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Abstract: High serum levels of gut-derived uremic toxins, especially p-cresyl sulfate (pCS), indoxyl
sulfate (IS) and indole acetic acid (IAA), have been linked to adverse outcomes in patients with chronic
kidney disease (CKD). Sevelamer carbonate could represent an interesting option to limit the elevation
of gut-derived uremic toxins. The aim of the present study was to evaluate the adsorptive effect of
sevelamer carbonate on different gut-derived protein-bound uremic toxins or their precursors in vitro,
and its impact on the serum levels of pCS, IS and IAA in patients with CKD stage 3b/4. For the in vitro
experiments, IAA, p-cresol (precursor of pCS) and indole (precursor of IS), each at a final concentration
of 1 or 10 pg/mL, were incubated in centrifugal 30 kDa filter devices with 3 or 15 mg/mL sevelamer
carbonate in phosphate-buffered saline at a pH adjusted to 6 or 8. Then, samples were centrifuged and
free uremic toxins in the filtrates were analyzed. As a control experiment, the adsorption of phosphate
was also evaluated. Additionally, patients with stage 3b/4 CKD (defined as an eGFR between 15 and
45 mL/min per 1.73 mz) were included in a multicenter, double-blind, placebo-controlled, randomized
clinical trial. The participants received either placebo or sevelamer carbonate (4.8 g) three times a day
for 12 weeks. The concentrations of the toxins and their precursors were measured using a validated
high-performance liquid chromatography method with a diode array detector. In vitro, regardless of
the pH and concentration tested, sevelamer carbonate did not show adsorption of indole and p-cresol.
Conversely, with 10 pg/mL IAA, use of a high concentration of sevelamer carbonate (15 mg/mL)
resulted in a significant toxin adsorption both at pH 8 (mean reduction: 26.3 + 3.4%) and pH 6
(mean reduction: 38.7 + 1.7%). In patients with CKD stage 3b/4, a 12-week course of treatment with
sevelamer carbonate was not associated with significant decreases in serum pCS, IS and IAA levels
(median difference to baseline levels: —0.12, 0.26 and —0.06 ug/mL in the sevelamer group vs. 1.97,
0.38 and 0.05 pg/mL in the placebo group, respectively). Finally, in vitro, sevelamer carbonate was
capable of chelating a gut-derived uremic toxin IAA but not p-cresol and indole, the precursors of
pCS and IS in the gut. In a well-designed clinical study of patients with stage 3b/4 CKD, a 12-week
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course of treatment with sevelamer carbonate was not associated with significant changes in the
serum concentrations of pCS, IS and TAA.

Keywords: sevelamer; uremic toxins

Key Contribution: In vitro, sevelamer carbonate was capable of chelating a gut-derived uremic toxin
IAA but not p-cresol and indole, the precursors of pCS and IS in the gut. In predialysis patients,
sevelamer carbonate was not associated with significant changes in the serum concentrations of pCS,
IS and IAA.

1. Introduction

Patients with late-stage chronic kidney disease (CKD) are permanently exposed to uremic toxins
as a result of progressive nephron loss and dietary protein metabolites. These toxins also have a role in
the development of uremia-related complications, such as cardiovascular and brain disorders. Uremic
toxins can be classified into three classes as a function of their molecular weight: Small, water-soluble
molecules (e.g., urea and creatinine), middle molecules (e.g., beta-2-microglobulin) and protein-bound
uremic toxins [1]. Alternatively, toxins can be classified according to their origin (microbiota-derived
or not) [2]. Indeed, the uremic toxins indoxyl sulfate (IS), indole acetic acid (IAA) and p-cresyl sulfate
(pCS) emanate from the gut microbiota’s metabolism of indole and p-cresol that are derived from
tryptophan and tyrosine respectively. While IS and pCS are liver metabolites, IAA can be produced
directly in the intestine before being absorbed [3]. IS, IAA and pCS are mainly cleared from the body by
urinary excretion, but both biliary excretion and intestine secretion are possible and can be strengthened
in the case of renal deficiency [4-6]. Moreover, the most part of p-cresol metabolites (and other phenolic
compounds) excreted in the bile is known to undergo enterohepatic circulation [7].

These microbiota-derived compounds have emerged as a major subclass of protein-bound uremic
toxins; they are thought to have a negative impact on the kidney, insulin resistance and might also be
involved in the pathogenesis of vascular disease [8]. Indeed, high circulating levels of IS, IAA and
pCS have been linked to an elevated incidence of cardiovascular events [9-12]. Due to the potential
toxicity of high levels of uremic toxins, preventing the latter’s accumulation might be a promising way
of reducing the complications associated with CKD. This could potentially be achieved by reducing
the production of toxins and/or by accelerating their elimination [13]. In Japan, the orally administered
charcoal adsorbent AST-120 (Kremezin, Kureha Chemical Industry, Tokyo, Japan) has been used to
adsorb uremic toxins [14], although its clinical impact requires further evaluation. The poly(allylamine)
phosphate binder sevelamer carbonate is used to limit hyperphosphatemia in CKD patients. When taken
with meals, the polymer binds dietary phosphate and prevents its absorption. Sevelamer carbonate
is not absorbed from the gut, and thus has a solely local action. It is partially ionized in the bowel,
and interacts with phosphate through ionic and hydrogen bonds. When bound to phosphate, other
molecules (including uric acid [15], bile acids [16], vitamin C, vitamin K, folic acid [17], ciprofloxacin [18]
and levothyroxine [19]) can also be adsorbed by sevelamer. Given the presence of indole, cresol and
IAA in the gut, in the case of CKD, sevelamer may therefore constitute a valuable means of limiting
the accumulation of gut-derived compounds. Only one abstract publication has reported on sevelamer
hydrochloride’s ability to adsorb the uremic toxins IS, indole and p-cresol in the intestinal lumen [20].
However, the few preclinical and clinical studies of sevelamer’s effect on gut-derived uremic toxins has
given inconclusive, conflicting results [20-22]. Furthermore, Brandenburg et al. observed a significant
rise in serum p-cresol levels in dialyzed patients treated with the sevelamer group [21]. Given that
these data have not been confirmed, we decided to evaluate sevelamer’s effect on uremic toxins in
pre-dialysis patients (i.e., when toxins levels were lower).
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Hence, the objective of the present study was to evaluate i) the adsorption effect in vitro of
sevelamer carbonate on one gut-derived protein-bound uremic toxins IAA and on the precursor of
pCS named p-cresol and precursor of IS named indole and ii) the impact of sevelamer carbonate
on uremic toxins levels in the serum of patients with CKD included in a multicenter, double-blind,
placebo-controlled, parallel-group, randomized clinical trial.

