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SERUM CONCENTRATIONS OF p-CRESYL SULFATE AND INDOXYL SULFATE, BUT NOT 
INFLAMMATORY MARKERS, INCREASE IN INCIDENT PERITONEAL DIALYSIS  

PATIENTS IN PARALLEL WITH LOSS OF RESIDUAL RENAL FUNCTION

Liesbeth Viaene, Björn K.I. Meijers, Bert Bammens, Yves Vanrenterghem, and Pieter Evenepoel

Nephrology, University Hospitals, Leuven, Belgium

♦ Background: High serum concentrations of the protein-
bound uremic retention solutes p-cresyl sulfate (PCS) and 
indoxyl sulfate (IndS) and inflammation are associated with 
increased cardiovascular morbidity and mortality in chronic 
kidney disease. Renal clearance contributes to up to 80% 
of the total clearance of PCS and IndS in peritoneal dialysis 
(PD) patients. Cross-sectional studies evaluating the impact 
of residual renal function (RRF) on serum concentrations 
of PCS, IndS, and circulating inflammatory markers have 
yielded conflicting results.
♦ Methods: To clarify this issue, we carried out a prospec-
tive observational cohort study in incident PD patients 
(n = 35; 19 men; mean age: 55 ± 17 years). Midday blood 
samples were collected and analyzed for total serum PCS, 
IndS, C-reactive protein, and high-sensitivity interleukin 6. 
Peritoneal and renal clearances were calculated from urine 
and dialysate collections, and RRF was calculated as the 
mean of renal urea nitrogen and creatinine clearances. 
Patients were assessed 1, 6, 12, and 24 months after PD 
start. Differences between time points were analyzed using 
linear mixed models (LMMs).
♦ Results: Residual renal function declined significantly 
over time (LMM p < 0.0001). Peritoneal clearances of both 
toxins tended to increase, but did not compensate for the 
declining renal clearances. Serum concentrations of PCS 
and IndS increased significantly over time (LMM p = 0.01; 
p = 0.0009). In contrast, total mass removal of both toxins 
remained stable. Circulating inflammatory markers did not 
change over time.
♦ Conclusions: Our data indicate that serum concentrations 
of PCS and IndS, but not inflammatory markers, increase in 
incident PD patients in parallel with loss of RRF.
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Residual renal function (RRF) has a beneficial effect 
on survival in peritoneal dialysis (PD) patients (1,2). 

Several hypotheses have been formulated to explain that 
finding. In the presence of RRF, adequate fluid balance 
is better maintained, phosphorus control is superior, 
and renal endocrine functions are preserved (3–5). In 
addition, even a small amount of RRF can contribute 
significantly to the removal of uremic toxins, especially 
toxins relying on renal metabolism or tubular secretion, 
such as p-cresyl sulfate (PCS) and indoxyl sulfate (IndS). 
Renal clearance might contribute up to 80% of total 
clearance of PCS in PD patients (6). Surprisingly, in a 
recent cross-sectional study involving 34 PD patients, 
Pham et al. (7) reported that serum concentrations of PCS 
were similar in anuric and non-anuric patients and that 
serum concentrations of IndS were modestly increased in 
anuric patients only. The authors raised the hypothesis 
that lower PCS and IndS generation rates were obscur-
ing the consequences of decreased renal clearance. 
Concentrations of uremic retention molecules (URMs) 
indeed reflect a dynamic balance of removal, generation, 
and exchange between intracellular and extracellular 
stores. Like the study by Pham and colleagues, a recent 
prospective study with 24 incident PD patients failed to 
demonstrate increasing PCS levels parallel with declining 
RRF (6). Those studies were, however, all hampered by 
either cross-sectional design or short follow-up.

Inflammation is highly prevalent (12% – 65%) in 
patients on dialysis (8). Loss of RRF has been associated 
with an increased inflammatory response as denoted 
by increased levels of C-reactive protein (CRP), soluble 
vascular cell adhesion molecules, and interleukin 6 (IL-6) 
in hemodialysis and PD patients alike (9–11). Decreased 
clearance of cytokines, fluid overload, and accumulation 
of compounds that trigger the inflammatory response—
such as advanced glycation endproducts (12) and IndS 
and PCS (13,14)—have all been suggested as factors in 
the association between inflammation and RRF.

