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Abstract
Purpose  Uremic toxins produced by gut microbiota (indoxyl sulfate—IS, p-cresyl sulfate—p-CS, and indole-3-acetic acid—
IAA) accumulate in hemodialysis (HD) patients and exhibit potent inflammatory effects. However, the impact of these toxins 
on nuclear E2-related factor 2 (Nrf2) and nuclear factor-kappa B (NF-κB) expression in HD patients remains poorly defined. 
The aim of this study was to evaluate the association between uremic toxins and Nrf2/NF-κB expression in vitro (RAW 264.7 
macrophage-like cells) and in peripheral blood mononuclear cells from HD patients.
Methods  Uremic toxins, C-reactive protein (CRP), interleukin-6 (IL-6) and malondialdehyde (MDA) levels were measured 
in fifteen HD patients and nine healthy individuals. RAW 264.7 macrophage-like cells were incubated with IS, as a prototype 
of protein-bound uremic toxin. Nrf2 and NF-κB expressions were analyzed by RT-qPCR.
Results  HD patients presented high levels of inflammatory markers, MDA and uremic toxins. In addition, they presented high 
NF-κB and low Nrf2 expression. Uremic toxins were positively correlated with NF-κB expression (IS, ρ = 0.58, p < 0.003; 
p-CS, ρ = 0.71, p < 0.001; IAA, ρ = 0.62, p < 0.001) and negatively with Nrf2 (IS, ρ = − 0.48, p = 0.01; p-CS, ρ = − 0.46, 
p < 0.02). Uremic toxins also exhibited positive correlations with CRP and MDA levels. Multivariate analysis revealed that 
p-CS is a determinant factor of NF-κB expression. In RAW 264.7 culture, NF-κB mRNA expression was stimulated by IS, 
while Nrf2 was downregulated.
Conclusions  Thus, uremic toxins may stimulate NF-κB mRNA and decrease Nrf2 expression in HD patients and, conse-
quently, trigger inflammation and oxidative stress.
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Introduction

Studies in chronic kidney disease (CKD) patients have 
identified an imbalance of the gut microbiota (the so-called 
dysbiosis) as a new factor that may contribute to cardiovas-
cular disease (CVD) [1, 2]. Some uremic toxins produced by 
the altered gut such as indoxyl sulfate (IS), p-cresyl sulfate 
(p-CS) and indole-3-acetic acid (IAA) are accumulated in 
CKD patients and can lead to pathological conditions such 
as inflammation and oxidative stress which explain in part 
the risk of CVD in these patients [3, 4].

IS is an organic anion metabolized in the liver from 
indole, produced by the intestinal bacteria as a metabo-
lite of tryptophan derived from dietary proteins [5]. This 
toxin is known to exert a wide range of toxic activities 
such as endothelial dysfunction and is independently 
associated with cardiovascular disease in CKD patients. 
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Besides, IS exacerbates reactive oxygen species (ROS) 
production by NADPH oxidase activation and is related 
to inflammation in these patients [4, 6, 7].

Another uremic toxin formed by gut microbiota is p-
CS, resulting from fermentation of tyrosine to p-cresol and 
endogenous sulfate conjugation [8, 9]. This toxin may also 
play a role in the development of endothelial dysfunction 
and vascular stiffness [10, 11]. Furthermore, p-CS appears to 
be strongly associated with progression of CKD and survival 
[11, 12]. This toxin also leads to increased ROS production, 
activates NADPH oxidase and induces an increase in inflam-
matory cytokines levels [12].

IAA is an end-product of tryptophan bacterial fer-
mentation metabolized in the gut or in tissue from indole 
[5]. IAA is positively correlated with C-reactive protein 
(CRP) and malondialdehyde (MDA), which are com-
monly used to evaluate inflammation and oxidative stress, 
and consequently, IAA is considered a predictor of car-
diovascular disease and mortality in CKD patients [13].

Although knowledge has increased about mechanisms 
involved in the interaction between gut microbiota and CKD, 
very few information exists about microbiota and its relation-
ship with inflammation and oxidative stress in CKD patients. 
Bolati et al. [14] observed that HK-2 cells treated with IS pre-
sented a downregulation of nuclear E2-related factor 2 (Nrf2) 
through activation of nuclear factor-kappa B (NF-κB).