2. Results

2.1. The Impact of Sevelamer In Vitro

In the absence of sevelamer (and regardless of the pH and concentration tested), there were no
significant differences in the concentration of p-Cresol, Indole and IAA in filtered versus non-filtered
samples (Supplementary Figure S1).

After incubation with sevelamer, a significant decrease (relative to a control without sevelamer) in
the filtrates” phosphorus concentration was observed at both pH 8 (mean + SD reduction: 20.7 + 7.6%
with 3 mg/mL sevelamer, and 74 + 3.5% with 15 mg/mL sevelamer) and pH 6 (mean reduction:
78.7 + 2.4% with 3 mg/mL, and 93.7 + 0.7% with 15 mg/mL) (Supplementary Figure S2).

With regard to the precursors, neither 3 nor 15 mg/mL sevelamer had any effect on the filtrate
concentration of p-cresol (Figure 1la,b) or indole (Figure 1c,d) at either of the initial precursor
concentrations (1 or 10 ug/mL) and at pH 8 or pH 6. With regard to IAA, 3 mg/mL of sevelamer did not
show a significant effect on the filtrate concentration of IAA (Figure 1e,f) at either of the initial toxin
concentrations (1 or 10 ug/mL) and at pH 8 or pH 6. With 15 mg/mL of sevelamer and an initial toxin
concentration of 1 pg/mL, there were low reductions (mean reduction: 11.5 + 1.6% at pH 8 and 15 + 17%
at pH 6) in the initial concentration of IAA (Figure le). Conversely, with 15 mg/mL of sevelamer
and an initial toxin concentration of 10 pug/mL, the concentration of IAA (Figure 1f) in the filtrates
was significantly reduced (relative to a control without sevelamer) at both pH 8 (mean reduction:
26.3 £ 3.4%) and pH 6 (mean reduction: 38.7 + 1.7%). At a starting concentration of 10 ug/mL, IAA
was adsorbed more significantly by 15 mg/mL of sevelamer than by 3 mg/mL of sevelamer (Figure 1f),
at both pH 8 (mean reduction: 27.2 + 4.2%, respectively, relative to 3 mg/mL of sevelamer) and pH 6
(mean reduction: 34.2 + 5.1% respectively, relative to 3 mg/mL sevelamer). In addition, the incubation
of 10 pg/mL IAA with 15 mg/mL of sevelamer was associated with significantly higher adsorption at
pH 6 than at pH 8 (mean reduction, relative to control without sevelamer: 38.7 + 1.7% at pH 6, and
26.3 + 3.4% at pH 8; Figure 1f).
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Figure 1. Cont.
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Figure 1. Sevelamer carbonate does not adsorb p-Cresol and Indole but significantly adsorbs IAA at
a high concentration. Concentration in the filtrates of p-cresol (a,b); indole (c,d) and IAA (e,f) with 0,
3 or 15 mg/mL sevelamer carbonate, at pH 8 or 6, with 1 pg/mL (a, c and e) or 10 pg/mL (b, d and f)
initial concentration. Data are expressed as the mean + SD (n = 3—4). *** p < 0.001 vs. Sev 0 mg/mL
same pH condition, *** p < 0.0001 vs. Sev 0 mg/mL same pH condition, # p < 0.05 vs. Sev 3 mg/mL
same pH condition, ### p < 0.0001 vs. Sev 3 mg/mL same pH condition, @ p < 0.05. Abbreviations: IAA,
indole acid acetic; Sev, Sevelamer.

2.2. Impact of Sevelamer in Chronic Kidney Disease Patients

The baseline characteristics of randomized patients is summarized in Table 1; the sevelamer and
placebo groups did not differ significantly. The mean + SD age was 63 + 13, 71% of the participants
were male, the mean serum phosphorus level was 1.24 + 0.17 mmol/L, and the mean eGFR was
27 £ 9 mL/min per 1.73 m?2. The median (IQR) toxin level was 3.57 (1.32; 6.31) pg/mL for IS, 10.65
(6.05; 17.69) ng/mL for pCS and 1.02 (0.58; 1.44) ng/mL for IAA.

Table 1. Baseline characteristics of the randomized study participants.

Variables All Placebo Sevelamer p
n="78 n=39 n=39

Age (years) 63+13 63+ 14 63 +13 0.918
Male gender, 1 (%) 55 (70.5%) 28 (71.8%) 27 (69.2%) 0.804
GFR MDRD (mlI/min per 1.73 m?) 27.0+9.1 28.1+99 254 +8.1 0.193
Serum phosphorus (mmol/L) 124 +0.17 125 +0.16 123 +0.18 0.705
Serum calcium (mmol/L) 2.34 +0.11 2.33+0.11 2.35+0.11 0.486
Serum creatinine (umol/L) 234 + 76 227 +75 241+ 79 0.379
Serum albumin (g/L) 41.7+34 415+37 419 +3.1 0.645

Serum intact PTH (pg/mL) 97 (61; 127) 103 (71; 141) 91 (58; 123) 0.169
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Table 1. Cont.

