone.0018438 PMID: 21483698

6. Kim SH, Yu MA, Ryu ES, Jang YH, Kang DH. Indoxyl sulfate-induced epithelial-to-mesenchymal transi-

tion and apoptosis of renal tubular cells as novel mechanisms of progression of renal disease. Lab

Invest. 2012; 92(4):488–98. doi: 10.1038/labinvest.2011.194 PMID: 22231736

7. Sun CY, Chang SC, Wu MS. Uremic toxins induce kidney fibrosis by activating intrarenal renin-angio-

tensin-aldosterone system associated epithelial-to-mesenchymal transition. PLoS One. 2012; 7(3):

e34026. PubMed Central PMCID: PMCPMC3316590. doi: 10.1371/journal.pone.0034026 PMID:

22479508

8. Bolati D, Shimizu H, Higashiyama Y, Nishijima F, Niwa T. Indoxyl sulfate induces epithelial-to-mesen-

chymal transition in rat kidneys and human proximal tubular cells. Am J Nephrol. 2011; 34(4):318–23.

doi: 10.1159/000330852 PMID: 21849772

9. Wikoff WR, Nagle MA, Kouznetsova VL, Tsigelny IF, Nigam SK. Untargeted metabolomics identifies

enterobiome metabolites and putative uremic toxins as substrates of organic anion transporter 1

(Oat1). J Proteome Res. 2011; 10(6):2842–51. PubMed Central PMCID: PMCPMC3201759. doi: 10.

1021/pr200093w PMID: 21476605

10. Giacomini KM, Huang SM, Tweedie DJ, Benet LZ, Brouwer KL, Chu X, et al. Membrane transporters in

drug development. Nat Rev Drug Discov. 2010; 9(3):215–36. PubMed Central PMCID:

PMCPMC3326076. doi: 10.1038/nrd3028 PMID: 20190787

11. Masereeuw R, Russel FG. Therapeutic implications of renal anionic drug transporters. Pharmacol Ther.

2010; 126(2):200–16. doi: 10.1016/j.pharmthera.2010.02.007 PMID: 20227439

12. Schneider R, Sauvant C, Betz B, Otremba M, Fischer D, Holzinger H, et al. Downregulation of organic

anion transporters OAT1 and OAT3 correlates with impaired secretion of para-aminohippurate after

ischemic acute renal failure in rats. Am J Physiol Renal Physiol. 2007; 292(5):F1599–605. doi: 10.1152/

ajprenal.00473.2006 PMID: 17244891

13. Song IS, Lee dY, Shin MH, Kim H, Ahn YG, Park I, et al. Pharmacogenetics meets metabolomics: dis-

covery of tryptophan as a new endogenous OCT2 substrate related to metformin disposition. PLoS

One. 2012; 7(5):e36637. PubMed Central PMCID: PMCPMC3348126. doi: 10.1371/journal.pone.

0036637 PMID: 22590580

14. Uwai Y, Honjo H, Iwamoto K. Interaction and transport of kynurenic acid via human organic anion trans-

porters hOAT1 and hOAT3. Pharmacol Res. 2012; 65(2):254–60. doi: 10.1016/j.phrs.2011.11.003

PMID: 22108572

15. Jansen J, Fedecostante M, Wilmer MJ, Peters JG, Kreuser UM, van den Broek PH, et al. Bioengineered

kidney tubules efficiently excrete uremic toxins. Sci Rep. 2016; 6:26715. PubMed Central PMCID:

PMCPMC4886219. doi: 10.1038/srep26715 PMID: 27242131

16. Mutsaers HA, Caetano-Pinto P, Seegers AE, Dankers AC, van den Broek PH, Wetzels JF, et al. Proxi-

mal tubular efflux transporters involved in renal excretion of p-cresyl sulfate and p-cresyl glucuronide:

Implications for chronic kidney disease pathophysiology. Toxicol In Vitro. 2015; 29(7):1868–77. doi: 10.

1016/j.tiv.2015.07.020 PMID: 26216510

17. Owada S, Maeba T, Sugano Y, Hirayama A, Ueda A, Nagase S, et al. Spherical carbon adsorbent

(AST-120) protects deterioration of renal function in chronic kidney disease rats through inhibition of

reactive oxygen species production from mitochondria and reduction of serum lipid peroxidation. Neph-

ron Exp Nephrol. 2010; 115(4):e101–11. doi: 10.1159/000313491 PMID: 20424488

18. Mutsaers HA, Wilmer MJ, Reijnders D, Jansen J, van den Broek PH, Forkink M, et al. Uremic toxins

inhibit renal metabolic capacity through interference with glucuronidation and mitochondrial respiration.