To establish the impact of RRF on serum concentra-
tions of PCS and IndS and any resulting association with 
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inflammation, we carried out a prospective study in 
incident PD patients.

METHODS

STUDY POPULATION

Our study recruited 35 incident PD patients from an 
ongoing prospective observational study (NCT01306149). 
To increase the homogeneity of the study population, 
only patients with a technique survival exceeding 2 years 
and no missing clinic visits were selected for inclusion. 
Most patients were started on a continuous ambulatory 
PD regimen with 4 exchanges of conventional lactate-
buffered glucose solutions (Dianeal 1.36%: Baxter 
Healthcare, Lessines, Belgium), the so-called full-dose 
regimen. At a later stage, some patients were switched to 
a cycler, mainly because of personal preference. Patients 
were followed at the outpatient clinic at 6- to 8-week 
intervals. At each visit, clinical parameters, biochemistry, 
Kt/V, and creatinine clearance were assessed to guide 
dialytic and medical therapy. A total weekly Kt/V of 1.7 or 
more was aimed for (adequacy target), and normovolemia 
was targeted with the use of any one or a combination 
of loop diuretics, hypertonic glucose solutions (Dianeal 
3.86%: Baxter Healthcare), and polyglucose icodextrin 
(Extraneal: Baxter Healthcare), as judged appropriate 
by the treating physician.

The study was approved by the ethics committee of 
the University Hospitals, Leuven, and informed consent 
was obtained from all patients.

STUDY VISITS AND PROCEDURES

Patients were assessed 1, 6, 12, and 24 months after 
PD start. All patients were free of infectious complications 
at the time of evaluation. At each visit, urine and peri-
toneal effluent collected during the preceding 24-hour 
period were weighed and sampled, and a midday blood 
sample was obtained. All samples were stored at –80°C 
until analysis. Demographics and maintenance mineral 
metabolism therapy were recorded at all visits.

ANALYTICAL TECHNIQUES

As previously described (15), high-performance liquid 
chromatography (Alliance 2695 coupled to a Waters 2475 
fluorescence detector: Waters, Zellik, Belgium) was used 
to quantify PCS and IndS. Free PCS and IndS concentra-
tions were measured at 37°C in serum ultrafiltered with 
the use of 30 000-Da molecular cut-off filters (Centifree 
UF devices: Amicon, Beverly, MA, USA). Ultrafiltrates 

(600 μL) were concentrated using a vacuum concentra-
tor (Christ rotary vacuum concentrator 2-18 and cool 
trap 2-50: Qlab, Vilvoorde, Belgium) at 30°C overnight. 
Dried ultrafiltrates were dissolved in 200 μL phosphate-
buffered saline by sonication for 30 minutes. Limits of 
quantification were 3.2 μmol/L for IndS and 1.8 μmol/L 
for PCS. Recovery, tested in hemodialysis patients, was 
105% for PCS and 102% for IndS. Total, within-run, 
between-run, and between-day imprecision values for 
PCS and IndS were less than 6%. Standard assays were 
used to measure creatinine, urea nitrogen, and CRP. 
High-sensitivity IL-6 (hsIL-6) was measured by enzyme-
linked immunosorbent assay (eBioscience, San Diego, 
CA, USA).

CALCULATIONS AND DEFINITIONS

Residual renal function was estimated by calculating 
the arithmetic mean of renal urea nitrogen and creati-
nine clearances, expressed in milliliters per minute per 
1.73 m2 of body surface area. Anuria was defined as 
24-hour urine output less than 100 mL or RRF less than 
1 mL/min/1.73 m2. Peritoneal, renal, and total clear-
ances normalized to 1.73 m2 of body surface area (liters 
per week per 1.73 m2) were calculated for creatinine 
and urea nitrogen by direct determination from dialysis 
effluent, urine, and midday serum solute concentra-
tions. Values for peritoneal, renal, and total Kt/V were 
calculated only for urea nitrogen (Kt/VUN). The Du Bois 
and Du Bois method was used to estimate body surface 
area (16). The distribution volume of urea nitrogen (V) 
was assessed using the Watson formula for total body 
water (17). Values for the normalized protein equivalent 
of nitrogen appearance were calculated according to 
Bergström et al. (18).