Variables All Placebo Sevelamer
n=178 n=39 n=39 P
Serum total cholesterol (mmol/L) 47+1.1 47+1.0 47+1.2 0.522
Serum LDL cholesterol (mmol/L) 25+1.0 24+1.0 26+1.0 0.430
Serum indoxyl sulfate (ug/mL) * . . .
053 = 0.29 pg/mL in healthy adults * [23] 3.57 (1.32; 6.31) 3.45 (1.07; 5.61) 4.26 (1.77;7.35) 0.119
Serum p-cresyl sulfate (ug/mL) * ) ) )
1.9 + 1.3 pug/mL in healthy adults * [23] 10.65 (6.05; 17.69)  10.34 (5.12;21.00) 11.34 (7.82; 16.44) 0.681
- . N
Serum indole acetic acid (ug/mL) 1.02(0.58;1.44) 096 (0.59;1.47)  1.08 (0.57; 1.44) 0.812

0.5 + 0.3 pg/mL in healthy adults #[23]

Data are quoted as the mean + SD for normally distributed variables, the median (interquartile range) for
non-normally distributed variables, or the number (percentage) for qualitative variables. GFR MDRD: Glomerular
filtration rate estimated using the Modification of Diet in Renal Disease equation; FGF23, fibroblast growth factor 23;
RU, relative units; PTH, parathyroid hormone. * Available for 72 patients (placebo group: n = 35; sevelamer group:
n=237). #[23].

As reported in the original article, there were no statistically significant differences between
the sevelamer and placebo group in the changes in serum levels of C-terminal FGF23, intact FGF23,
a-klotho, and phosphate [24]. However, the urinary phosphate-to-creatinine ratio and total and LDL
cholesterol levels fell significantly in the sevelamer group but remained stable in the placebo group.
In the intention-to-treat population, the mean adherence rate was 88% in the placebo group and 86% in
the sevelamer group [24].

Seventy two of the 78 randomized patients had a complete set of assay data for IAA, IS and pCS
at inclusion and at the end-of-study visit. After 12 weeks of treatment, the placebo and sevelamer
groups did not differ significantly (after correction for the eGFR) in the median change in serum levels
of phosphorus (p = 0.204), pCS (p = 0.302), IS (p = 0.308) and IAA (p = 0.053) (Figure 2 and Table 2).
The intergroup difference for IAA was closest to the significance threshold.

Table 2. Change over time in clinical biochemistry parameters during the study period.

Toxin Visit 1 (V1) Visit 5 (V5) V5-V1
Phosphorus (mmol/L)

Placebo 1.25+0.16 1.26 +0.19 0.01 £0.16
Sevelamer 1.23 £0.18 1.20 +0.19 —0.04 +0.20

pCS (ug/mL)

Placebo 10.34 (5.12; 21.00) 11.69 (7.97; 25.37) 1.97 (-1.33;7.89)
Sevelamer 11.34 (7.82; 16.44) 11.17 (8.89; 16.13) —0.12 (-2.70; 4.30)
IS (ug/mL)

Placebo 3.45(1.07; 5.61) 3.46 (1.65; 9.99) 0.38 (—0.36; 4.39)
Sevelamer 4.26 (1.77;7.35) 3.84 (2.10; 7.49) 0.26 (—0.85; 2.20)

IAA (ug/mL)

Placebo 0.96 (0.59; 1.47) 0.99 (0.58; 1.65) 0.05 (-0.07; 0.16)

Sevelamer 1.08 (0.57; 1.44) 0.92 (0.57; 1.44) —0.06 (-0.12; 0.05)

Data are quoted as the mean + SD for normally distributed variables, and the median (interquartile range) for
non-normally distributed variables. pCS, p-cresyl sulfate; IS, indoxyl sulfate; IAA, indole acetic acid.
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Figure 2. The absence of a significant sevelamer versus placebo difference in serum levels of phosphate
and uremic toxins. Changes in serum levels of (A) phosphate, (B) p-cresylsulfate, (C) indoxyl sulfate
and (D) serum indole acetic acid. Dots in Figure 2B,D represents outlier patients.

3. Discussion

Our combination of in vitro experiments and a clinical study was designed to investigate the
ability of sevelamer carbonate to adsorb different gut-derived protein bound uremic toxins or their
precursors in vitro, and its impact on the serum levels of pCS, IS and IAA in patients with CKD stage
3b/4. Our in vitro results showed that sevelamer carbonate was able to adsorb IAA but not p-Cresol
and Indole, the gut precursors of pCS and IS. In a well-designed clinical study of patients with stage
3b/4 CKD, we did not observe a statistically significant sevelamer versus placebo difference in the
change in concentrations of these uremic toxins over 12 weeks of treatment. However, there was
a non-significant trend for the change in the IAA concentrations.

In the in vitro incubation experiments, we used a filtration device with a 30 kDa pore size;
this retained the sevelamer polymer but not the uremic toxins and their precursors. Next, in order
to control for a possible effect on pH, we carried out the experiments at pH 6 and pH §, i.e., the
physiological pH values in the intestine [25,26]. As a positive control, we confirmed the ability of a
sevelamer carbonate solution to chelate phosphorus, as in the intestine. If we focused on chemical
structures of tested molecules to explain in vitro results, IAA has a carboxylic acid function, such as
bile acids, which are also chelated by sevelamer [16], however the precursors do not present any type of
chemical group that could be chelated by sevelamer. The in vitro effect of sevelamer on certain uremic
toxins and their precursors has been reported in abstract form only [21]. Indeed, De Smet et al. studied
the effect of 2.5 mg/mL sevelamer hydrochloride on levels of tryptophan, indole, p-cresol, IS and
phosphate at pH 4, 7 and 8. They concluded that regardless of the pH value, sevelamer hydrochloride
chelated indole, p-cresol, IS, and phosphate [21]. In contrast, we did not observe a significant effect of
sevelamer carbonate on indole and p-cresol. However, De Smet et al. used sevelamer hydrochloride
(rather than carbonate) and tested its adsorption effect on toxins in a phosphate-less medium, which
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was not relevant here. Moreover, the indole concentration they tested was 40 to 400-fold greater than
those studied here, while their p-cresol concentration was 7 pug/mL, i.e., the same order of magnitude
as the concentrations in our experiments (1 and 10 pug/mL) [21]. Under our experimental conditions,
IAA was significantly adsorbed by sevelamer at the higher initial toxin concentration (10 pg/mL).
Similarly, significant adsorption of IAA was observed with a high concentration of sevelamer carbonate
(15 mg/mL). Although the adsorption of phosphorus by sevelamer carbonate was significantly greater
at pH 6 than at pH 8, which was consistent with a previous study showing a higher effect of sevelamer
on phosphorus adsorption in an acid condition [27,28]. We did not observe other major differences
between pH 6 and pH 8 with regard to sevelamer’s adsorption of uremic toxins; indeed the difference
was statistically significant but small for IAA.