Nrf2–Kelch–like ECH-associating protein-1 (Keap1) 
pathway is known as a major transcription factor that 
stimulates cellular defense mechanism, such active expres-
sion of genes encoding phase II detoxifying enzymes and 
antioxidant enzymes. Nrf2 plays crucial roles in cellular 
defense, improving the removal of ROS and regulating cel-
lular antioxidant responses by modulation of NF-κB [15].

NF-κB downstream regulates gene transcription, including 
those associated with inflammation such as pro-inflammatory 
cytokines and leukocyte adhesion molecules (E-selectin, 
VCAM-1 and ICAM-1) [15]. In our previous study [16], we 
have observed an increased NF-κB and reduced Nrf2 expres-
sion in HD patients; however, there are currently no avail-
able data regarding the relationship between protein-bound 
uremic toxins and expression of Nrf2-Keap1 and NF-κB in 
hemodialysis (HD) patients. Thus, the aim of this study was 
to evaluate the association between uremic toxins and Nrf2 
and NF-κB expression in peripheral blood mononuclear cells 
(PBMC) isolated from HD patients as well as in vitro (RAW 
264.7 macrophage-like cells).

Subjects and methods

Fifteen HD patients were enrolled in this study (nine men 
and six women, mean age 61 ± 13 years old, average time 
on dialysis 98 ± 50 months, BMI, 24.1 ± 3.1 kg/m2). Data 

and blood samples from nine healthy individuals recruited 
into the observational study previously described [16] 
were analyzed for uremic toxins levels.

Inclusion criteria were age higher than 18 years and 
HD treatment for at least 6 months. Patients with active 
inflammatory diseases, cancer, AIDS, autoimmune dis-
ease, smokers, patients using catheter access for HD, and 
patients on antioxidant vitamin supplements or use of 
antibiotic, pre-, pro- or symbiotic were excluded. Dialysis 
duration was 3–4.5 h per session three times a week. Blood 
flow was greater than 250 mL/min, and dialysate flow was 
500 mL/min.

The etiologies of renal disease were hypertensive (10 
of 15), diabetic nephropathy (2 of 15), chronic glomeru-
lonephritis (2 of 15) and polycystic kidney disease (1 of 
15). The study protocol was reviewed and approved by 
the Ethics Committee of the School of Medicine—Fed-
eral University Fluminense (018/09), and all patients were 
asked to sign an informed consent.

Analytic procedures and sample processing

Blood samples were drawn from each subject in the morn-
ing, after an overnight fasting, into a syringe containing 
ethylene diamine tetra acetic acid (EDTA) (1.0 mg/mL) 
as anticoagulant. Plasma was separated (15 min, 3000×g, 
4 °C) and stored in − 80 °C until analysis.

To isolate the peripheral blood mononuclear cells 
(PBMC), blood samples with EDTA were diluted in 
PBS, and cells were detached with Histopaque (Sigma-
Aldrich®, Darmstadt, Germany) by centrifugation at 
1800 rpm for 30 min at 18 °C. PBMCs were collected and 
washed twice with cold phosphate-buffered saline (PBS) 
and stored with 1 mL of Gibco™ Recovery™ Cell Culture 
Freezing Medium (Thermo Fisher Scientific Inc, Grand 
Island, New York) for RNA isolation.

Biochemical, oxidative stress and inflammation 
parameters

Serum urea nitrogen, phosphorus, potassium, calcium, 
albumin, creatinine, parathormone (PTH), blood hemo-
globin, hematocrit levels and BMI were collected from 
medical records of patients. Dialysis dose (Kt/V) was 
calculated using values of blood urea nitrogen, pre- and 
post-dialysis, body weight and dialysis duration using a 
standard formula [17].

C-reactive protein (CRP) and interleukin-6 (IL-6) plasma 
levels were measured by ELISA, using R&D systems duo-
set kits (Minneapolis, MN, USA). Malondialdehyde (MDA) 
plasma levels were measured by reaction with thiobarbituric 
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acid. Samples were diluted with thiobarbituric acid (0.6% 
m/v), brought to heating to 95 degrees, and the floating liq-
uid was detached and read spectrophotometrically at 532 nm.

