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Abstract: Chronic kidney disease (CKD) is characterized by an oxidative stress status, driving
some CKD-associated complications, even at the gastrointestinal level. Indoxyl Sulfate (IS) is a
protein-bound uremic toxin, poorly eliminated by dialysis. This toxin is able to affect the intestinal
system, but its molecular mechanism/s in intestinal epithelial cells (IECs) remain poorly understood.
This study’s aim was to evaluate the effect of IS (31.2-250 uM) on oxidative stress in IEC-6 cells
and on the intactness of IECs monolayers. Our results indicated that IS enhanced oxidative cell
damage by inducing reactive oxygen species (ROS) release, reducing the antioxidant response and
affecting Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) nuclear translocation as well its related
antioxidant enzymes. In the wound healing assay model, IS reduced IEC-6 migration, slightly
impaired actin cytoskeleton rearrangement; this effect was associated with connexin 43 alteration.
Moreover, we reported the effect of CKD patients” sera in IEC-6 cells. Our results indicated that
patient sera induced ROS release in IEC-6 cells directly related to IS sera content and this effect was
reduced by AST-120 serum treatment. Results highlighted the effect of IS in inducing oxidative stress
in IECs and in impairing the intactness of the IECs cell monolayer, thus significantly contributing to
CKD-associated intestinal alterations.

Keywords: indoxyl sulfate; intestinal epithelial cells; chronic kidney disease; oxidative stress; AST-120

1. Introduction

Chronic kidney disease (CKD) progression induces multiple organs dysfunctions with various
clinical aspects contributing to uremic syndrome. In spite of pharmacological and dialytic treatments,
these aspects remain present and combined with multiple complications during CKD [1-3]. CKD is
ascribed to the progressive retention of a large number of compounds that are excreted by healthy
kidneys. These retained compounds are called uremic toxins because of their damaging effects on
various physiological functions in CKD patients [1,2].

The accumulation of uremic toxins, such as indoxyl sulfate (IS), seems to be involved in the
progression of renal failure and in its associated complications. IS is a protein-bound uremic toxin,
which, therefore, is poorly removed by dialysis. IS derives from dietary tryptophan’s metabolism and
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the intestine has a primary role in IS production: the intestinal microbiota metabolizes tryptophan into
indole and after its intestinal absorption, indole is further converted by the liver into IS [4]. Several
evidences indicate that serum IS levels are markedly enhanced in renal disease patients and the high
levels of IS seem to be associated with CKD severity [5] and related to an increase of mortality in CKD
patients [6]. IS is a nephro-vascular toxin that induces nephrotoxicity above all on tubular cells, inhibits
endothelial cells proliferation, and is also capable of inducing free radicals [7]. It has been reported
that IS also increases inflammation and oxidative stress in macrophages and, more recently, in central
nervous system cells, thus contributing to immune dysfunctions and neurodegenerative complications
often observed in these patients [8-10].

Intracellular free radicals, such as reactive oxygen species (ROS), play a fundamental role in
signal transduction, both during normal conditions and in pathological diseases as CKD. However,
ROS overproduction, not balanced by a proper anti-oxidant response, could be the first cause of DNA
damage and protein dysfunction [11]. It has been reported that in CKD patients is often observed an
enhanced oxidative stress status, also at the beginning of the disease, becoming more severe toward
the end-stage of the renal disease [1,12]. Moreover, it has also been described that oxidative stress may
induce significant modifications in healthy kidneys, similarly to those observed in CKD patients [13].

Oxidative stress is also involved in intestinal damage inflammation associated with different
diseases. ROS and their oxidized products regulate transcription factors and redox-sensitive signaling
pathways, which control inflammatory processes within the intestinal layer. The intestinal epithelium
plays an important role by forming a physical and biochemical barrier to commensal and pathogenic
microorganisms and by maintaining the immunoregulatory functions that influence the homeostasis
of mucosal immune cells. Moreover, intestinal homeostasis is granted by the presence of a proteic
structure, allowing inter and intracellular transport phenomena [14], known as Gap Junctions (G]J).
The intestinal barrier impairment (“leaky gut”) is clearly considered one of the most important
pathogenic mechanism in several chronic non-infectious diseases [15-17]. In CKD, the gut microbiota
is significantly modified [18]: rising number of bacterial families possessing urease, uricase and indole
and p-cresol-forming enzymes [19], lead to an increase of gut-derived uremic toxins production,
such as IS [20-22]. Moreover, evidences indicate that in CKD conditions, the inflammatory state of
the gastrointestinal tract in hemodialysis patients [23], as well as the disruption of the epithelial tight
junctions throughout the gastrointestinal tract, in animal models of CKD, are associated with oxidative
stress [24—-26]. Previous studies have reported that IS is able to affect the intestinal tract [27], but the
underling mechanism/s is not yet reported in intestinal epithelial cells (IECs), which play a pivotal role
in intestinal system dysfunction. Here, we evaluated the effect of IS on oxidative and antioxidant stress
response in vitro in IEC-6 cells, also studying the modification of cell monolayer. Moreover, the effect
of CKD serum patients treated with AST-120 was also evaluated on IEC-6 cells.

2. Results

2.1. IS did not Affect Cellular Viability

In order to evaluate the antiproliferative potential of IS on IEC-6, we evaluated IS effects
(31.2-250 uM) on cellular viability. At all tested concentrations, IS did not produce any significant
effect on IEC-6 proliferation (data not shown).

2.2. IS Enhanced ROS Release from IEC-6 Cells

To investigate the effect of IS on oxidative stress in IEC-6 cells, we evaluated intracellular ROS
release. Our results showed that IS significantly increased ROS production in IEC-6 cells (31.2-250 puM;
p < 0.05 vs. control; Figure 1). In order to evaluate the role of NOXs in IS-induced ROS release in
IEC-6 cells, in some experiments, intestinal cells were treated with Diphenyleneiodonium (DPL; 10 uM,
a known antioxidant that inhibits flavoenzymes such as neutrophil NOX, was added 1 h before IS
cellular treatment). When DPI was added to cells, ROS release was significantly inhibited at all tested
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concentrations (p < 0.05 vs. IS alone; Figure 1), thus indicating the involvement of NOX in IS-induced
ROS production in IEC-6 cells.
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Figure 1. Effect of IS (31.2-250 uM), alone or in the presence of DPI, on ROS formation,

evaluated by means of the probe 2’,7" dichlorofluorescein-diacetate (HDCF-DA) in IEC-6 cells.

Fluorescence-activated cell sorting analysis (FACSscan; Becton Dickinson) was used to measure cellular

fluorescence (n = 15). Data were elaborated with Cell Quest software. °°° and ° denote p < 0.001 and

p < 0.05 vs. control; ## and # denote p < 0.01 and p < 0.05 vs. IS alone.

2.3. IS Inhibits Nrf2 Nuclear Translocation and Modulated Heme Oxygenase-1 (HO-1), NAD(P)H
Dehydrogenase (Quinonel) (NQO1) and Superoxide Dismutase (SOD) Expression in IEC-6 Cells

After being activated, Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) moves from the cytosol
into the nucleus and binds to specific sequences, influencing the expression of downstream genes
aimed to regulate the anti-oxidant cellular response. In our experiments, Nrf2 was labelled with a green
fluorescence probe, to track the effect of IS used at two average concentrations (125, 250 uM; added
for 1 h), on its nuclear translocation. As shown in Figure 2A, IS (125, 250 pM) inhibited Nrf2 nuclear
translocation with respect to the control cells. Moreover, we also assessed if IS (31.2-250 uM) added for
24 h to IEC-6 cells, influenced the expression of antioxidant enzymes, such as HO-1, NQO1 and SOD.

Our results showed that HO-1, NQO1 and SOD expression were reduced by IS treatment (p < 0.05 vs.
control; Figure 2B-D).
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Figure 2. Effect of IS (125, 250 pM) on Nrf2 (Panel A) nuclear translocation in IEC-6 cells.
Nrf2 translocation was observed using immunofluorescence confocal microscopy (1 = 15). Scale bar,
10 pm. Blue fluorescence indicated the localization of nuclei (DAPI) and green indicated the localization
of Nrf2. Effect of IS (31.2-250 uM) on HO-1 (Panel B), NQOI1 (Panel C), SOD (Panel D) expression
in IEC-6 cells. Values are expressed as mean fluorescence + s.em. (n = 15). °°°, °° and ° denote

respectively p < 0.001, p < 0.01 and p < 0.05 vs. control.
2.4. Effect of IS on IEC-6 Cellular Migration

To assess the effect of IS on the reconstitution process at the intestinal level, we carried out a
wound-healing assay on IS-treated IEC-6 monolayers. On complete confluence, a wound was created
in IEC-6 monolayers by scraping and a time-lapse video microscopy was used to monitor cellular
migration at the wound site for 24 h. Different cells were selected and their migration distances were
measured at different time points. Figure 3A,B showed a significant decrease of the cellular migration
speed of IEC-6 cells treated with graded IS concentrations (31.2-250 uM) compared to untreated
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cells (p < 0.05 vs. control; Figure 3A,B). In addition, to evaluate if IEC-6 cellular migration could be
influenced by IS-induced ROS release, in some experiments, cells were treated with DPI (10 uM; 1 h
before IS 250 uM cellular treatment). When DPI (10 pM) was added to IEC-6 cells, cellular migration
speed was significantly enhanced, with respect to IS alone (p < 0.001 vs. IS alone; Figure 3C,D),
thus indicating the contribution of IS-induced ROS in the observed cell migration reduction.
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Figure 3. Pictures representing the wound repair induced by mechanical scratch in IEC-6 after 24 h
from IS treatment (31.2-250 uM; A), and the quantitative analysis expressed as IEC-6 migration rate
24 h from the wound (B). Representative images of wound repair, in the presence of DPI and IS (250 uM;
C) and its quantitative analysis expressed as IEC-6 migration rate after 24 h from the wound (D; n = 15).
Values are expressed as migration rate. °°° and ° denote respectively p < 0.001 and p < 0.05 vs. control
cells. ### denotes p < 0.001 vs. IS alone.

2.5. IS Induced IEC-6 Cells Actin Cytoskeleton Rearrangement

In order to examine some of the factors involved in IEC-6 epithelial wound repair inhibition
induced by IS, we examined the effect of this uremic toxin (IS 31.2-250 uM) on the actin stress fibres’
assembly in IEC-6 cells. An intact actin cytoskeleton and actin fibres travel the cytosol in control cells
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(Figure 4). The treatment with IS, especially at the higher tested concentrations, caused a slight actin
filament reorganisation to the cell subcortical compartment (Figure 4).

Actin DAPI

IS0 uM

1S31.2 uM

IS 62.5 uM

IS 125 pM

IS 250 uM

Figure 4. Effect of IS (31.2-250 uM) on the actin stress fibres assembly in IEC-6 cells. Immunofluorescence
analysis was performed using immunofluorescence confocal microscopy (1 = 15). Scale bar, 10 pm.
Blue fluorescence indicated the localization of nuclei (DAPI) and green indicated the localization of
actin stress fibres.

2.6. Effect of IS on Connexin 43 Expression in IEC-6 Cells

Considering that enterocytes migrate together, mucosal healing could require a communication of
inter-enterocytes via gap junctions. Gap junctions are formed by transmembrane proteins, known as
connexin and among them, connexin 43 is the most extensively investigated. By immunofluorescence
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analysis, we assessed that IS, especially at the concentration range between 31.2-250 pM, caused an
increase and an alteration in connexin 43 distribution, from the membrane to the cytosol and cell nuclei
(Figure 5).

Connexin 43

ISO uM

1S31.2 uM

1S 62.5 UM

IS 125 uM

IS 250 uM

Figure 5. Effect of IS (31.2-250 uM) on connexin 43 expression in IEC-6 cells. Immunofluorescence
analysis was performed by a immunofluorescence confocal microscopy (n = 15). Scale bar, 10 pm.
Blue fluorescence indicated the localization of nuclei (DAPI), green indicated the localization of connexin
43 and red indicated the localization of actin fibres.

2.7. IS Enhanced ROS Production in IEC-6 Cells: Effect of AST-120

The intracellular ROS release was evaluated in IEC-6 cells treated with IS (31.2-250 uM) alone or
in the presence of an IS adsorbent: AST-120 (Figure 6). Our results showed that AST-120 treatment
reduced ROS release from IEC-6 significantly only at the concentration range of 125 uM to 250 uM
(p < 0.001 vs. IS alone; Figure 6).
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Figure 6. Effect on ROS formation of IS (31.2-250 uM) alone or in the presence of AST-120. Values are
expressed as mean fluorescence intensity (1 = 15). °°° and ° denote, respectively, p < 0.001 and p < 0.01
vs. control. ### denote p < 0.001 vs. IS alone.

2.8. 1S in Sera of CKD Patients Increased ROS Production in IEC-6 Cells: Effect of AST-120

The IS effect on ROS release was evaluated in IEC-6 cells treated with sera derived from 11 subjects:
sera from three human healthy people (H1, H2, H3), sera from four CKD patients (CKD1, CKD2, CKD3,
CKD4) and sera from four CKD dialysed patients (HD1, HD2, HD3, HD4), characterized by different
IS serum concentrations. IS levels in the sera subjects were calculated at baseline and at the end of the
treatment with AST-120 by HPLC analysis [28], as shown in Table 1.

Table 1. IS concentrations in sera from 11 subjects: sera from three human healthy people (H1, H2, H3),
sera from four CKD patients (CKD1, CKD2, CKD3, CKD4) and sera from four CKD dialysed patients
(HD1, HD2, HD3, HD4); with or without AST-120 treatment. *** denotes p < 0.001 vs. serum alone.

IS (uM) IS (uM) + AST-120

H1 8.75+0.1 8.15+0.5
H2 9.15+0.2 875+ 0.3
H3 10.74 £ 0.6 7.56 + 0.3
CKD1 23.87£0.2 21.48 £ 0.5
CKD2 3143+03 29.04 £0.2
CKD3 3266 £0.6 27.85+ 0.6
CKD4  4058+1.1 35.81 £ 0.5
HD1 56.50 £ 1.2 38.20 £ 0.9 ***
HD 2 59.58 £ 0.8 40.98 £ 1.1 ***
HD3 60.88 + 1.5 43.77 + 0.8 ***
HD 4 66.45 £ 0.5 48.15 £ 2.3 **+*

Our data indicated that ROS release was weakly influenced in IEC-6 cells treated with sera deriving
from human healthy people (H1-H3; p < 0.01 vs. control; Figure 7A), but was increased in the cells
treated with sera derived from CKD patients (CKD1-CKD4; p < 0.001 vs. control; Figure 7B) and mostly
in the cells treated with sera from CKD dialysed patients (HD1-HD4; p < 0.05 vs. control; Figure 7C).
It is worth noting that there was a correlation between IS serum concentration, as determined by HPLC,
and ROS production in IEC-6 cells. In fact, sera-induced ROS release in these cells was related to IS
content in the sera of CKD patients, as indicated by r? values and the difference between the slopes
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Figure 7. Effect on ROS formation of sera from eleven subjects: sera from three human healthy people
(H1, H2, H3; Panel A), sera from four CKD patients (CKD1, CKD2, CKD3, CKD4; Panel B) and sera
from four CKD dialysed patients (HD1, HD2, HD3, HD4; Panel C), alone or in the presence of AST-120
in IEC-6 cells (n = 15). Linear regression of ROS release by IEC-6 cells treated with sera alone or treated
with AST-120 (Panel D; n = 3 measurement of each sample). Resulted indicated F = 10.9369, DFn =1,
DFd =40, p < 0.0001 and the difference between the slopes are considered very significant (Panel D).
Values are expressed as mean fluorescence intensity. °°°, °°, © denote p < 0.001, p < 0.01 and p < 0.05 vs.
control. ###, ##, # denote p < 0.001, p < 0.01 and p < 0.05 vs. serum alone.