Biochim Biophys Acta. 2013; 1832(1):142–50. doi: 10.1016/j.bbadis.2012.09.006 PMID: 23017367

19. Neirynck N, Vanholder R, Schepers E, Eloot S, Pletinck A, Glorieux G. An update on uremic toxins. Int

Urol Nephrol. 2013; 45(1):139–50. doi: 10.1007/s11255-012-0258-1 PMID: 22893494

20. Akizawa T, Asano Y, Morita S, Wakita T, Onishi Y, Fukuhara S, et al. Effect of a carbonaceous oral

adsorbent on the progression of CKD: a multicenter, randomized, controlled trial. Am J Kidney Dis.

2009; 54(3):459–67. doi: 10.1053/j.ajkd.2009.05.011 PMID: 19615804

21. van Zuilen AD, Bots ML, Dulger A, van der Tweel I, van Buren M, Ten Dam MA, et al. Multifactorial inter-

vention with nurse practitioners does not change cardiovascular outcomes in patients with chronic kid-

ney disease. Kidney Int. 2012; 82(6):710–7. doi: 10.1038/ki.2012.137 PMID: 22739979

Uremic Solutes in CKD

PLOS ONE | DOI:10.1371/journal.pone.0168117 December 29, 2016 14 / 16

http://dx.doi.org/10.1371/journal.pone.0071199
http://dx.doi.org/10.1371/journal.pone.0071199
http://www.ncbi.nlm.nih.gov/pubmed/23936492
http://dx.doi.org/10.1371/journal.pone.0018438
http://www.ncbi.nlm.nih.gov/pubmed/21483698
http://dx.doi.org/10.1038/labinvest.2011.194
http://www.ncbi.nlm.nih.gov/pubmed/22231736
http://dx.doi.org/10.1371/journal.pone.0034026
http://www.ncbi.nlm.nih.gov/pubmed/22479508
http://dx.doi.org/10.1159/000330852
http://www.ncbi.nlm.nih.gov/pubmed/21849772
http://dx.doi.org/10.1021/pr200093w
http://dx.doi.org/10.1021/pr200093w
http://www.ncbi.nlm.nih.gov/pubmed/21476605
http://dx.doi.org/10.1038/nrd3028
http://www.ncbi.nlm.nih.gov/pubmed/20190787
http://dx.doi.org/10.1016/j.pharmthera.2010.02.007
http://www.ncbi.nlm.nih.gov/pubmed/20227439
http://dx.doi.org/10.1152/ajprenal.00473.2006
http://dx.doi.org/10.1152/ajprenal.00473.2006
http://www.ncbi.nlm.nih.gov/pubmed/17244891
http://dx.doi.org/10.1371/journal.pone.0036637
http://dx.doi.org/10.1371/journal.pone.0036637
http://www.ncbi.nlm.nih.gov/pubmed/22590580
http://dx.doi.org/10.1016/j.phrs.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22108572
http://dx.doi.org/10.1038/srep26715
http://www.ncbi.nlm.nih.gov/pubmed/27242131
http://dx.doi.org/10.1016/j.tiv.2015.07.020
http://dx.doi.org/10.1016/j.tiv.2015.07.020
http://www.ncbi.nlm.nih.gov/pubmed/26216510
http://dx.doi.org/10.1159/000313491
http://www.ncbi.nlm.nih.gov/pubmed/20424488
http://dx.doi.org/10.1016/j.bbadis.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23017367
http://dx.doi.org/10.1007/s11255-012-0258-1
http://www.ncbi.nlm.nih.gov/pubmed/22893494
http://dx.doi.org/10.1053/j.ajkd.2009.05.011
http://www.ncbi.nlm.nih.gov/pubmed/19615804
http://dx.doi.org/10.1038/ki.2012.137
http://www.ncbi.nlm.nih.gov/pubmed/22739979


22. Poesen R, Mutsaers HA, Windey K, van den Broek PH, Verweij V, Augustijns P, et al. The Influence of

Dietary Protein Intake on Mammalian Tryptophan and Phenolic Metabolites. PLoS One. 2015; 10(10):

e0140820. PubMed Central PMCID: PMCPMC4607412. doi: 10.1371/journal.pone.0140820 PMID:

26469515

23. Wishart DS, Jewison T, Guo AC, Wilson M, Knox C, Liu Y, et al. HMDB 3.0—The Human Metabolome

Database in 2013. Nucleic Acids Res. 2013; 41(Database issue):D801–7. PubMed Central PMCID:

PMCPMC3531200. doi: 10.1093/nar/gks1065 PMID: 23161693

24. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical

measurement. Lancet. 1986; 1(8476):307–10. PMID: 2868172

25. Barreto FC, Barreto DV, Liabeuf S, Meert N, Glorieux G, Temmar M, et al. Serum indoxyl sulfate is

associated with vascular disease and mortality in chronic kidney disease patients. Clin J Am Soc

Nephrol. 2009; 4(10):1551–8. PubMed Central PMCID: PMCPMC2758258. doi: 10.2215/CJN.