The serum concentrations of pCS, IS and IAA measured at baseline from our multicenter,
interventional, double-blind, placebo-controlled, randomized clinical study of patients with stage
3b/4 CKD were consistent with the values previously reported in CKD stage 4 (pCS: 3.9 pg/mL;
IS:10.1 pg/mL and IAA: 1.0 pg/mL) [9,10,29]. However, this study did not reveal a significant sevelamer
versus placebo difference in the change over time in serum concentrations of pCS, IS or IAA as well as
phosphate, after 12 weeks of treatment. We hypothesized that the concentrations of toxins at baseline
were not high enough for the effect of sevelamer over 1 year to be shown. Particularly, the initial median
TAA concentration of 1.08 (IQ, 0.57; 1.44) ug/mL fell by 0.06 (IQ, —0.12, 0.05) pg/mL (i.e., by around 5%).
The clinical relevance of this decrease is questionable even though it was nearly statistically significant
(p = 0.053). Sevelamer’s effect on percentage reduction in serum toxin concentrations and/or its clinical
effect might be greater over a longer treatment period and in stage 5 CKD, where the serum IAA
concentration can reach nearly 10 pg/mL. However, it is difficult to estimate the intestinal concentration
of sevelamer in humans; this is probably an important parameter, given that sevelamer’s effect was
concentration-dependent in our in vitro experiments. It should be noted that the study participants
showed good adherence to the treatment, as demonstrated by both pill counts and the decrease in LDL
cholesterol levels after 12 weeks of sevelamer treatment [24]. Another hypothesis could be that the
sevelamer did not work enough, indeed we failed to find a difference in serum level of phosphate
between sevelamer and the placebo group.

In a previous study conducted in uremic apolipoprotein E-deficient mice, the serum concentration
of IS and IAA had not significantly decreased after 8 weeks of a sevelamer-containing diet, on the
contrary of the serum phosphorus concentration [30]. Additionally, only a few clinical studies have
evaluated the impact of phosphate binders on uremic toxins, but the published results appear to
be conflicting. In a non-comparative cross-sectional and observational study, Guida et al. measured
the serum pCS concentration in 57 patients on peritoneal dialysis [22]. Among the 45 patients with
hyperphosphatemia, 29 were treated with sevelamer hydrochloride and 16 received another phosphate
binder. The 12 patients with normal phosphatemia were not treated. There was no significant difference
in the serum pCS concentration between patients treated with sevelamer and non-treated patients,
or between patients treated with sevelamer and those treated with another phosphate binder [22].
Another recent observational, non-comparative study evaluated the changes over time in serum
IS and pCS concentrations in hemodialysis patients after 12 weeks of treatment with sevelamer
hydrochloride; although the decrease was significant for pCS, only a non-significant trend was seen
for IS [31]. However, the study population was very small (n = 5 patients). Brandenburg et al.
included 57 hemodialysis patients in an interventional, controlled, cross-over study [21]. Forty-one
patients completed the study. After 8 weeks of sevelamer hydrochloride treatment, no changes in
serum concentrations were observed for IS and IAA; surprisingly, the serum level of pCS increased
significantly [21]. It is important to note that these studies included small numbers of dialyzed
patients and did not have a parallel-group and randomized designs. Very recently, a single-blind,
placebo-controlled randomized clinical trial compared sevelamer with placebo in non-dialyzed patients
with regard to plasma levels of p-cresol, which fell significantly in the sevelamer group only [32].
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It should be noted that the circulating toxic form is pCS and not p-cresol, which is essentially generated
ex vivo by the treatment of phenol-containing blood samples [33].

The present study’s main strength was its comprehensive design; we tested our hypothesis by
combining in vitro experiments with observations from a multicenter, double-blind, randomized clinical
trial. The limitations were the limited experimental conditions, including different pH, additional
uremic toxins concentrations and reaction times. For the clinical study, the main limitation was the
absence of data on the study participants’ diet and that, similar to what has been observed with
phosphate, uremic toxins serum level as an outcome measure may have been too insensitive to capture
changes in net gastrointestinal absorption. Finally, the study power seemed to be sufficient (near 80%)
for IAA, which was the toxin with the least variability. However, a lack of power cannot be excluded
for the other toxins with higher variability.

In conclusion, our in vitro results showed that sevelamer carbonate was capable of chelating
the gut-derived uremic toxin IAA but not the IS and pCS gut precursors indole and p-cresol.
In a well-designed clinical study of patients with stage 3b/4 CKD, a 12-week course of treatment with
sevelamer carbonate was not associated with significant changes in the serum concentrations of the
three toxins. There was a non-significant trend towards a decrease in the serum IAA concentration.
In view of the known associations between uremic toxins and hard outcomes in CKD, further research
on methods of decreasing toxin concentrations is essential.

4. Methods
4.1. The In Vitro Study

4.1.1. Chemicals

Indole, p-cresol, IS and IAA were obtained from Sigma Aldrich (Saint Quentin Fallavier, France),
and pCS was purchased from TCI Chemicals Europe (Paris, France). Stock solutions were prepared in
methanol (for IAA and p-cresol) or reverse osmosis water (indole) at a concentration of 1 mg/mL and
stored at —25 + 5 °C. Working solutions were prepared by mixing and diluting the stock solutions in
phosphate buffered saline (PBS, Sigma Aldrich, Saint Quentin Fallavier, France). Sevelamer carbonate
was obtained from 2.4 g packets of Renvela® (Sanofi Aventis, Paris, France). The powder was dissolved
in PBS to obtain a 30 mg/mL working solution.

4.1.2. Adsorption Experiments

Samples containing the IAA and two precursors (indole and p-cresol) at a final concentration
of 1 or 10 pg/mL in PBS (pH adjusted to 6 or 8, as expected in the gut) were incubated in Amicon®
Ultra-0.5 centrifugal 30 kDa filter devices (Merck-Millipore, Molsheim, France) with gentle agitation for
120 min at 37 °C in the presence or absence of sevelamer carbonate. Two concentrations of sevelamer
carbonate were tested: 3 mg/mL was close to the concentrations used in literature reports on sevelamer’s
adsorption of uric acid [15], bile acids [11], vitamin C, vitamin K, and folic acid [12], and 15 mg/mL
was approximately the concentration obtained when 4.8 g of sevelamer carbonate was dispersed in
a volume of 320 mL, which corresponded to the average volume of small intestine fluid distributed into
6 “pockets” as measured in healthy volunteers after a meal [24]. Next, the samples were centrifuged
at 10,000x g for 10 min, and the filtrates were assayed for the uremic toxins. To check that the toxins
and precursors were not bound to the filter under our experimental conditions, concentrations of IAA,
indole and p-cresol in non-filtered solutions were also measured. Lastly, to confirm that sevelamer was
able to adsorb phosphate under our experimental conditions, the inorganic phosphorus concentrations
in filtrates after incubation were compared with those in the absence of sevelamer.
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4.1.3. Analysis of Uremic Toxin Concentrations in Filtrates

The concentrations of toxins and precursors in filtrates were measured using a validated
high-performance liquid chromatography (HPLC) method, with a diode array detector (DAD) set
to 270 nm (Alliance®, Waters, Milford, MA, USA) using a 3 um 3.9 mm X 150 mm Atlantis dC18
column (Waters, Milford, MA, USA) and a solvent gradient (acetonitrile/0.1 M ammonium formate
buffer, pH 3) at a flow rate of 0.8 mL/min. The lower limit of quantification (LOQ) was 0.2 pg/mL for
IAA, indole and p-cresol. The method gave linear results between the LOQ and 50 pug/mL (correlation
coefficient: >0.999). The intraday and interday coefficients of variation were all below 15%, and the
bias ranged from —12.9% to 7.1%. This method was validated according to the European Medicine
Agency’s guideline on bioanalytical method validation.

4.1.4. Analysis of The Inorganic Phosphorus Concentration in Filtrates

Inorganic phosphorus was assayed on an RX Daytona+ system (Randox Laboratories, Crumlin,
UK)), according to the manufacturer’s instructions.

4.2. Clinical Study

4.2.1. Study Design

Ninety-six patients with stage 3b/4 CKD (defined as an eGFR between 15 and 45 mL/min per
1.73 m?) were included in the “FGF23 Reduction Efficacy of a New Phosphate Binder in Chronic Kidney
Disease” (FRENCH) multicenter double-blind, placebo-controlled, parallel-group, randomized clinical
trial between December 2010 and December 2012. After screening, 78 patients were randomized
by 14 nephrology outpatient clinics in France (Appendix A). The study’s objectives and procedures
were approved by an independent investigational review board (CPP Nord Ouest II, Amiens, France;
approval date 2 June 2010, ref 2010/19) and the French drug agency (Approval Date 30 July 2010, ref
A100615-32). Each patient provided written informed consent to participate in the study. The study
was registered at clinicaltrials.gov (NCT01220843) in October 2010. Details of the study population
and the study design have been published elsewhere [25].

The FRENCH study’s primary objective was to assess sevelamer carbonate’s effect (relative to
that of placebo) on the serum C-terminal FGF23 levels. The present report describes one of the study’s
secondary objectives: The evaluation of sevelamer carbonate’s effect (relative to a placebo) on uremic
toxin levels.

4.2.2. Sample Size Determination

The sample size of 80 patients was initially calculated on the FRENCH study’s primary objective to
detect a 30% reduction in median C-terminal FGF23 levels in the sevelamer carbonate group compared
with the placebo group after 3 months [25]. Evaluation of the reduction in pCS, IS and IAA levels in
the sevelamer carbonate group compared with the placebo group was a secondary objective of the
FRENCH study and did not drive the sample size determination. However, the study power seemed
to be sufficient (near 80%) for the detection of IAA (toxin with the least variability) differences.

4.2.3. Study Procedures

After a screening visit, participants completed a 1- to 2-week run-in period during which
baseline blood and urine samples were collected. This was followed by a 12-week treatment period.
At randomization, the study personnel and participants were blinded to the use of phosphate binder.
The study participants took a dose of 4.8 g of sevelamer or placebo three times a day for 12 weeks.
If the serum phosphate level fell below 0.8 mmol/L, the dose of treatment was halved. Adherence to
study medication was monitored via pill counts.
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4.2.4. Clinical and Laboratory Evaluations

All patients had an interview with a physician (to establish their personal medical history) and
underwent a clinical examination. Age, gender, anthropometric data, and medication use were recorded.
Fasting blood samples were collected after inclusion in the study and after 12 weeks of treatment.

4.2.5. Analysis of Uremic Toxins in Serum Samples

Proteins in standards, quality controls, and patient samples (200 pL of serum, in all cases) were
precipitated with 400 uL methanol containing ethofylline as an internal standard. After centrifugation
at 14,000 g for 10 min, 500 pL of supernatant was evaporated at 40 °C under nitrogen. Next, the dry
residues were dissolved in 100 uL of pH 3 0.1 M ammonium formate buffer. Samples were assayed for
pCS, IS and IAA using the validated HPLC-DAD method described above.

4.3. Statistical Analysis

In the in vitro study, intergroup comparisons were performed using an analysis of variance
(for normally distributed data) or a Kruskal-Wallis test (for non-normally distributed data), followed
respectively by a Tukey post hoc test or a non-corrected Dunnett’s post hoc test.

In the clinical study, all patients with available data were analyzed. Data were expressed as
the mean + standard deviation (SD), median (interquartile range [IQR], or the number (percentage)),
as appropriate. Patients were stratified by treatment group. Intergroup comparisons were performed
with a chi-squared test (for categorical variables) or a t test or Mann—Whitney test (for continuous
variables). We compared the changes in phosphorus and uremic toxin levels over time (i.e., between
randomization and week 12) in the two treatment groups. The paired ¢ test method was applied for the
comparison of repeated measures.

The threshold for statistical significance was set to p < 0.05. All statistical analyses were performed
using SPSS software (version 18.0, SPSS Inc., Chicago, IL, USA) for Windows (Microsoft Corp, Redmond,
WA, USA) or GraphPad Prism (version 7.0, GraphPad Software Inc., San Diego, CA, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/5/279/s1,
Figure S1: In the absence of sevelamer carbonate, the filter devices did not retain the toxins, Figure S2: Sevelamer
carbonate effectively adsorbs phosphorus.

Author Contributions: Conceptualization, G.C., Y.B. and S.L.; methodology, G.C., Y.B. and S.L.; software, Y.B.
and S.L.; validation, G.C., Y.B. and S.L.; formal analysis, Y.C., Y.B. and S.L.; investigation, Y.C., D.T.-B., S.B., P.U.,
C.C,N.EE, B.D,, D.E; resources, G.C.; data curation, Y.B. and S.L.; writing—original draft preparation, Y.C., Y.B.;
writing—review and editing, S.L., G.C., D.T.-B., S.B., PU., C.C,, N.E.E,, B.D., D.F,; visualization, G.C.; supervision,
G.C., Y.B. and S.L.; project administration, S.L.; funding acquisition, G.C.

Funding: This research was funded by GENZYME.

Acknowledgments: We would like to thank all nephrology departments recruiting patients, patients,
pharmacology department in Amiens including K. Masmoudi, A.S Lemaire Hurtel and all the technical team.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Appendix A. List of FRENCH Collaborators

National coordination: Amiens University Hospital: Prof. Gabriel Choukroun (lead investigator,
study coordinator), Dr Sophie Liabeuf, Dr Najeh El Esper, Dr Maité Jaureguy, Dr Caroline Lecaque,
Prof. Ziad Massy, Prof. Jean-Marc Chillon, Dr Romuald Mentaverri, Dr Momar Diouf, Carl Picard,
Jonathan Meynier, Marie-Laurence Lepilliez.

Local clinical centers: Bordeaux: Pr Christian Combe, Marine Douillet; Caen: Pr Jean-Philippe
Ryckelynck, Mohamed Ouethrani; Marseille: Pr Bertrand Dussol, Laurent Samson; Saint Ouen:
Pr Pablo Urena; Nancy: Pr Luc Frimat; Paris Necker: Pr Dominique Prié; Paris Pompidou:
Pr Pascal Houllier, Pr Eric Thervet; Paris Tenon: Dr Courbebaisse; Saint Etienne: Dr Eric Alamartine;


http://www.mdpi.com/2072-6651/11/5/279/s1

Toxins 2019, 11, 279 11 of 12

Nice: Pr Vincent Esnault, Dr Guillaume Alexandre Favre; Montpellier: Pr Bernard Canaud,
Dr Leila Chenine Khoualef, Dr Hélene Leray Moragues, Dr Marion Morena; Lyon: Pr Denis Fouque;
Lyon Tassin: Pr Guillaume Jean; Valenciennes: Pr Philippe Vanbhille.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Vanholder, R.; De Smet, R.; Glorieux, G.; Argiles, A.; Baurmeister, U.; Brunet, P.; Clark, W.; Cohen, G.;
De Deyn, PP; Deppisch, R.; et al. Review on uremic toxins: Classification, concentration, and interindividual
variability. Kidney Int. 2003, 63, 1934-1943. [CrossRef]

Briskey, D.; Tucker, P.; Johnson, D.W.; Coombes, ]J.S. The role of the gastrointestinal tract and microbiota
on uremic toxins and chronic kidney disease development. Clin. Exp. Nephrol. 2017, 21, 7-15. [CrossRef]
[PubMed]

Koga, J.; Syono, K.; Ichikawa, T.; Adachi, T. Involvement of L-tryptophan aminotransferase in indole-3-acetic
acid biosynthesis in Enterobacter cloacae. Biochim. Biophys. Acta 1994, 1209, 241-247. [CrossRef]

Williams, R.T.; Millburn, P.; Smith, R.L. The influence of enterohepatic circulation on toxicity of drugs.
Ann. N. Y. Acad. Sci. 1965, 123, 110-124. [CrossRef]

Morimoto, K.; Tominaga, Y.; Agatsuma, Y.; Miyamoto, M.; Kashiwagura, S.; Takahashi, A.; Sano, Y.; Yano, K,;
Kakinuma, C.; Ogihara, T.; et al. Intestinal secretion of indoxyl sulfate as a possible compensatory excretion
pathway in chronic kidney disease. Biopharm. Drug Dispos. 2018, 39, 328-334. [CrossRef] [PubMed]
Takada, T.; Yamamoto, T.; Matsuo, H.; Tan, ] K,; Ooyama, K.; Sakiyama, M.; Miyata, H.; Yamanashi, Y.;
Toyoda, Y.; Higashino, T.; et al. Identification of ABCG2 as an exporter of uremic toxin indoxyl sulfate in
mice and as a crucial factor influencing CKD progression. Sci. Rep. 2018, 8, 11147. [CrossRef] [PubMed]
Deichmann, W.; Keplinger, M. Phenols and phenolic compounds. In Patty’s Industrial Hygiene and Toxicology,
3rd ed.; Clayton, G.D., Clayton, FE., Eds.; Wiley and Sons: Hoboken, NJ, USA, 1981; Volume 2A, pp. 2597-2601.
ISBN 0-471-16042-3.

Vanholder, R.; Schepers, E.; Pletinck, A.; Nagler, E.V.; Glorieux, G. The uremic toxicity of indoxyl sulfate and
p-cresyl sulfate: A systematic review. J. Am. Soc. Nephrol. JASN 2014, 25, 1897-1907. [CrossRef]

Liabeuf, S.; Barreto, D.V.; Barreto, E.C.; Meert, N.; Glorieux, G.; Schepers, E.; Temmar, M.; Choukroun, G.;
Vanholder, R.; Massy, Z.A. Free p-cresylsulphate is a predictor of mortality in patients at different stages of
chronic kidney disease. Nephrol. Dial. Transplant. 2010, 25, 1183-1191. [CrossRef]

Barreto, E.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. . Am. Soc. Nephrol. CJASN 2009, 4, 1551-1558. [CrossRef]

Liabeuf, S.; Glorieux, G.; Lenglet, A.; Diouf, M.; Schepers, E.; Desjardins, L.; Choukroun, G.; Vanholder, R.;
Massy, Z.A.; European Uremic Toxin (EUTox) Work Group. Does p-cresylglucuronide have the same impact
on mortality as other protein-bound uremic toxins? PLoS ONE 2013, 8, e67168. [CrossRef] [PubMed]

Dou, L.; Sallée, M.; Cerini, C.; Poitevin, S.; Gondouin, B.; Jourde-Chiche, N.; Fallague, K.; Brunet, P; Calaf, R.;
Dussol, B.; et al. The cardiovascular effect of the uremic solute indole-3 acetic acid. J. Am. Soc. Nephrol. 2015,
26, 876-887. [CrossRef] [PubMed]

Vanholder, R.C.; Eloot, S.; Glorieux, G.L.R.L. Future avenues to decrease uremic toxin concentration. Am. J.
Kidney Dis. 2016, 67, 664-676. [CrossRef]

Fujii, H.; Nishijima, F.; Goto, S.; Sugano, M.; Yamato, H.; Kitazawa, R.; Kitazawa, S.; Fukagawa, M. Oral
charcoal adsorbent (AST-120) prevents progression of cardiac damage in chronic kidney disease through
suppression of oxidative stress. Nephrol. Dial. Transplant. 2009, 24, 2089-2095. [CrossRef] [PubMed]

Ohno, I.; Yamaguchi, Y.; Saikawa, H.; Uetake, D.; Hikita, M.; Okabe, H.; Ichida, K.; Hosoya, T. Sevelamer
decreases serum uric acid concentration through adsorption of uric acid in maintenance hemodialysis
patients. Intern. Med. 2009, 48, 415-420. [CrossRef]

Braunlin, W.; Zhorov, E.; Guo, A.; Apruzzese, W.; Xu, Q.; Hook, P; Smisek, D.L.; Mandeville, W.H.;
Holmes-Farley, S.R. Bile acid binding to sevelamer HCI. Kidney Int. 2002, 62, 611-619. [CrossRef]

Takagi, K.; Masuda, K.; Yamazaki, M.; Kiyohara, C.; Itoh, S.; Wasaki, M.; Inoue, H. Metal ion and vitamin
adsorption profiles of phosphate binder ion-exchange resins. Clin. Nephrol. 2010, 73, 30-35. [CrossRef]


http://dx.doi.org/10.1046/j.1523-1755.2003.00924.x
http://dx.doi.org/10.1007/s10157-016-1255-y
http://www.ncbi.nlm.nih.gov/pubmed/26965149
http://dx.doi.org/10.1016/0167-4838(94)90191-0
http://dx.doi.org/10.1111/j.1749-6632.1965.tb12249.x
http://dx.doi.org/10.1002/bdd.2149
http://www.ncbi.nlm.nih.gov/pubmed/29975986
http://dx.doi.org/10.1038/s41598-018-29208-w
http://www.ncbi.nlm.nih.gov/pubmed/30042379
http://dx.doi.org/10.1681/ASN.2013101062
http://dx.doi.org/10.1093/ndt/gfp592
http://dx.doi.org/10.2215/CJN.03980609
http://dx.doi.org/10.1371/journal.pone.0067168
http://www.ncbi.nlm.nih.gov/pubmed/23826225
http://dx.doi.org/10.1681/ASN.2013121283
http://www.ncbi.nlm.nih.gov/pubmed/25145928
http://dx.doi.org/10.1053/j.ajkd.2015.08.029
http://dx.doi.org/10.1093/ndt/gfp007
http://www.ncbi.nlm.nih.gov/pubmed/19188341
http://dx.doi.org/10.2169/internalmedicine.48.1817
http://dx.doi.org/10.1046/j.1523-1755.2002.00459.x
http://dx.doi.org/10.5414/CNP73030

Toxins 2019, 11, 279 12 of 12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kays, M.B.; Overholser, B.R.; Mueller, B.A.; Moe, S.M.; Sowinski, K.M. Effects of sevelamer hydrochloride
and calcium acetate on the oral bioavailability of ciprofloxacin. Am. |. Kidney Dis. Off. . Natl. Kidney Found.
2003, 42, 1253-1259. [CrossRef]

Arnadottir, M.; Johannesson, A.J. Phosphate binders and timing of levothyroxine administration. Nephrol.
Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Ren. Assoc. 2008, 23, 420. [CrossRef]

De Smet, R.; Thermote, F.; Lameyre, N.; Vanholder, R. Sevelamer hydrochloride (Renagel) adsorbs the uremic
compounds indoxyl sulfate, indeole and p-cresol. J. Am. Soc. Nephrol. 2004, 15, 505.

Brandenburg, V.M.; Schlieper, G.; Heussen, N.; Holzmann, S.; Busch, B.; Evenepoel, P.; Vanholder, R.;
Meijers, B.; Meert, N.; Fassbender, W.J.; et al. Serological cardiovascular and mortality risk predictors in
dialysis patients receiving sevelamer: A prospective study. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial.
Transpl. Assoc. Eur. Ren. Assoc. 2010, 25, 2672-2679. [CrossRef] [PubMed]

Guida, B.; Cataldi, M.; Riccio, E.; Grumetto, L.; Pota, A.; Borrelli, S.; Memoli, A.; Barbato, F.; Argentino, G.;
Salerno, G.; et al. Plasma p-cresol lowering effect of sevelamer in peritoneal dialysis patients: Evidence from
a cross-sectional observational study. PLoS ONE 2013, 8, €73558. [CrossRef]

Duranton, F; Cohen, G.; De Smet, R.; Rodriguez, M.; Jankowski, J.; Vanholder, R.; Argiles, A.; European
Uremic Toxin Work Group. Normal and pathologic concentrations of uremic toxins. J. Am. Soc. Nephrol.
JASN 2012, 23, 1258-1270. [CrossRef]

Liabeuf, S.; Ryckelynck, J.-P.; El Esper, N.; Urefia, P.; Combe, C.; Dussol, B.; Fouque, D.; Vanhille, P; Frimat, L.;
Thervet, E.; et al. Randomized clinical trial of sevelamer carbonate on serum klotho and fibroblast growth
factor 23 in CKD. Clin. J. Am. Soc. Nephrol. CJASN 2017, 12, 1930-1940. [CrossRef]

Fallingborg, J. Intraluminal pH of the human gastrointestinal tract. Dan. Med. Bull. 1999, 46, 183-196.
Evans, D.F; Pye, G.; Bramley, R.; Clark, A.G.; Dyson, T.J.; Hardcastle, ].D. Measurement of gastrointestinal
pH profiles in normal ambulant human subjects. Gut 1988, 29, 1035-1041. [CrossRef]

Markopoulos, C.; Andreas, C.J.; Vertzoni, M.; Dressman, J.; Reppas, C. In-vitro simulation of luminal
conditions for evaluation of performance of oral drug products: Choosing the appropriate test media. Eur. J.
Pharm. Biopharm. 2015, 93, 173-182. [CrossRef]

Yang, Y.; Mohammad, A.; Berendt, R.T.; Carlin, A.; Khan, M.A.; Faustino, PJ. Evaluation of the in vitro
efficacy of sevelamer hydrochloride and sevelamer carbonate. . Pharm. Sci. 2016, 105, 864-875. [CrossRef]
Chinnappa, S.; Tu, Y.-K.; Yeh, Y.C.; Glorieux, G.; Vanholder, R.; Mooney, A. Association between protein-bound
uremic toxins and asymptomatic cardiac dysfunction in patients with chronic kidney disease. Toxins 2018,
10, 520. [CrossRef]

Phan, O.; Ivanovski, O.; Nguyen-Khoa, T.; Mothu, N.; Angulo, J.; Westenfeld, R.; Ketteler, M.; Meert, N.;
Maizel, J.; Nikolov, I.G.; et al. Sevelamer prevents uremia-enhanced atherosclerosis progression in
apolipoprotein E-deficient mice. Circulation 2005, 112, 2875-2882. [CrossRef]

Lin, C.-J,; Pan, C.-F,; Chuang, C.-K,; Liu, H.-L.; Huang, S.-F; Chen, H.-H.; Wu, C.-]. Effects of sevelamer
hydrochloride on uremic toxins serum indoxyl sulfate and P-cresyl sulfate in hemodialysis patients. J. Clin.
Med. Res. 2017, 9, 765-770. [CrossRef]

Riccio, E.; Sabbatini, M.; Bruzzese, D.; Grumetto, L.; Marchetiello, C.; Amicone, M.; Andreucci, M.; Guida, B.;
Passaretti, D.; Russo, G.; et al. Plasma p-cresol lowering effect of sevelamer in non-dialysis CKD patients:
Evidence from a randomized controlled trial. Clin. Exp. Nephrol. 2018, 22, 529-538. [CrossRef]

Vanholder, R.; Bammens, B.; de Loor, H.; Glorieux, G.; Meijers, B.; Schepers, E.; Massy, Z.; Evenepoel, P.
Warning: The unfortunate end of p-cresol as a uraemic toxin. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial.
Transpl. Assoc. Eur. Ren. Assoc. 2011, 26, 1464-1467. [CrossRef]

@ © 2019 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/10.1053/j.ajkd.2003.08.027
http://dx.doi.org/10.1093/ndt/gfm615
http://dx.doi.org/10.1093/ndt/gfq053
http://www.ncbi.nlm.nih.gov/pubmed/20172849
http://dx.doi.org/10.1371/journal.pone.0073558
http://dx.doi.org/10.1681/ASN.2011121175
http://dx.doi.org/10.2215/CJN.03030317
http://dx.doi.org/10.1136/gut.29.8.1035
http://dx.doi.org/10.1016/j.ejpb.2015.03.009
http://dx.doi.org/10.1002/jps.24572
http://dx.doi.org/10.3390/toxins10120520
http://dx.doi.org/10.1161/CIRCULATIONAHA105.541854
http://dx.doi.org/10.14740/jocmr1803e
http://dx.doi.org/10.1007/s10157-017-1504-8
http://dx.doi.org/10.1093/ndt/gfr056
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	The Impact of Sevelamer In Vitro 
	Impact of Sevelamer in Chronic Kidney Disease Patients 

	Discussion 
	Methods 
	The In Vitro Study 
	Chemicals 
	Adsorption Experiments 
	Analysis of Uremic Toxin Concentrations in Filtrates 
	Analysis of The Inorganic Phosphorus Concentration in Filtrates 

	Clinical Study 
	Study Design 
	Sample Size Determination 
	Study Procedures 
	Clinical and Laboratory Evaluations 
	Analysis of Uremic Toxins in Serum Samples 

	Statistical Analysis 

	List of FRENCH Collaborators 
	References