3. Discussion

CKD is associated with various complications and CKD patients suffer from several organ
dysfunctions related to disease progression. Intestine function is impaired during CKD, and a lot
of interest is addressed at its potential role in other CKD aspects—oxidative stress and intestinal
chronic inflammation [29]. The intestine takes part in uremic toxins production [29,30] and consequent
accumulation in various organs and tissues [21,22]. Moreover, oxidative stress is enhanced with the
worsening of renal function [31] and, therefore, with IS accumulation.

In this study, we reported that IS impairs IECs function, enhancing oxidative stress and affecting
barrier repair with an ROS-dependent mechanism. Our results showed that IS induced a significant
and concentration-related increase in ROS release from IEC-6 cells. Mechanistic studies, as revealed by
DPI treatment, demonstrated that NOXs were implicated in IS-induced ROS release in our experimental
model. Our results are in agreement both with previous studies from our research group, reporting that
IS interfered with the same mechanism in macrophages [8] and glial cells [9] and with other reports on
endothelial cells, vascular smooth muscle cells, and kidney cells.

In response to oxidative stress conditions, the organism keeps the balance between pro- and
anti-oxidant systems [32]. Nrf2 is a transcription factor that plays a central role in regulating antioxidant
and cytoprotective enzymes, including NQO1, HO-1 and SOD, which play a pivotal role in cellular
defence against inflammation and oxidative stress [33,34]. Kelch like ECH-associated protein 1 (Keap1)
binds Nrf2 in the cytoplasm, facilitating its ubiquitination and preventing translocation to the nucleus.
Oxidative stress in CKD is characterized by an increase of Keapl and impaired Nrf2 activity in
the kidney and vascular tissues [35-37]. In our experimental model, Nrf2 nuclear activation was
decreased by IS respect to the cellular control in IEC-6 cells. Our results are in accordance with previous
research that shows that IS suppresses Nrf2 activation [38,39]. HO-1 is found in heme catabolism,
the rate-limiting enzyme, and leads to the generation of biliverdin, carbon monoxide, and free iron
and is a cytoprotective enzyme produced by Nrf-2 activation. Nrf-2 activation also induces NQO1
expression, an antioxidant flavoprotein that scavenges ROS. The enzyme SOD neutralizes O,~* by
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transforming it into hydrogen peroxide (H,O,), and hydroxyl radical (HOs) [39-41]. Our results
showed that HO-1, NQO1 and SOD expression were inhibited by IS, indicating a reduction of the
anti-oxidant defense cellular systems, thus further contributing to oxidative stress.

A main intestinal function is to form an intestinal barrier; the intactness of the IECs monolayer as
well as the IECs’ function during the restitution process are of primary importance. Generally, the
healing process is initiated in response to epithelial injury. Enterocytes migrate from healthy areas
to the sites of mucosal lesion in order to fill up defects in the intestinal barrier. However, in various
intestinal diseases, the intestinal healing is impaired, leading to persistent mucosal defects and potential
consequences for the entire organism [42]. By means of a wound healing assay, we observed that IS
decreased cellular migration speed in IEC-6, thus reducing the restitution process and affecting the
intactness of the cellular monolayer.

IEC-6 cells, when confluent, produce monolayers that resemble normal small intestinal cells and
show an organized actin cytoskeleton [43,44]. A reorganisation of the actin cytoskeleton is fundamental
during IECs’ restitution. In our experiments, we found that IS induced a marked reduction of actin
stress fibres and a parallel increase of the cortical actin density, thus impairing IEC-6 movement
and migration.

CKD is indirectly linked with damage to intestinal mucosa barrier function, which leads to
several systemic consequences, such as endotoxemia presence in the absence of infection [24], bacterial
translocation [45], and detection of intestinal bacteria DNA in the blood. In the enterocytes monolayer,
it affects connections between closely arranged cells and juxtaposed IECs, gap junctions, modulated
para- and intercellular transit of molecules. Gap junctional intercellular communication is an important,
even if not completely understood, mechanism for tissue and cellular homeostasis that coordinates
cell-cell passage of small metabolites and ions. Thus, gap junctional intercellular communication
regulates cell proliferation, migration, and differentiation. Gap junction channels are formed by
hexameric arrays of individual subunits known as connexions, and connexin 43 is the most expressed
isoform [46,47]. A potential role for gap junctions in enterocyte migration regulation and thus in the
healing process has been suggested [47]. Studies conducted in animal models of CKD, have observed
a connection between the disruption of the epithelial gap junctions caused by changes in connexin 43
in the gastrointestinal tract and inflammation and oxidative stress [48], indicating a marked damage to
the intestinal barrier. Our results showed that IS induced an increase and a different localization of
connexin 43, being more present in the cytosol and nuclei than at the membrane level in IS-treated
IEC-6 cell, leading to an impairment in gap junction communication and cellular migration ability.
Moreover, the resulting nuclear connexin-43 is associated with a decrease in cellular proliferation [49],
thus further supporting the effects of IS ability in interfering with the intactness of the IECs monolayer.

Several uremic toxins have been proposed to significantly contribute to the “leaky gut” in CKD
patients. Here, we also studied the effects of sera from CKD patients. In particular, we evaluated
the intracellular ROS release induced by the sera alone or treated with AST-120 in IEC-6. AST-120,
an intestinal adsorbent made of spherical carbon, consists of porous carbon particles that adsorb
low-molecular-weight compounds such as IS, as well as p-cresyl sulfate and their precursors as
indole and p-cresol, allowing them to be excreted in faeces before they can be absorbed into the
bloodstream [50]. It is insoluble both in water and in organic solvents. If AST-120 is administered orally,
it adsorbs IS, causing a reduction of IS serum and urinary concentrations [18]. We assessed the effect of
sera from CKD patients, characterized by different IS concentrations. Our data indicated that sera from
CKD patients, but mostly sera from CKD dialysed patients significantly, and in IS-concentration-related
manner, increased ROS production in IEC-6 cells, with respect to the sera from healthy people.
These results highlighted a direct relation between IS serum concentration and the ability to induce
ROS production in IEC-6. Moreover, we outlined that ROS release was significantly reduced in the
presence of AST-120, due to its absorption of some uremic toxins. These evidences agree with a
previous study reporting the AST-120 capability to improve intestinal function in CKD and supporting,
in particular its antioxidant effects during CKD [51,52]. In fact, clinical trials have demonstrated that
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AST-120 reduces serum IS levels in a dose-dependent manner, thus ameliorating renal function decline,
improving at least some symptoms of uremia [53], and reducing oxidative stress [54-56].

Our results indicated that among the various uremic toxins accumulating in CKD patients,
IS significantly contributes to IECs impairment, thus, highlighting IS as a potential pharmacological
target in CKD.

4. Materials and Methods

4.1. Reagents

All compounds and reagents were purchased from Sigma Chemicals Company (Sigma, Milan,
Italy), unless stated otherwise.

4.2. Cell Culture

The IEC-6 cell line (CRL-1592) was purchased from the American Type Culture Collection (ATCC,
Rockville USA/Maryland). IEC-6 cells are a non-tumorigenic cell line, derived from normal rat intestinal
crypt cells [56]. This cell line was cultured with Dulbecco’s modified Eagle’s medium (DMEM, 4 g/L
glucose) containing 2 mM L-glutamine, 10% (v/v) fetal bovine serum (FBS), 0.1 unit/mL bovine insulin
and 1.5 g/L NaHCOs. For the experiments, IEC-6 cells were used between the 16th—19th passages.

4.3. IS Experiments on IEC-6 Cells

4.3.1. