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a b s t r a c t
Aims: Sevelamer has been reported to have anti-oxidative and anti-inﬂammatory effects as well as effects on
glycaemic control and plasma lipids. The aim of this study was to determine the effects of one-week treatment
with sevelamer on oxidative nucleic acid modiﬁcations and inﬂammation markers.
Methods: Two double-blinded studies including 30 patients with type 2 diabetes (T2D) and 20 healthy individuals were conducted. Participants were randomised to one week of treatment with sevelamer (1600 mg three
times daily) or placebo. RNA and DNA oxidation, measured by urinary excretion of 8-oxo-7,8dihydroguanosine(8-oxoGuo) and (8-oxo-7,8-dihydro-2′-deoxyguanosine(8-oxodG), and markers of inﬂammation were determined before and after the intervention.
Results: In patients with T2D there was no signiﬁcant placebo-corrected reduction in 8-oxoGuo or 8-oxodG.
However, a reduction in 8-oxoGuo was observed within the group treated with sevelamer (Δ8-oxoGuo/creatinine (median[IQR]): −0.04 [−0.24; 0.01] nmol/mmol, p = 0.02). A sevelamer-mediated reduction in
interleukin-2 (p = 0.04) and a trend towards reduction in interleukin-6 (p = 0.053) were found in patients
with T2D.
Conclusions: This study reveals a potential effect of sevelamer treatment on inﬂammation and possible oxidative
RNA modiﬁcations. The potential protective effects of sevelamer in terms of cardiovascular disease in patients
with T2D need further investigation.
© 2019 Elsevier Inc. All rights reserved.

1. Introduction
Sevelamer is a non-absorbable, amine-based resin used in patients
with chronic kidney disease for the treatment of hyperphosphatemia.
Maximum recommended dose is 1600 mg three times a day. This
amine-based polymer is highly protonated at physiological pH, which
allows binding and increased faecal excretion of negatively charged
phosphate.1 In addition, sevelamer has been reported to reduce plasma
cholesterol and to elicit improvement of glycaemic control in patients
with type 2 diabetes (T2D).2,3 In vitro studies have demonstrated a
marked bile acid-sequestering potential of sevelamer, which might
⁎ Corresponding author at: Laboratory and Department of Clinical Pharmacology,
Q7642, Bispebjerg-Frederiksberg Hospital – located at Rigshospitalet, University of
Copenhagen, Ole Maaloes Vej 26, entrance 76, DK-2200 Copenhagen N, Denmark.
E-mail address: emil.list.larsen.01@regionh.dk (E.L. Larsen).

explain these additional effects of sevelamer on lipid and glucose
metabolism.4 The current study involving patients with T2D has also investigated the effects of sevelamer on plasma lipids and glycemia. These
results have previously been reported elsewhere.3 In brief, the sevenday treatment course with sevelamer in patients with T2D caused clinically signiﬁcant placebo-corrected reductions in fasting plasma glucose
as well as postprandial glucose excursions as measured by AUC240 min,
whereas no placebo-corrected changes in plasma glucose concentrations were observed in healthy subjects treated with sevelamer. In addition, sevelamer treatment elicited reductions in fasting plasma LDL
compared to placebo in patients with T2D and healthy individuals. In
line with previous studies reporting an altered and less diverse gut microbiota in subjects with metabolic syndrome and in patients with
T2D,5,6 we observed signiﬁcant differences in baseline species richness
and overall composition when comparing baseline microbiota of patients with T2D with the microbiota of healthy subjects. However,
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sevelamer treatment elicited no signiﬁcant changes in gut microbiota
species richness in patients with T2D or healthy subjects, as measured
by phylogenetic diversity and number of operational taxonomic units.
All reported adverse events were mild and well described in relation
to treatment with sevelamer carbonate. Exclusively gastro-intestinal
adverse events were observed with the vast majority concerning
changes in stool consistency. The data on adverse events from the
study including patients with T2D have previously been reported.3 In
these patients, no difference in incidence of events was evident between subjects treated with sevelamer (5/20) and those receiving placebo (3/10). More than half (7/12) of sevelamer treated healthy
subjects reported adverse events, whereas no events were observed
after treatment with placebo in this group.
In addition to the lipid and glucose lowering effects following
sevelamer treatment, anti-oxidative and anti-inﬂammatory effects in
combination with a reduction in plasma concentration of advanced
glycation end products (AGEs) have been shown.2 Studies in patients
with chronic kidney disease showed reductions in lipid peroxidation
(measured as 8-isoprostanes), inﬂammation (measured as tumor
necrosis factor alpha (TNFα)), and AGEs (measured as Ncarboxymethyl-lysine (CML)) following treatment with sevelamer
compared to calcium carbonate treatment.2,7 The potential antiinﬂammatory and anti-oxidative effects of sevelamer have been hypothesized to be mediated through a binding and prevented absorption
of AGEs in the intestinal tract.2 AGEs modify intracellular signalling and
increase the production of reactive oxygen species (ROS) and inﬂammatory cytokines.8 Along these lines, reduction of dietary AGEs has been
found to mimic the results of sevelamer treatment on oxidative stress
and inﬂammation.9
Increased risk of cardiovascular disease remains a major challenge in
the treatment and care of patients with T2D.10 We have previously
suggested reduction of oxidative RNA modiﬁcations as a potential new
treatment target in patients with T2D.11,12 Whole-body RNA oxidation
can be estimated by measurement of urinary excretion of 8-oxo-7,8dihydroguanosine (8-oxoGuo),13 which has been demonstrated as a
prognostic factor of all-cause and cardiovascular mortality in patients
with T2D.12,14,15 Furthermore, changes in oxidative RNA modiﬁcations
are associated with changes in all-cause mortality hazard ratio in this
patient group.15 Historically, oxidative DNA modiﬁcations has attracted
the predominant focus, but no association between oxidative DNA
modiﬁcations and mortality in patients with T2D has been
established.12,14,15 However, a study has reported slightly higher levels
of urinary excretion of the oxidative DNA modiﬁcations marker 8-oxo7,8-dihydro-2′-deoxyguanosine (8-oxodG) in patients with T2D and
complications compared to patients without complications among certain age groups.16 A recent study conﬁrmed an association between oxidative nucleic acid modiﬁcations, measured in plasma using the ELISA
method, and mortality in patients with T2D.17
The effects of sevelamer on both glycemia and plasma lipids suggest
a treatment potential in patients with T2D18 – additional potential effects on oxidative stress and inﬂammation might make this treatment
option even more relevant. Thus, the aim of this study was to determine
the effect of one-week treatment with sevelamer on urinary excretion
of 8-oxoGuo and 8-oxodG in patients with T2D and healthy individuals.
In addition, this study determined the effect of sevelamer treatment on
inﬂammatory markers and examined the potential correlation between
these markers and oxidative nucleic acid modiﬁcations.
2. Materials and methods
2.1. Study design
In these double-blinded, randomised, placebo-controlled trials with
parallel-groups, we investigated the effect of sevelamer on oxidative
stress and inﬂammation markers in 30 patients with T2D and 20
healthy individuals with normal glucose tolerance. Randomisation

was performed using random.org. Thus, investigators and participants
were blinded with respect to intervention groups throughout the
study. Participants were randomised to seven days of treatment with
either sevelamer 1600 mg three times daily (20/12 patients with T2D
and healthy subjects, respectively) or placebo (10/8 patients with T2D
and healthy subjects, respectively). Maximum recommended dose of
sevelamer was applied in order to obtain the largest possible treatment
effect in terms of bile acid sequestration. Two identical study days
including standardized 4-h liquid meal tests were performed for each
participant. The meal tests were carried out after administration of the
ﬁrst dose of study drug and again on the seventh day of treatment. A
study diary was used for monitoring study drug compliance and patients with T2D were instructed to pause ongoing metformin treatment
seven days prior to the ﬁrst study day and throughout the treatment
course.
As previously described,3 participants arrived at the study centre on
both study days after an overnight absolute fast and were instructed to
fully empty their bladder before initiation of the meal test. Baseline
blood samples for measurements of inﬂammatory markers were
drawn after a 10-min rest and heat-up of the hand. At time 0 min,
sevelamer or placebo powder (1600 mg) and a liquid mixed meal
(Danone, Paris, France) comprising 1260 kJ (36.8 g carbohydrate,
11.6 g protein and 12.0 g of lipid) were ingested. Following the 4-h
study day, the participants were instructed to perform a urine sample,
which was collected and stored at −20 °C until analysis. Urine concentration of 8-oxodG has been found stable (within 10% of original measured concentration) for up to 15 years stored at −20 °C19. The
primary objectives of the study including patients with T2D have been
published elsewhere.3
2.2. Biochemistry analyses
Interferon gamma (IFN-γ), tumor necrosis factor alpha (TNFα),
interleukin-2 (IL-2), IL-6, IL-8, and IL-10 were measured by the VPLEX Proinﬂammatory Panel 1 (human) Kit (Meso Scale Diagnostics,
Rockville, Maryland, USA). hsCRP was analysed using the Cobas® 6000
analyser (Roche, Basel, Switzerland). sCD163 was measured by inhouse sandwich ELISA as described elsewhere.20 Urinary excretion of
8-oxoGuo and 8-oxodG was determined at the Laboratory of Clinical
Pharmacology, Bispebjerg-Frederiksberg Hospital – Rigshospitalet,
using ultra-performance liquid chromatography tandem massspectrometry (UPLC-MS/MS). The UPLC-MS/MS method has been
described elsewhere.21 Measurements of oxidized nucleosides were adjusted to urinary ﬂow using urine creatinine.
The study was performed in a specialized research facility at Clinical
Metabolic Physiology, Steno Diabetes Center Copenhagen, Gentofte
Hospital, after approval from the Ethics Committee of the Capital Region
of Denmark (reg. no. H-2-2013-148) and registration at ClinicalTrials.
gov (ID: NCT02061124). Written informed consent was received from
participants prior to inclusion in the study, which was conducted
in accordance with the principles of the Declaration of Helsinki
(7th Revision, 2013).
2.3. Statistical analysis
Results are reported as medians with interquartile range (IQR) unless otherwise stated. Comparisons between delta values for placebo
and sevelamer-treated groups have been performed using unpaired ttest for normally distributed data or Mann-Whitney U test in cases of
non-Gaussian distribution of data. In addition, assessment of changes
during the one-week treatment course within the different groups of
patients with T2D or healthy individuals were carried out using one
sample t-test for normally distributed data or Wilcoxon signed rank
test in cases of non-Gaussian distribution of data. A two-way ANOVA
test for interaction between sex and treatment was conducted to investigate the effect of the numeric difference in sex distribution in patients
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with type 2 diabetes. Correlation between oxidative stress and inﬂammation markers was evaluated using Pearson correlation. Statistical
analyses and graphs have been performed in R version 3.4.1.22
Differences with a two-tailed P value b0.05 were considered statistically
signiﬁcant. No adjustments for multiple comparisons have been performed for analyses of the parameters outlined above.
The sample size was calculated with plasma glucagon-like peptide 1
area under curve as the main outcome, as reported elsewhere.3
However, in previous studies, small sample sizes (i.e. n = 30 (15 in
each group)) has been shown sufﬁcient to detect changes in urinary
excretion of oxidative nucleic acid modiﬁcations.23

of TNFα (median [IQR]) 2.51 [1.96; 2.82] vs. 2.03 [1.59; 2.24] pg/ml,
p = 0.045) and IL-8 (median [IQR]: 12.90 [10.09; 17.80] vs. 10.20
[8.38; 12.30] pg/ml, p = 0.02), a tendency towards higher concentrations of sCD163 (median [IQR]: 1.85 [1.47; 2.57] vs. 1.59
[1.40; 1.98] mg/l, p = 0.06), and lower concentrations of IL-6
(median [IQR]: 0.68 [0.49; 0.83] vs. 0.85 [0.68; 1.09] pg/ml, p = 0.01).
The additional analysed inﬂammation markers (i.e. hsCRP, IFN-γ, IL-2,
and IL-10) demonstrated no differences between patients with T2D
and healthy individuals.

3. Results

We found no signiﬁcant reduction of 8-oxoGuo/creatinine in the
patients with T2D treated with sevelamer compared to placebo (Δ8oxoGuo/creatinine (median [IQR]: −0.04 [−0.24; 0.01] vs. 0.02
[−0.07; 0.06] nmol/mmol, p = 0.11), and in addition, no difference in
8-oxodG/creatinine was evident (Table 2). However, a signiﬁcant
reduction in 8-oxoGuo/creatinine (Δmedian[IQR]: −0.04 [−0.24;
0.01], p = 0.02) and a marginal tendency towards reduction in 8oxodG/creatinine (Δmedian[IQR]): −0.05 [−0.10; 0.05], p = 0.09)
were observed within the group of patients with T2D treated with
sevelamer (Fig. 2 and Table 2). No effects of treatment with sevelamer
on 8-oxoGuo or 8-oxodG were observed between or within the groups
of healthy individuals (Fig. 2 and Table 3).
Treatment with sevelamer caused a reduction in plasma concentrations of IL-2 compared to placebo in patients with T2D (Δmedian [IQR]:
−0.03 [−0.08; 0.00] vs. 0.03 [−0.04; 0.13] pg/ml, p = 0.04), whereas no
change was observed in healthy individuals. We found a trend towards
reduction of IL-6 in patients treated with sevelamer compared to
placebo treated patients with T2D (Δmedian [IQR]: −0.04 [−0.19;
0.03] vs. 0.03 [0.01; 0.14] pg/ml, p = 0.053). No effects of treatment
with sevelamer were observed for the additional analysed inﬂammatory markers in patients with T2D (Table 2) or healthy individuals
(Table 3).
Potential effects of difference in sex distribution between treatment
groups on changes in inﬂammation and oxidative stress was evaluated
using a two-way ANOVA test. We found a signiﬁcant interaction between sex and treatment for Δ8-oxodG/creatinine (p = 0.04), however
post-hoc investigation of Δ8-oxodG/creatinine least-squares means for
separate groups using Tukey adjustment revealed no signiﬁcant difference between the sex stratiﬁed treatment groups. No interaction was
evident for additional investigated markers.

3.1. Study participants
The baseline characteristics demonstrated similar distributions of
age, disease duration (for patients with T2D), fasting plasma glucose,
glycated haemoglobin A1c (HbA1c), and body mass-index (BMI) in
groups treated with sevelamer or placebo, which was the case in both
the study including patients with T2D and the study including healthy
individuals with normal glucose tolerance (Table 1). All participants
completed the study and were included in the analyses. No changes in
ongoing pharmacologic treatment were made for any of the participants
during the study period. The baseline characteristics of the patients with
T2D have been published previously.3 The most common background
treatment in participants with diabetes included statins (simvastatin,
atorvastatin), antihypertensive agents (ACE-inhibitors, AT2 receptor
antagonist, calcium-channel blockers, diuretics and beta-blockers) and
acetylsalicylic acid that are all commonly used drugs in patients with
T2D. Overall, no relevant differences in background treatment were evident between the treatment groups. Subjects treated with glucoselowering treatments other than metformin were excluded from the
study, which should imply a relatively uncomplicated T2D study population. Along these lines, only a single participant had established cardiovascular disease. Relevant exclusion criteria included liver disease
or history of hepatobiliary disorder, gastrointestinal disease, previous
intestinal resection, cholecystectomy or any major intra-abdominal surgery, nephropathy, hypo- or hyperthyroidism, active or recent malignant disease, antibiotic treatment within previous six months prior to
inclusion and tobacco smoking.3

3.3. Sevelamer and changes in oxidative stress and inﬂammation

3.2. Baseline levels of oxidative stress and inﬂammation
3.4. Correlation between markers of oxidative stress and inﬂammation
The patients with T2D presented a trend towards statistically significant higher baseline excretion rate of urine 8-oxoGuo/creatinine compared to healthy individuals (median [IQR]: 1.59 [1.35; 1.78] vs. 1.33
[1.20; 1.55] nmol/mmol, p = 0.05), but similar baseline concentration
of urine 8-oxodG (median [IQR]: 1.03 [0.80; 1.37] vs. 0.91 [0.73; 1.23]
nmol/mmol, p = 0.44) (Fig. 1A+1B). At baseline, patients with T2D
compared to healthy individuals presented with higher concentrations

We conducted the following post-hoc analysis to explore the potential relationship between oxidative stress and inﬂammation. Using
Pearson correlation, we found a signiﬁcant correlation between urine
8-oxoGuo/creatinine and plasma TNF-α in patients with T2D (r =
0.49 (95% conﬁdence interval (CI): 0.16; 0.72), p b 0.01)) at baseline.
This signiﬁcant correlation between the markers was conﬁrmed at the

Table 1
Subject characteristics.
Patients with T2D

Sex (F/M)
Age (years)
Duration of T2D (years)
FPG (mmol/l)
HbA1c (mmol/mol)
BMI (kg/m2)

Healthy individuals

Placebo (n = 10)

Sevelamer (n = 20)

P value

Placebo (n = 8)

Sevelamer (n = 12)

P value

5/5
65.5 [54.8; 67.0
5.5 [2.8; 8.8]
7.7 [5.9; 9.3]
48.0 [44.3; 51.0]
26.9 [25.4; 28.9]

4/16
60.0 [48.8; 64.3]
4.0 [2.8; 6.3]
8.0 [7.4; 8.4]
44.5 [43.0; 52.3]
28.9 [27.5; 31.0]

0.21a
0.21
0.41
0.71
0.57
0.14

3/5
55.5 [47.5; 65.8]
N/A
5.9 [5.2; 6.2]
32.5 [30.0; 36.3]
28.3 [26.8; 28.8]

5/7
57.5 [50.3; 67.0
N/A
5.8 [5.2; 5.9]
33.0 [31.0; 36.5]
28.0 [26.8; 30.6]

1.00a
0.67
N/A
0.56
0.67
0.85

Values are medians with interquartile range. P values compare placebo to sevelamer within the groups of patients with type 2 diabetes and healthy individuals, respectively. FPG, fasting
plasma glucose; N/A, not applicable; T2D, type 2 diabetes mellitus.
a
Pearson chi-square test.
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Fig. 1. Urinary excretion rates of 8-oxoGuo and 8-oxodG, and correlation between TNFα and 8-oxoGuo at baseline A) Baseline urinary excretion rates of 8-oxo-7,8-dihydroguanosine (8oxoGuo) and B) 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) in healthy individuals with normal glucose tolerance and patients with type 2 diabetes (T2D). Boxplot and individual
values (points) are presented. C) Correlation between plasma tumor necrosis factor alpha (TNFα) and urine 8-oxoGuo/creatinine at baseline in healthy individuals with normal glucose
tolerance (black) (r = −0.07 (95% conﬁdence interval (95%CI): −0.50;0.38, p = 0.76)) and patients with T2D (grey) (r = 0.49 (95%CI: 0.16;0.72, p b 0.01)). The correlation coefﬁcients
were signiﬁcantly different (p = 0.049).

last visit (r = 0.44 (CI: 0.09;0.69), p = 0.01), but not found when delta
values of TNF-α were correlated to delta values of 8-oxoGuo. No correlation was observed between urine 8-oxoGuo/creatinine and plasma
TNF-α at baseline in healthy individuals (r = −0.07 (CI: −0.50;0.38),

p = 0.76) (Fig. 1C). A statistically signiﬁcant difference between the calculated correlation coefﬁcients were evident (p = 0.049). Only a
borderline signiﬁcant correlation was found between urine 8oxodG/creatinine and plasma TNF-α in patients with T2D (r = 0.36

Table 2
Oxidative stress and inﬂammatory markers in patients with type 2 diabetes.
Placebo (n = 10)

Sevelamer (n = 20)

Baseline

Δ Placebo

Baseline

Δ Sevelamer

P value

Oxidative stress markers
8-oxoGuo/creatinine (nmol/mmol)
8-oxodG/creatinine (nmol/mmol)

1.69 [1.43; 1.71]
1.25 [0.76; 1.50]

0.02 [−0.07; 0.06]
0.04 [−0.05; 0.07]

1.53 [1.34; 1.82]
1.00 [0.82; 1.35]

−0.04 [−0.24; 0.01]*
−0.05 [−0.10; 0.05]

0.11
0.25

Inﬂammation markers
hsCRP (mg/l)
TNFα (pg/ml)
IFN-γ (pg/ml)
sCD163 (mg/l)
IL-2 (pg/ml)
IL-6 (pg/ml)
IL-8 (pg/ml)
IL-10 (pg/ml)

0.89 [0.48; 1.63]
2.59 [2.08; 2.86]
6.30 [5.27; 8.32]
1.92 [1.37; 2.52]
0.18 [0.13; 0.31]
0.60 [0.45; 0.69]
13.45 [11.32; 18.18]
0.26 [0.21; 0.27]

−0.04 [−0.11; 0.55]
0.08 [−0.07; 0.20]
1.08 [−1.09; 3.13]
−0.03 [−0.20; 0.04]
0.03 [−0.04; 0.13]
0.03 [0.01; 0.14]
−0.67 [−1.53; 2.35]
0.01 [−0.02; 0.02]

1.34 [0.76; 2.04]
2.45 [1.95; 2.74]
4.91 [3.68; 6.85]
1.85 [1.55; 2.64]
0.23 [0.16; 0.30]
0.73 [0.55; 0.83]
11.10 [9.90; 17.40]
0.34 [0.26; 0.39]

−0.04 [−0.22; 0.27]
0.10 [−0.11; 0.34]
0.09 [−0.52; 1.16]
−0.05 [−0.19; 0.07]
−0.03 [−0.08; 0.00]*
−0.04 [−0.19; 0.03]
0.40 [−0.58; 1.22]
0.00 [−0.03; 0.05]

0.44
0.48
0.77
0.88
0.04
0.05
0.38
0.91

Values are medians with interquartile range. Delta values (Δ) describe the difference between baseline and end of treatment within the group with * illustrating P b 0.05. The speciﬁed P
values compare ΔPlacebo to ΔSevelamer using unpaired t-test for normally distributed data or Mann-Whitney U test in cases of non-Gaussian distribution of data. 8-oxoGuo, 8-oxo-7,8dihydro-guanosine; 8-oxodG, 8-oxo-7,8-dihydro-2′-deoxyguanosine; hsCRP, high-sensitivity C-reactive protein; IFN-γ, interferon gamma; IL, interleukin; sCD163, soluble CD163; soluble
CD163; TNFα, tumor necrosis factor alpha.
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Fig. 2. Effects of treatment with sevelamer on urinary excretion of 8-oxoGuo and 8-oxodG Each symbol illustrates the difference (delta value (Δ)) between baseline and end of treatment
for a single participant. Bars show medians with interquartile range. A) Patients with type 2 diabetes. B) Healthy individuals with normal glucose tolerance. 8-oxo-7,8-dihydroguanosine
(8-oxoGuo); 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG).

(CI: −0.01;0.63), p = 0.05). Once again, no signiﬁcant correlation
between 8-oxodG/creatinine and TNF-α were seen in healthy individuals (r = −0.25 (CI: −0.63;0.21), p = 0.28) (Appendix A, Supplementary Fig. 1).

Furthermore, we found a statistically signiﬁcant correlation between
urine 8-oxodG/creatinine and IL-10 (r = 0.37 (CI: 0.02;0.65), p = 0.04)
and a borderline statistically signiﬁcant correlation between urine 8oxoGuo/creatinine and IL-10 (r = 0.36 (CI: −0.00;0.64), p = 0.05) in

Table 3
Oxidative stress and inﬂammatory markers in healthy individuals.
Placebo (n = 8)

Sevelamer (n = 12)

P value

Baseline

Δ Placebo

Baseline

Δ Sevelamer

Oxidative stress markers
8-oxoGuo/creatinine (nmol/mmol)
8-oxodG/creatinine (nmol/mmol)

1.28 [1.17; 1.47]
1.00 [0.73; 1.30]

−0.07 [−0.11; −0.02]
−0.04 [−0.10; −0.01]

1.42 [1.28; 1.55]
0.91 [0.76; 1.10]

−0.02 [−0.12; 0.08]
−0.02 [−0.05; 0.00]

0.57
0.31

Inﬂammation markers
hsCRP (mg/l)
TNFα (pg/ml)
IFN-γ (pg/ml)
sCD163 (mg/l)
IL-2 (pg/ml)
IL-6 (pg/ml)
IL-8 (pg/ml)
IL-10 (pg/ml)

1.03 [0.40; 2.41]
2.01 [1.55; 2.47]
4.40 [2.67; 5.42]
1.40 [1.01; 1.55]
0.29 [0.20; 0.47]
0.69 [0.64; 0.81]
8.45 [8.09; 9.47]
0.29 [0.22; 0.33]

−0.23 [−0.82; 0.00]
0.07 [−0.02; 0.12]
0.76 [−0.12; 1.08]
0.04 [−0.02; 0.18]
−0.05 [−0.08; 0.02]
−0.05 [−0.10; 0.07]
0.91 [−0.07; 1.28]
0.02 [−0.06; 0.04]

1.01 [0.84; 2.41]
2.05 [1.79; 2.24]
4.36 [3.61; 7.52]
1.75 [1.51; 2.09]
0.21 [0.15; 0.43]
1.08 [0.90; 1.54]
11.05 [9.78; 12.95]
0.26 [0.21; 0.41]

−0.15 [−0.78; 0.04]
0.15 [0.00; 0.25]
0.21 [−0.56; 0.93]
0.05 [−0.03; 0.12]
−0.00 [−0.10; 0.04]
0.01 [−0.15; 0.07]
−0.50 [−1.20; 0.99]
0.00 [−0.06; 0.04]

0.85
0.26
0.57
0.70
0.79
1.00
0.37
0.68

Values are medians with interquartile range. Delta values (Δ) describe the difference between baseline and end of treatment within the group with † illustrating P b 0.05. The speciﬁed P
values compare ΔPlacebo to ΔSevelamer using unpaired t-test for normally distributed data or Mann-Whitney U test in cases of non-Gaussian distribution of data. 8-oxoGuo, 8-oxo-7,8dihydro-guanosine; 8-oxodG, 8-oxo-7,8-dihydro-2′-deoxyguanosine; hsCRP, high-sensitivity C-reactive protein; IFN-γ, interferon gamma; IL, interleukin; sCD163, soluble CD163; TNFα,
tumor necrosis factor alpha.
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patients with T2D, but there was no signiﬁcant correlation between
these inﬂammatory markers in healthy individuals. No signiﬁcant correlations to urine 8-oxoGuo/creatinine or 8-oxodG/creatinine were observed with the remaining inﬂammatory markers (i.e. CRP, IFNγ,
sCD163, IL-2, IL-6, and IL-8) (Appendix A, Supplementary Figs. 1 + 2).
4. Discussion
In this study, short-term treatment with sevelamer caused no significant reductions in oxidative RNA and DNA modiﬁcations when compared to placebo treatment. However, a signiﬁcant reduction was
observed within the treated group of patients with T2D, whereas a similar effect was not evident in healthy individuals. A trend towards higher
baseline excretion rate of oxidative RNA modiﬁcations seemed to be evident in the patients with T2D compared to healthy individuals, which
might explain the difference in treatment effects within these groups.
Reduction of oxidative RNA modiﬁcations could be a relevant new
therapeutic target in patients with T2D due to the association with allcause and cardiovascular mortality in this patient group.12,14,15
Sevelamer is approved for the treatment of hyperphosphatemia in patients with chronic kidney disease, but additional beneﬁcial effects on
glycemia2,3 and blood lipid status2,3,24–26 could implicate a possible
treatment potential of this drug in patients with T2D.18 A previous
study has demonstrated treatment with sevelamer for two months to
elicit a reduction in 8-isoprostanes (a measure of lipid peroxidation27)
compared to calcium carbonate treatment.2 We have previously demonstrated that short term (i.e. one-week) treatment with other drugs
was sufﬁcient to modify urinary excretion of oxidative nucleic acid
modiﬁcations,28 which prompted us to explore the potential short
term effects of sevelamer. Our ﬁndings indicate that sevelamer may affect oxidative RNA modiﬁcations and studies with longer treatment periods are required to investigate if a more profound effect of sevelamer
treatment exists.
We did not observe sevelamer treatment to reduce oxidative DNA
modiﬁcations. However, a minor trend towards a reduction in 8oxodG was observed within the group of patients with T2D treated
with sevelamer. We have previously observed different effects of an intervention on RNA and DNA oxidation.28 The intracellular localization as
well as the structure of the nucleic acids seem pivotal for the sources
that generate and prevent oxidative modiﬁcations.11 A compartmentalization of oxidative stress has been suggested.28
Low-grade inﬂammation promotes insulin resistance,29 and thus,
anti-inﬂammatory effects might be beneﬁcial in patients with T2D. The
short-term treatment with sevelamer was observed to affect only IL-2
and trend towards reduction of IL-6 in patients with T2D. None of the remaining inﬂammatory markers were affected. Previous studies have
shown sevelamer treatment to induce changes in plasma concentrations
of TNF-α, hsCRP, IL-6, and IL-10, but all of these studies included considerably longer treatment periods compared to the present study.2,24,25,30
Oxidative stress and inﬂammation are two essential mechanisms for
cellular signalling and protection. However, there is a ﬁne line between
these essential cellular mechanisms and the damaging potential of
both.31,32 The association between oxidative stress and inﬂammation
is intriguing and a very complex ﬁeld that has been recognized for
many years, but details remain unclariﬁed. Two clear interactions are
known: The ﬁrst is oxidative burst, which is a mechanism including production of reactive oxygen species (ROS) from neutrophil granulocytes
and macrophages by the enzyme NADPH oxidase. ROS are released from
these cells to eliminate pathogens.33 The second example is the ability of
ROS to modulate nuclear factor-kappa B (NFκB). NFκB is a transcription
factor that controls expression of numerous genes involved in the innate immune system.33 Furthermore, oxidative stress and inﬂammation
are known to modify each other in multiple ways.33 To explore the
association between oxidative stress and inﬂammation, we conducted
post-hoc correlation tests between the measured markers at baseline.
Interestingly, we found a quite strong correlation between TNF-α and

8-oxoGuo that was only evident in patients with T2D. A previous
in vitro study showed that TNF-α induced reactive oxygen species generation in cardiac myocytes.34 Other researchers have suggested a linkage between oxidative stress and inﬂammation through release of
glutathionylated peroxiredoxin-2 that stimulates TNF-α production,32
thus, providing possible explanations to a correlation between the
markers. An observational study conducted in patients with rheumatic
arthritis showed reduced urinary excretion of 8-oxodG after 14 weeks
treatments of inﬂiximab.35 This encourages us and hopefully others to
explore the targeted effect of monoclonal antibody TNF-α therapy on
oxidative RNA modiﬁcations. The difference between the correlation coefﬁcients among patients with T2D and healthy individuals might
suggest that patients with T2D are more prone to oxidative RNA modiﬁcations and/or inﬂammation.
As previously reported,3 plasma concentrations of unconjugated
fractions of the two primary bile acids (cholic acid (CA) and
chenodeoxycholic acid (CDCA)) as well as the main secondary bile
acid (deoxycholic acid (DCA)) were measured in the present studies.
Findings from in vitro studies and animal models indicate antiinﬂammatory properties of the speciﬁc bile acid receptors TGR5 and
FXR.36,37 Thus, TGR5 activation has been reported to elicit antiinﬂammatory activities by reducing cytokine production in leukocytes,
whereas FXR activation has been shown to regulate bacterial overgrowth and contribute to the mucosal resistance against microbes. In
addition, TGR5 and FXR activation have been demonstrated to reduce
hepatic inﬂammation via suppression of NF-κB signalling.36,37 In the
present studies, no effects of sevelamer on fasting plasma concentrations of CA, CDCA or DCA were evident in patients with T2D or healthy
subjects. Placebo-corrected reductions in AUC240 min for CDCA and DCA
were observed following sevelamer treatment in patients with T2D,
whereas no effect on CA was seen in this group of patients. A similar decrease in AUC240 min for CDCA was also evident in the healthy subjects,
whereas no changes in AUC240 min for CA or DCA were observed compared to placebo. The observed changes in plasma bile acid concentrations are supported by ﬁndings from a study by Brufau et al.38
However, the overall knowledge on bile acid-mediated impact on inﬂammation as well as the potential inﬂuence of changes in plasma
bile proﬁle remain limited and to be further clariﬁed.36
The randomised, double-blinded, and placebo-controlled designs constitute a strength of the two studies. Furthermore, the UPLC-MS/MS
method used for analysis of urinary excretion of 8-oxoGuo and 8-oxodG
is preferred method when compared to ELISA due to high speciﬁcity.39
The collection of the baseline urine sample 4 h after administration
of the ﬁrst dose of study drug poses a limitation to the study. The halflife of injected 8-oxodG in plasma is approximately 2.5 h based on animal studies.40 Thus, we do not expect an acute (hours) effect of
sevelamer treatment on urinary excretion of oxidative modiﬁcation,
and if any it would have diminished the observed effect of sevelamer
treatment in terms of 8-oxoGuo and 8-oxodG. We adjusted urinary oxidative nucleic acid concentrations to urinary ﬂow using urine creatinine. The use of this method instead of a 24-h urine collection seems
reasonable due to no evidence or indication of sevelamer-mediated
treatment effects on urine creatinine. The unfortunate numeric, but
not statistically signiﬁcant difference in sex distribution between treatment groups was investigated using a two-way ANOVA. An interaction
between sex and treatment group was only observed when evaluating
changes in 8-oxodG/creatinine, but no difference in least squares
means between sex stratiﬁed treatment groups was evident. Thus, gender distribution should not affect the interpretation of additional results.
Finally, the relatively small sample size of both studies constitutes a limitation of the study.
5. Conclusion
The pleiotropic effects of sevelamer, including improved glycaemic
control, reduction in LDL cholesterol, and potentially reduced oxidative
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stress and inﬂammation point to a potential beneﬁcial effect of
sevelamer in terms of cardiovascular disease in patients with T2D. The
potential relevance is supported by a previous study demonstrating reduced cardiovascular morbidity and mortality after treatment with the
bile acid sequestrant cholestyramine in patients with dyslipidemia.41
In conclusion, this study shows promising results of sevelamer treatment and suggests a possible effect on oxidative RNA modiﬁcations and
inﬂammation in patients with T2D, but not in healthy individuals. These
ﬁndings should be further explored in studies with a longer intervention period.
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