03980609 PMID: 19696217

26. Meijers BK, Claes K, Bammens B, de Loor H, Viaene L, Verbeke K, et al. p-Cresol and cardiovascular

risk in mild-to-moderate kidney disease. Clin J Am Soc Nephrol. 2010; 5(7):1182–9. PubMed Central

PMCID: PMCPMC2893077. doi: 10.2215/CJN.07971109 PMID: 20430946

27. Masereeuw R, Mutsaers HAM, Toyohara T, Abe T, Jhawar S, Sweet DH, et al. The Kidney and Uremic

Toxin Removal: Glomerulus or Tubule? Seminars in Nephrology. 2014; 34(2):191–208. doi: 10.1016/j.

semnephrol.2014.02.010 PMID: 24780473

28. Mutsaers HAM, Caetano-Pinto P, Seegers AEM, Dankers ACA, van den Broek PHH, Wetzels JFM,

et al. Proximal tubular efflux transporters involved in renal excretion of p-cresyl sulfate and p-cresyl glu-

curonide: Implications for chronic kidney disease pathophysiology. Toxicology in Vitro. 2015; 29

(7):1868–77. doi: 10.1016/j.tiv.2015.07.020 PMID: 26216510

29. Eloot S, Schepers E, Barreto DV, Barreto FC, Liabeuf S, Van Biesen W, et al. Estimated glomerular fil-

tration rate is a poor predictor of concentration for a broad range of uremic toxins. Clin J Am Soc

Nephrol. 2011; 6(6):1266–73. PubMed Central PMCID: PMCPMC3109921. doi: 10.2215/CJN.

09981110 PMID: 21617084

30. Vanholder R, Eloot S, Schepers E, Neirynck N, Glorieux G, Massy Z. an Obituary for GFR as the main

marker for kidney function? Semin Dial. 2012; 25(1):9–14. doi: 10.1111/j.1525-139X.2011.01003.x

PMID: 22141430

31. Cooper BA, Branley P, Bulfone L, Collins JF, Craig JC, Fraenkel MB, et al. A randomized, controlled

trial of early versus late initiation of dialysis. N Engl J Med. 2010; 363(7):609–19. doi: 10.1056/

NEJMoa1000552 PMID: 20581422

32. Niewczas MA, Sirich TL, Mathew AV, Skupien J, Mohney RP, Warram JH, et al. Uremic solutes and

risk of end-stage renal disease in type 2 diabetes: metabolomic study. Kidney Int. 2014.

33. Wu IW, Hsu KH, Lee CC, Sun CY, Hsu HJ, Tsai CJ, et al. p-Cresyl sulphate and indoxyl sulphate predict

progression of chronic kidney disease. Nephrol Dial Transplant. 2011; 26(3):938–47. PubMed Central

PMCID: PMCPMC3042976. doi: 10.1093/ndt/gfq580 PMID: 20884620

34. van der Kloet FM, Tempels FW, Ismail N, van der Heijden R, Kasper PT, Rojas-Cherto M, et al. Discov-

ery of early-stage biomarkers for diabetic kidney disease using ms-based metabolomics (FinnDiane

study). Metabolomics. 2012; 8(1):109–19. PubMed Central PMCID: PMCPMC3258399. doi: 10.1007/

s11306-011-0291-6 PMID: 22279428

35. Poesen R, Evenepoel P, de Loor H, Kuypers D, Augustijns P, Meijers B. Metabolism, Protein Binding,

and Renal Clearance of Microbiota-Derived p-Cresol in Patients with CKD. Clin J Am Soc Nephrol.

2016.

36. Rothman KJ, Greenland S, Lash TL. Modern Epidemiology. 3rd ed ed. Philadelphia: Lippincott Wil-

liams and Wilkins; 2008.

37. Koepsell H. The SLC22 family with transporters of organic cations, anions and zwitterions. Mol Aspects

Med. 2013; 34(2–3):413–35. doi: 10.1016/j.mam.2012.10.010 PMID: 23506881

38. Trécherel E, Godin C, Louandre C, Benchitrit J, Poirot S, Mazière JC, et al. Upregulation of BAD, a pro-

apoptotic protein of the BCL2 family, in vascular smooth muscle cells exposed to uremic conditions. Bio-

chem Biophys Res Commun. 2012; 417(1):479–83. doi: 10.1016/j.bbrc.2011.11.144 PMID: 22172950

39. Cohen G, Rudnicki M, Hörl WH. Uremic toxins modulate the spontaneous apoptotic cell death and

essential functions of neutrophils. Kidney Int Suppl. 2001; 78:S48–52. doi: 10.1046/j.1523-1755.2001.

59780048.x PMID: 11168982

40. Ruggenenti P, Gaspari F, Cannata A, Carrara F, Cella C, Ferrari S, et al. Measuring and estimating

GFR and treatment effect in ADPKD patients: results and implications of a longitudinal cohort study.

PLoS One. 2012; 7(2):e32533. PubMed Central PMCID: PMCPMC3291245. doi: 10.1371/journal.

pone.0032533 PMID: 22393413

Uremic Solutes in CKD

PLOS ONE | DOI:10.1371/journal.pone.0168117 December 29, 2016 15 / 16

http://dx.doi.org/10.1371/journal.pone.0140820
http://www.ncbi.nlm.nih.gov/pubmed/26469515
http://dx.doi.org/10.1093/nar/gks1065
http://www.ncbi.nlm.nih.gov/pubmed/23161693
http://www.ncbi.nlm.nih.gov/pubmed/2868172
http://dx.doi.org/10.2215/CJN.03980609
http://dx.doi.org/10.2215/CJN.03980609
http://www.ncbi.nlm.nih.gov/pubmed/19696217
http://dx.doi.org/10.2215/CJN.07971109
http://www.ncbi.nlm.nih.gov/pubmed/20430946
http://dx.doi.org/10.1016/j.semnephrol.2014.02.010
http://dx.doi.org/10.1016/j.semnephrol.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24780473
http://dx.doi.org/10.1016/j.tiv.2015.07.020
http://www.ncbi.nlm.nih.gov/pubmed/26216510
http://dx.doi.org/10.2215/CJN.09981110
http://dx.doi.org/10.2215/CJN.09981110
http://www.ncbi.nlm.nih.gov/pubmed/21617084
http://dx.doi.org/10.1111/j.1525-139X.2011.01003.x
http://www.ncbi.nlm.nih.gov/pubmed/22141430
http://dx.doi.org/10.1056/NEJMoa1000552
http://dx.doi.org/10.1056/NEJMoa1000552
http://www.ncbi.nlm.nih.gov/pubmed/20581422
http://dx.doi.org/10.1093/ndt/gfq580
http://www.ncbi.nlm.nih.gov/pubmed/20884620
http://dx.doi.org/10.1007/s11306-011-0291-6
http://dx.doi.org/10.1007/s11306-011-0291-6
http://www.ncbi.nlm.nih.gov/pubmed/22279428
http://dx.doi.org/10.1016/j.mam.2012.10.010
http://www.ncbi.nlm.nih.gov/pubmed/23506881
http://dx.doi.org/10.1016/j.bbrc.2011.11.144
http://www.ncbi.nlm.nih.gov/pubmed/22172950
http://dx.doi.org/10.1046/j.1523-1755.2001.59780048.x
http://dx.doi.org/10.1046/j.1523-1755.2001.59780048.x
http://www.ncbi.nlm.nih.gov/pubmed/11168982
http://dx.doi.org/10.1371/journal.pone.0032533
http://dx.doi.org/10.1371/journal.pone.0032533
http://www.ncbi.nlm.nih.gov/pubmed/22393413


41. Ramezani A, Raj DS. The gut microbiome, kidney disease, and targeted interventions. J Am Soc

Nephrol. 2014; 25(4):657–70. PubMed Central PMCID: PMCPMC3968507. doi: 10.1681/ASN.

2013080905 PMID: 24231662

42. Poesen R, Windey K, Neven E, Kuypers D, De Preter V, Augustijns P, et al. The Influence of CKD on

Colonic Microbial Metabolism. J Am Soc Nephrol. 2016; 27(5):1389–99. PubMed Central PMCID:

PMCPMC4849823. doi: 10.1681/ASN.2015030279 PMID: 26400570

Uremic Solutes in CKD

PLOS ONE | DOI:10.1371/journal.pone.0168117 December 29, 2016 16 / 16

http://dx.doi.org/10.1681/ASN.2013080905
http://dx.doi.org/10.1681/ASN.2013080905
http://www.ncbi.nlm.nih.gov/pubmed/24231662
http://dx.doi.org/10.1681/ASN.2015030279
http://www.ncbi.nlm.nih.gov/pubmed/26400570