STATISTICS

Data are expressed as mean ± standard deviation 
or median and interquartile range, as appropriate. 
Differences (month 1 vs month 23) were evaluated 
using the paired t-test or a nonparametric analog (as 
appropriate) for continuous data and a chi-square test 
of association for categorical data. The linear mixed 
model method was used to analyze the time course 
of solute concentrations and their clearances in PD 
patients. Dialysis vintage, defined as the number of 
months from the start of PD treatment, was introduced 
as a fixed effect. The model used random effects to allow 
for inter-individual variation of the intercept and slope 
of time courses. The linearity assumption, an essen-
tial condition for the use of linear mixed models, was 
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checked for all variables. Nonlinear data were (natural) 
log-transformed for the linear mixed model analysis; to 
include all variables, the transformation was applied to 
renal clearance values plus 1. A two-sided p < 0.05 was 
considered statistically significant. The SAS software 
program (version 9.2: SAS Institute, Cary, NC, USA) was 
used for the statistical analysis.

RESULTS

PATIENT CHARACTERISTICS

Table 1 summarizes the characteristics of the study 
group. Of the 35 patients, 19 were men. Causes of end-
stage renal disease were diabetic nephropathy (n = 6), 
polycystic kidney disease or congenital kidney disease (n = 
6), glomerular disease (n = 7), tubulointerstitial disease 
(n = 2), vascular disease (n = 2), miscellaneous (n = 1), 
and unknown (n = 11). At the start of PD therapy, mean 
age in the group was 57 ± 17 years. Residual renal func-
tion was 5.3 mL/min/m2 (range: 3.1 – 7.2 mL/min/m2) 

1 month after PD start. The use of icodextrin increased 
significantly over time.

TIME PROFILES OF URM SERUM CONCENTRATIONS, 
CLEARANCES, AND TOTAL MASS REMOVAL

Table 1 shows a time profile of the serum concentra-
tion of URMs. Serum creatinine, PCS, and IndS, but not 
urea nitrogen, increased significantly over time. Figure 1 
and Table 2 show the time course of renal, peritoneal, and 
total clearances. Total clearances of all URMs declined 
significantly over time. This decline can be attributed 
solely to the loss of RRF, because peritoneal clearances 
remained stable. The decrease in total weekly Kt/VUN 
was modest (to 2.1 from 2.3). Total Kt/VUN exceeded the 
target of 1.7 in more than 85% of the patients at all time 
points. At month 24, RRF contributed up to 87%, 75%, 
48%, and 29% of total clearances of PCS, IndS, creati-
nine, and urea nitrogen respectively. Table 3 shows the 
serum concentration and total mass removal of protein-
bound URMs at month 24 for anuric and non-anuric PD 

TABLE 1 
Time Course of Dialysis Modality, Adequacy, and Protein-Bound Toxins During Two Years of  

Successful Peritoneal Dialysis Therapy

 Time point (months) p Value
  Variable 1 6 12 24 (1 vs 24) (LMM)

CAPD/APD (n) 25/10 11/24 10/25 9/26 0.0001 —
Use of icodextrin (n) 12 17 19 24 0.04 —
Dry weight (kg) 66.0±14.7 66.1±15.4 66.6±15.2 66.6±15.5 0.6 0.5
nPNA (g/kg/day) 1.8±0.4 1.8±0.4 1.9±0.4 1.9±0.5 0.7 0.9a

Albumin (g/dL) 39.4±3.8 40.7±3.6 40.5±3.0 40.6±3.6 0.1 0.2
RRF (mL/min/1.73 m2) 4.7 (3.0–6.3) 4.1 (1.6–6.1) 3.4 (2.2–5.2) 3.2 (1.4–4.9) 0.03 <0.0001a

Anuria (yes/no) 2/33 3/31 5/30 10/24 0.005 —
Creatinine (mg/dL) 6.5±2.7 7.0±2.8 7.2±2.7 7.9±3.0 0.0001 <0.0001
Urea nitrogen 104.8±32.3 108.2±34.9 108.7±33.8 109.9±33.5 0.4 0.3
hsIL-6 (pg/mL) 3.12 (2.25–4.19) 3.13 (2.59–6.28) 3.07 (2.36–5.82) 4.34 (2.8–7.54) 0.7 0.08
C-Reactive protein  
 (mg/L) 

4.0 (1.7–9.6) 3.5 (1.1–6.2) 2.6 (1.1–9.9) 4.1 (1.2–11.3) 0.61 0.85

Total PCS (μmol/L) 83.8 (51.1–138.2) 99.3 (75.0–160.9) 107.2 (66.5–156.5) 122.0 (57.2–183.5) 0.03 0.01
Total IndS (μmol/L) 43.0 (29.7–61.6) 57.2 (30.1–76.9) 60.0 (31.4–83.2) 65.8 (45.9–93.8) 0.008 0.009
Total weekly mass  
 removal      
 Creatinine (g) 43.02±21.15 39.61±20.54 38.0±23.0 33.79±18.21 0.01 0.0006
 Urea nitrogen (g) 387.56±250.87 323.13±271.22 318.90±285.85 288.0±255.91 0.005 0.002
 PCS (mg) 235 (147–499) 209 (104–370) 215 (117–407) 195 (122–448) 0.3 0.7
 Indoxyl sulfate (mg) 260 (175–475) 210 (130–383) 237 (145–375) 266 (196–285) 0.6 0.6

LMM = linear mixed model; CAPD = continuous ambulatory peritoneal dialysis; APD = automated peritoneal dialysis; nPNA = 
 normalized protein equivalent of nitrogen appearance; RRF = residual renal function; hsIL-6 = high sensitivity interleukin 6;  
PCS = p-cresyl sulfate; IndS = indoxyl sulfate.
a Natural logarithm.
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decline in RRF. Circulating inflammatory markers did not 
change over time.

p-Cresyl sulfate and IndS are both prototypic repre-
sentatives of protein-bound URMs (19). Renal clearance 
of PCS and IndS occurs mainly through tubular secretion 
(20). The dialytic clearance of protein-bound URMs is 
limited (6,21) because only the free fraction is avail-
able for diffusion across the dialysis membrane (22). In 
contrast to prevailing beliefs, high-flux hemodialysis 
was shown to be better than PD at clearing PCS (23). 
Thus, especially in PD patients, removal of PCS and IndS 
depends largely on RRF. The present study confirms that 
dependence, showing that RRF accounts for more than 
75% of total PCS and IndS clearance, even 2 years after 
dialysis initiation. Despite the paramount importance of 
RRF, investigators have so far failed to show increased 
serum levels of PCS and IndS in PD patients with declining 
or lost RRF (7,19). However, those studies were hampered 
by cross-sectional design or short follow-up. Our present 
longitudinal cohort study provides convincing evidence 
that, in incident PD patients, serum concentrations of PCS 
and IndS increase over time parallel with decline in RRF.

If we assume no net exchanges between the intra-
cellular and extracellular compartments, the serum 

patients. Serum concentrations of IndS, but not PCS, were 
higher in anuric patients, whereas total mass removal of 
both toxins was lower in that group. Serum concentra-
tions, clearances, and total mass removal of PCS and IndS 
were not different between continuous ambulatory PD 
and automated PD patients or between icodextrin users 
and non-users (data not shown).

TIME PROFILES OF SELECTED MARKERS OF INFLAMMATION

Serum levels of CRP and hsIL-6 remained stable in 
incident PD patients up to 2 years after dialysis initiation 
(Table 1). Serum levels of CRP and hsIL-6 did not differ 
significantly between anuric and non-anuric patients 
(Table 2), but hsIL-6 levels tended to be higher in anu-
ric individuals. We observed no significant correlations 
between inflammatory markers, indices of RRF, and serum 
levels of PCS and IndS at any time (data not shown).

DISCUSSION

The major finding of the present prospective obser-
vational study is that serum concentrations of PCS and 
IndS increased in incident PD patients in parallel with 

Figure 1 — Time course of renal (open squares), peritoneal (closed squares), and total (closed circles) clearances over time. PCS = 
p-cresyl sulfate; IndS = indoxyl sulfate.
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concentrations of URMs reflect the balance between 
generation and elimination. p-Cresyl sulfate and IndS 
are both endproducts of bacterial protein fermentation 
in the colon (24). In steady state, total mass removal 

may be assumed to equal the colonic generation rate. 
In the present study, the intestinal production rate, 
estimated as total mass removal, remained stable over 
time for both URMs, suggesting that the increased serum 

TABLE 2 
Time Course of Renal, Peritoneal, and Total Clearances During Two Years of Peritoneal Dialysis Therapy

 Weekly clearance by time point (months) p Value
  Solute 1 6 12 24 (1 vs 24) (LMM)

Creatinine (L/1.73 m2)      
 Total 118.6±56.7 104.8±45.3 102.3±45.9 95.1±41.5 0.008 0.0004
 Dialytic 38.6±11.1 40.9±10.3 39.7±12.3 41.3±12.3 0.24 0.11
 Renal 80±58.5 65.8±51 62.5±51.8 53.9±46.5 0.002 <0.0001
Urea (L/1.73 m2)      
 Total 94.7±28.6 87±18.6 86.4±19 85±18.3 0.05 0.02
 Dialytic 54.7±11.6 57.3±11.8 56.7±12.6 58.2±131.1 0.14 0.07
 Renal 40±31 30.5±25.4 29.6±25.2 26.9±23.4 0.002 0.0001
Kt/V      
 Total 2.6±1.0 2.3±0.6 2.3±0.6 2.3±0.6 0.05 0.01
 Dialytic 1.5±0.4 1.6±0.4 1.5±.4 1.6±0.4 0.23 0.15
 Renal 1.1±0.9 0.8±0.7 0.8±0.7 0.7±0.7 0.005 0.0004
PCS (L/1.73 m2)      
 Total 16.6 (8.2–21.6) 9.1 (5.9–13.5) 9.7 (5.1–18.0) 10.7 (6.1–15.0) 0.004 0.005
 Dialytic 2.2 (1.8–3.0) 1.8 (1.3–2.8) 2.2 (1.6–2.8) 2.8 (1.7–3.3) 0.49 0.21
 Renal 13.9 (5.7–21.6) 7.3 (4.5–11.3) 7.7 (3.5–14.0) 7.7 (1.6–13.2) <0.0001 <0.0001
IndS (L/1.73 m2)      
 Total 31.8 (15.5–60.2) 19.5 (11.1–26.3) 23.8 (9.7–37.9) 23.4 (8.8–35.9) 0.002 0.0013
 Dialytic 3.2 (2.3–4.5) 2.3 (1.9–3.0) 2.8 (2.3–3.4) 3.7 (2.6–4.3) 0.60 0.31
 Renal 30.4 (12.9–51.0) 16.2 (8.3–23.8) 21.2 (2.3–3.4) 18.8 (4.4–32.0) <0.0001 <0.0001

LMM = linear mixed model; PCS = p-cresyl sulfate; IndS = indoxyl sulfate.

TABLE 3 
Total Weekly Mass Removal Depending on Residual Renal Function in Peritoneal Dialysis Patients  

After Two Years of Therapy

 Anuria p
  Variable No Yes Value

Patients (n) 24 10 
Creatinine (mg/dL) 7.2±3.2 9.8±1.9 0.003
Urea nitrogen (mg/dL) 110.3±37.5 111.6±24.2 0.69
PCS (μmol/L) 125.4 (83.7–171.9) 119.4 (42.1–185.2) 0.51
IndS (μmol/L) 56.6 (43.6–76.3) 104.1 (68.8–153.9) 0.02
C-Reactive protein (mg/L) 3.8 (1.4–7.5) 5.5 (1.2–12.1) 0.8
hsIL-6 (pg/mL) 4.3 (2.5–7.5) 9.0 (3.3–20.2) 0.08
Total weekly mass removal (mg)   
 Creatinine 42.6±11.8 10.4±9.1 <0.0001
 Urea nitrogen 377.7±244.9 48.8±32.0 <0.0001
 PCS 276 (166–582) 111 (55–142) 0.007
 IndS 311 (196–471) 214 (97–292) 0.06

PCS = p-cresyl sulfate; IndS = indoxyl sulfate; hsIL-6 = high sensitivity interleukin 6.
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concentrations we observed are a unique reflection 
of impaired elimination. We observed that, compared 
with non-anuric PD patients, anuric PD patients expe-
rienced less total mass removal of both PCS and IndS, 
consistent with data in the literature (7). The greater 
mass removal of both toxins in non-anuric PD patients 
is most probably the result of higher protein intake, 
which is suggested by the greater mass removal of urea 
nitrogen in those patients. It is well established that a 
high protein diet fosters bacterial protein fermentation 
in the large intestine, resulting in increased generation 
of p-cresol and indole, the precursors of PCS and IndS 
(25–27). Our findings are consistent with data from a 
large cross-sectional study showing that RRF in continu-
ous ambulatory PD patients is correlated with dietary 
protein intake, independent of dialysis adequacy (28). 
The apparent discrepancy between serum PCS and IndS 
in non-anuric and anuric patients confirms yet again 
that both toxins are endproducts of unrelated bacterial 
metabolic pathways. Decreased intestinal production was 
most pronounced for PCS and might explain why serum 
concentrations of PCS were comparable in both groups, 
despite markedly different RRF.

Several lines of evidence indicate that PCS and IndS 
are implicated in the pathogenesis of accelerated cardio-
vascular disease and adynamic bone disease. In vitro data 
show that PCS and IndS cause endothelial dysfunction 
and cell senescence by generating intracellular oxidative 
stress (29–37). Consistent with those in vitro data, high 
serum concentrations of PCS and IndS have repeatedly 
been associated with increased all-cause mortality and 
with cardiovascular mortality and morbidity in patients 
with chronic kidney disease (38–41).

Loss of RRF has been associated with increased inflam-
matory response in incident PD patients (42). Prospective 
studies addressing the issue are scarce. One small cohort 
had increased serum IL-6 levels after 1 year of PD therapy 
(11). The largest prospective study also failed to observe 
a significant increase after 1 year of PD therapy (43). Our 
data after 2 years of PD therapy further challenge the 
thesis that loss of RRF per se contributes to the uremic 
pro-inflammatory milieu.

Preservation of RRF is a well-established independent 
predictor of survival in hemodialysis (44,45) and PD 
patients (1,2) alike. Although preservation of RRF might 
simply represent a marker of better cardiovascular health, 
it is tempting to speculate on a causal relationship 
between RRF and cardiovascular outcomes (9). Residual 
renal function facilitates maintenance of adequate fluid 
balance, helps to maintain phosphorus homeostasis, and 
better preserves renal endocrine functions (3,4,46). Our 
data strengthen the thesis that conservation of renal 

elimination mechanisms other than glomerular filtration 
(tubular secretion, metabolism) also contributes to the 
inverse relationship between RRF and mortality.

We acknowledge that our study has several limitations. 
First, the number of patients was rather low. However, to 
the best of our knowledge, this is the largest prospective 
study, with the longest follow-up, involving incident PD 
patients. A type 2 statistical error with respect to the 
effect of RRF on inflammation cannot be excluded. At a 
minimum, our study challenges the independent role of 
RRF in inflammation and raises the need for additional 
data. Second, only patients with a technique survival of at 
least 2 years were enrolled, which could have introduced 
selection bias. When designing the study, we argued that 
a homogeneous study population would be most suited to 
the primary aim: that is, to evaluate the impact of RRF on 
serum PCS and IndS and on inflammation. We excluded 
patients experiencing technique failure within 2 years of 
the start of PD, which in many case is related to recurrent 
peritonitis, ultrafiltration failure, or mechanical prob-
lems—all potential confounders of the primary aim.

CONCLUSIONS

Serum concentrations of PCS and IndS increase in 
incident PD patients in parallel with loss of RRF. Increased 
serum PCS and IndS may be hypothesized to be on the 
causal pathway between RRF and mortality.
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