Real‑time quantitative PCR analysis

Nrf2 and NF-κB mRNA levels were analyzed in PBMCs 
using quantitative real-time polymerase chain reaction 
(qRT-PCR). PBMCs were isolated from blood, and RNA 
was extracted with SV Total RNA Isolation System (PRO-
MEGA). The cDNA was synthesized with the high-capac-
ity cDNA reverse transcription kit (Applied Biosystems). 
Real-time PCR amplifications were performed in dupli-
cate via TaqMan Gene Expression Assays on ABI Prism 
7500 Sequence Detection System (Applied Biosystems). 
TaqMan Primer Assays (Applied Biosystems) for Nrf2 
(Hs00975961_g1), NF-κB (Hs00765730_m1) and the con-
trol gene GAPDH (Hs02758991_g1) was performed in PCR 
protocol: 50 °C for 2 min, 95 °C for 10 min and 40 two-step 
cycles: 95 °C for 15 s and 60 °C for 1 min. The expres-
sion of Nrf2 and NF-κB was calculated using the ΔΔ CT 
(delta–delta threshold cycle) method.

Determination of total concentrations of IS, p‑CS 
and IAA by HPLC

Indoxyl sulfate (IS) and indole 3-acetic acid (IAA) were 
purchased from Sigma. p-Cresyl sulfate (p-CS) was a kind 
gift from Dr. Griet Glorieux (University Hospital Ghent, 
Belgium). The other reagents were of analytical or chroma-
tographic grade.

Chromatographic determinations were performed with 
a Shimadzu Prominence system equipped with a Rheo-
dyne injector (model 7125), a quaternary pump (Shimadzu 
LC-20AD), controlled by the LC Solution software, and 
a fluorescence detector (Shimadzu RF-20A). C8 Luna 
column (Phenomenex, Torrance, CA, USA) was used for 
separation (150 × 4.6 mm, 5 µm) and eluted with 50 mM 
ammonium formiate pH 3.0 and methanol, whose pro-
portion increased from 35 to 70% (v/v) along the run, 
at a flow rate of 0.7  mL/min. The fluorescence wave-
lengths were λexc = 280 nm/λem = 383 nm for IS [18] and 
λexc = 265 nm/λem = 290 for p-CS and IAA [19].

Plasma samples were processed as described [18]. 
Briefly, plasma was diluted with water and heated (95 °C, 
30 min). After 10 min in ice, samples were centrifuged 
(13,000 rpm in bench centrifuge, 4 °C, 20 min) and the 
supernatant was ultra-filtered with a 30-kDa cutoff mem-
brane (Amicon Ultra, Millipore). The ultra-filtrate (10 μL) 
was injected in HPLC.

The calibrators were prepared in a pooled healthy 
plasma matrix and processed exactly as the plasma 
samples. The amounts added to the 100 μL matrix (IS 

0.2–28 μmol; p-CS 0.63–79.6 μmol; IAA 0.02–3 μmol) 
were chosen to match plasma concentrations ranging from 
the normal to uremic concentrations of the three toxins 
[20]. The inferior limits of quantification (LOQ) of the 
toxins were determined as 10 × σ/S, where σ is the stand-
ard deviation of the response (calibrators at the lowest 
concentrations) and S is the slope of the linear regression.

Plasma samples (100 μL) were spiked with the three 
authentic standards in the normal or uremic ranges: IS (1.1 
or 24 μmol), p-CS (2.6 or 42.5 μmol) and IAA (0.11 or 
2 μmol), and processed as described above. Recovery (%) 
was calculated as (detected amount-basal amount) × 100/
added amount.

The intraday precision was determined with five injec-
tions of healthy and uremic (from hemodialysis patient) 
plasma in the same day. The interday precision was deter-
mined with injections of three independent preparations 
of healthy and uremic plasma in three different days. Pre-
cision (%) was expressed as relative standard deviation.

Cell culture

Murine macrophage-like RAW 264.7 (Mus musculus) 
were obtained from RIKEN Bioresource Center (Tsukuba, 
Japan) and grew in 12-well plates in modified Eagle’s 
medium (MEM) (GlutaMAX, Invitrogen), supplemented 
with 100 IU/mL penicillin, 100 µg/mL streptomycin, 1% 
(v/v) nonessential amino acids and 10% (v/v) heat inacti-
vated (30 min, 56 °C) fetal bovine serum. Cultures were 
maintained at 37 °C in a water-saturated atmosphere con-
taining 5% (v/v) CO2. 16-h incubations of macrophages 
cultures were accomplished with IS accordance to the rec-
ommendations of the European Uremic Toxin Work Group 
(EUTox, www.eutox.org) and compared with K2SO4, as 
a control both diluted in serum-free medium containing 
35 g/L of bovine serum albumin (BSA). RAW 264.7 mac-
rophage-like cells were incubated with IS (250, 500, 1000 
and 4000 µM).

Cell viability of IS

Cytotoxicity of IS on RAW macrophages cells was deter-
mined using Alarmar blue® AbD Serotec (Endeavour 
House, Langford Business Park, Langford Lane, Kidlington, 
Oxford) according to the manufacturer’s recommendations.

TNF‑alpha assay in RAW 264.7 cells 
and Malondialdehyde

Culture medium was collected, and TNF-alpha was meas-
ured using an immunoassay (Mouse TNF-alpha, Peprotech, 

http://www.eutox.org
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Neuilly-Sur-Seine, France) according to the manufacture’s 
recommendations. RAW 264.7 cells were scrapped, and 
MDA content was measured using HPLC with visible detec-
tion as described by Grotto et al. [21] and normalized to total 
protein content estimated by Bradford assay.

Real‑time quantitative PCR analysis in RAW 264.7 
cells

Total RNAs were extracted using TRI Reagent (Sigma-
Aldrich). Total RNAs quantities and qualities were assessed 
using the Agilent 2100 bioanalyzer and RNA 6000 labChip 
kit (Agilent Technologies, Massy, France). Reverse tran-
scriptions (RNAse H, Takara enzyme) were performed on 
1 µg of total RNA. Real-time PCR assays for nrf2, nfkb2, 
and tbp genes were performed using a Rotor-GeneTM 6000 
(QIAGEN). Values were normalized to tbp gene expression. 
The full list of genes and corresponding primer sequences is 
shown in Supplementary Table 1.

Statistical analysis

Normal distribution of data was defined using Shapiro–Wilk 
test, and values were expressed as mean ± standard devia-
tion (SD) or median. Differences among continuous data 
were analyzed by two-tailed unpaired Student’s t test or 
Mann–Whitney. Pearson or Spearman correlation coefficient 
was used to examine the relationships between variables. A 
multivariate general linear model was used to evaluate the 
main effects of uremic toxins on Nrf2 and NF-κB mRNA 
expression. In RAW 264.7 macrophage-like cells, cell 
viability, Nrf2 and NF-κB mRNA expression, TNF-alpha 
and MDA content were compared using one-way ANOVA. 
Statistical significance was accepted as p < 0.05. Statistical 
analyses were accomplished with SPSS 23.0 (SPSS, Inc., 
Chicago, IL, USA) and GraphPad Prism v6.0 (Graphpad 
software, La Jolla, CA).

Results

In vivo

The chromatograms showed a good separation of the three 
toxins with no interference in their retention times in the 
plasma samples (Fig. 1). The calibration curves for each 
toxin presented excellent linearity, with r2 > 0.99. The 
LOQs for IS, p-CS and IAA were 4.81, 8.16 and 0.31 pmol 
injected on column, respectively, corresponding to plasma 
concentrations of 1.73, 2.94 and 0.11 μM. The recover-
ies rates (%) were 97.2 ± 1.4 (1.1 μmol) and 99.1 ± 2.2 
(24 μmol) for IS, 101.2 ± 6.1 (2.6 μmol) and 99.5 ± 1.9 
(42.5 μmol) for p-CS, and 98.8 ± 6.9 (0.11 μmol) and 

98.3 ± 3.1 (2 μmol) for IAA. The intraday and interday 
precision RSD were < 5% for the three toxins.

Demographic data of studied groups are presented in 
Table 1. Age and gender were not different among healthy 
individuals and HD patients. Biochemical and clinical pro-
file data of CKD patients are summarized in Table 2. CRP, 
IL-6, MDA and NF-κB values were significantly higher in 
patients when compared to healthy individuals (p < 0.001), 
as well as all uremic toxins (Table 3). Uremic toxins levels 
were positively correlated with NF-κB expression. On the 
other hand, uremic toxins were negatively correlated with 
Nrf2. IS levels also presented positive correlations with 
CRP levels. Besides, positive correlations between MDA 
and uremic toxins levels were found (Table 4).

Multivariate linear regression analysis adjusted for 
age, sex, IS, IAA and Nrf2 revealed that NF-κB mRNA 
expression was independently and positively associated 
with p-CS plasma levels (β = 0.6; p = 0.01).

Fig. 1   HPLC determination of indoxyl sulfate (IS), p-cresylsulfate (p-
CS) and indole 3-acetic acid (IAA) in plasma. Representative chro-
matograms of a mixture of authentic standards and a CKD patient’s 
plasma are shown. The mixture of standards consisted of 122 pmol 
IS, 153  pmol p-CS and 7  pmol IAA on column. The toxins were 
separated by a C8 reversed-phase column eluted with 50 mM ammo-
nium formate pH 3.0 with a methanol gradient (35–70%) at 0.7 mL/
min. The excitation and emission wavelengths were Ex 280 nm/Em 
383 nm for IS and Exc 265 nm/Em 290 for p-CS and IAA

Table 1   Demographic data of studied groups

Parameters Healthy individu-
als (N = 9)

Hemodi-
alysis patients 
(N = 15)

Gender (M/F) 5/4 9/6
Age (years) 52.0 ± 8.1 60.5 ± 12.8
Body mass index (kg/m2) 24.0 ± 2.2 24.1 ± 3.1
Time on dialysis (months) – 98.0 ± 50.0
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In vitro

In RAW 264.7 macrophage-like cells, Nrf2 mRNA expres-
sion was decreased by IS exposure from a concentration of 
250 µM (Fig. 2a), while exposing macrophage culture to 
IS stimulates NF-κB mRNA expression at IS concentration 
of 1000 µM (Fig. 2b). Furthermore, we measured MDA, 
a common biomarker of lipid peroxidation, as an index of 
the oxidative stress and was increased in macrophages cul-
ture treated with increasing concentrations of IS (Fig. 3). 

Incubation of RAW 264.7 macrophage-like cells with 
IS triggered the secretion of TNF-alpha into the culture 
medium (Fig. 4).

Discussion

Our results showed increased plasma levels of protein-bound 
uremic toxins and the negative impact of these toxins on 
oxidative stress and inflammation in HD patients. In fact, the 
finding that uremic toxins levels are increased in HD patients 
has been observed in many studies [1, 3, 11]. However, the 
observation that NF-κB expression can be stimulated and 
Nrf2 expression reduced by these uremic toxins is novel. In 
good agreement, RAW 264.7 macrophage-like cells incu-
bated with IS, as a prototype of protein-bound uremic toxin, 
exhibited an increased expression of NF-κB mRNA and a 
decreased expression of Nrf2 mRNA. Finally, this toxin trig-
gered an increase in MDA content in cultured macrophage-
like cells, suggesting that this toxin promotes oxidative stress 
in these cells, and triggered TNF-alpha secretion, a potent 
pro-inflammatory cytokine.

Protein-bound uremic toxins have received much atten-
tion lately, especially because of their effects on inflamma-
tion and CVD risk in CKD [22]. In a recent study across the 
CKD range, there was a significant increase in IS levels with 
the highest levels observed in the HD population. Further, 
the toxin was independently associated with CVD. Addition-
ally, a meta-analysis involving patients with CKD stages 3–5 
concluded that elevated levels of p-CS and IS were associ-
ated with increased mortality in CKD patients and that p-
CS was associated with an increased risk of cardiovascular 
events [11, 23, 24].

Concerning the inflammation and oxidative stress 
relationships with uremic toxins, Rossi et al. in a recent 
observational cohort study with nondialysis CKD patients 
found that serum-free and total IS levels were indepen-
dently associated with serum IL-6, TNF-alpha and IFN-
γ. Besides promoting inflammation, IS may induce ROS 
production in several cells, such as vascular endothelial 
cells, vascular smooth muscle cells, renal tubular cells, 
monocytes and macrophages [11, 25–28].

Table 2   Biochemical profile of the hemodialysis patients

Parameters Values

Kt/V 1.6 ± 0.3
Urea nitrogen (mg/dL) 134.4 ± 27.0
Creatinine (mg/dL) 7.7 ± 2.5
Potassium (mg/dL) 5.3 ± 0.4
Phosphorus (mg/dL) 5.1 ± 1.3
Albumin (g/dL) 3.7 ± 0.5
Hematocrit (%) 30.0 ± 5.2
Hemoglobin (g/dL) 10.1 ± 1.5

Table 3   Inflammation, oxidative stress and transcription factors 
parameters in healthy individuals and hemodialysis patients

Data were compared using unpaired Student’s t test or Mann–Whit-
ney. p < 0.05 indicates a significant difference between the groups
CRP C-reactive protein, IL-6 interleukin-6, MDA malondialdehyde, 
IS indoxyl sulfate, p-CS p-cresyl sulfate, IAA indole-3-acetic acid, 
Nrf2 nuclear E2-related factor 2, NF-κB nuclear factor-kappa B

Parameters Healthy individu-
als (N = 9)

Hemodialysis 
patients (N = 15)

p value

CRP (mg/dL) 0.2 (0.18–0.24) 2.24 (1.7–3.3) 0.002
IL-6 (pg/mL) 1.13 ± 0.02 1.7 ± 0.7 0.010
MDA (nmol/mL) 4.8 ± 3.0 13.5 ± 5.0 0.001
IS (mg/L) 0.75 ± 0.36 28.7 ± 13.7 0.001
p-CS (mg/L) 3.6 ± 0.18 39.8 ± 25.0 0.001
IAA (µg/L) 71.3 ± 46.6 506.1 ± 261.4 0.001
Nrf2 1.14 ± 0.7 0.55 ± 0.33 0.040
NF-κB 1.0 ± 0.2 1.97 ± 0.62 0.001

Table 4   Correlations between 
uremic toxins and oxidative 
stress and inflammation 
parameters

Significant relationships indicated in bold

IS (mg/L) p-CS (mg/L) IAA (mg/L)

ρ p value ρ p value ρ p value

NF-κB 0.588 0.003 0.710 0.000 0.626 0.001
Nrf2 − 0.483 0.017 − 0.466 0.022 − 0.332 0.113
MDA (nmol/mL) 0.713 0.001 0.551 0.022 0.667 0.003
CRP (mg/dL) 0.810 0.000 0.723 0.000 0.650 0.001
IL-6 (pg/mL) 0.154 0.471 0.150 0.483 0.282 0.181
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Masai et al. demonstrated that IS enhances NADPH 
oxidase-derived ROS, which, in turn, stimulates the mito-
gen-activated protein kinase/NF-κB pathway in human 
umbilical vein endothelial cells (HUVEC). We recently 
also demonstrated that incubation of adipose cells with 
IS increased reactive oxygen species production through 
activation of NADPH oxidase [4, 29].

In agreement with our results, in vitro studies propose 
that the pathogenic actions of uremic toxins stem from the 
induction of ROS that stimulate the NF-κB signaling path-
way, followed by both oxidative stress and pro-inflammatory 
cytokine production [30–32]. Bolati et al. [14] in a study 
using human proximal tubular cells (HK-2 cells) and rat kid-
ney cells found that IS downregulates the expression of Nrf2 

through activation of NF-κB, with subsequent decrement 
of antioxidants enzymes and increased production of ROS. 
Lekawanvijit et al. [32] showed that IS stimulated the mito-
gen-activated protein kinase (MAPK) and NF-κB pathways 
on cardiac cells. These findings may explain the correlations 
of uremic toxins and oxidative stress and inflammation in 
HD patients presented in our results.

Our in  vivo results confirm the hypothesis that IS 
may modulate NF-κB and Nrf2 mRNA expression. Nrf2 

Fig. 2   Indoxyl sulfate downregulate Nrf2 expression (a) and NF-κB 
(b) in RAW 264.7 macrophage-like cells. Cells were incubated for 
16 h with 250–1000 µM of indoxyl sulfate (solid bars) or K2SO4 as 
a control (open bars), and expression of Nrf2 and NF-κB was meas-
ured by RT-qPCR as described in methods. Data are mean  ±  SE 
for n  =  4–5 independent experiments. Data were compared using 
one-way ANOVA. Different letters indicate a significant difference 
between groups at the p < 0.05

Fig. 3   Indoxyl sulfate exacerbates oxidative damages in RAW 
264.7 macrophage-like cells. Cells were incubated for 16  h with 
250–1000  µM of indoxyl sulfate (solid bars) or K2SO4 as a control 
(Open bars), and malondialdehyde (MDA) was measured as an index 
of lipid peroxidation. Data are mean ± SE for n = 4–5 independent 
experiments. Data were compared using one-way ANOVA. Different 
letters indicate a significant difference between groups at the p < 0.05

Fig. 4   Indoxyl sulfate induces the secretion of TNF-alpha by RAW 
264.7 macrophage-like cells. Cells were incubated for 16 h with 250–
1000 µM of indoxyl sulfate (Solid bars) or K2SO4 as a control (Open 
bars), and TNF-alpha was measured in the culture medium using an 
immunoassay. Data are mean ± SE for n = 4–5 independent experi-
ments. Data were compared using one-way ANOVA. Different letters 
indicate a significant difference between groups at the p < 0.05
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translocation to the nucleus leads to a rise in the transcrip-
tion of ARE-regulated genes of antioxidants and phase II 
detoxifying enzymes, including NAD(P)H quinone oxidore-
ductase (NQO1), heme oxygenase-1 (HO-1), glutathione 
S-transferase (GST), glutathione peroxidase (GSH-Px), cata-
lase, superoxide dismutase (SOD). These phase II enzymes 
perform a crucial function in cellular defense by intensifying 
the removal of ROS [33–36]. Therefore, Nrf2 appears to 
play an important role in cellular protection against oxida-
tive stress.

Recently, Lau et al. analyzed the expression of inflam-
matory and tight junction proteins in the colon from CKD 
rats compared to healthy controls and demonstrated the 
impact of Nrf2 using a potent Nrf2 activator. The authors 
showed the role of Nrf2 system damage as another cause 
of the intestinal epithelial tight junction disorder in CKD. 
Increase in urea levels in body fluids leads to urea influx 
into the intestinal lumen and triggers local inflammation by 
enabling the influx of endotoxin. This inflammation further 
increases disruption of the epithelial barrier structure and 
function [37, 38].

The activation of Nrf2 in CKD appears to be an important 
pathogenic mechanism in response to the presence of ROS 
and other uremic toxins. According to Saito et al. [39], the 
suppressive effects of Nrf2 activation on the inflammatory 
reaction via NF-κB inhibition are likely to be important for 
preventing the progression of CKD. According to the current 
study, as uremic toxins issued from the gut microbiota may 
accentuate the imbalance between Nrf2 and NF-κB, thera-
peutic strategies such as the use of probiotics, prebiotics 
and symbiotic may represent novel therapeutic approaches 
to decrease the cardiovascular risk of CKD patients [40].

This study presents some limitations. First, the size sam-
ple is limited. Second, protein intake was not evaluated 
which prevented us to estimate intakes of tryptophan, as well 
as Keap1 and antioxidants enzymes expression. Moreover, 
the levels of the final functional protein product to Nrf2 and 
NF-κB were not evaluated by Western Blotting, to confirm 
that gene transcription was not affected by translational or 
posttranslational modifications. Lastly, the effects of IAA 
and p-CS in vitro were not evaluated. Besides that, it would 
better to cultivate PBMCs or monocytes cells from our 
patients to obtain more results than RAW 264.7. However, 
we do not have support to perform this cell culture. This 
was a very well-controlled protocol, which allowed us to 
conclude that the results are considerably relevant.

In conclusion, the present study reports that an increase in 
uremic toxins as observed in maintenance dialysis may acti-
vate the NF-κB mRNA expression and inhibit Nrf2 mRNA 
expression in HD patients, consequently contributing to 
inflammation and oxidative stress commonly observed in 
these patients.
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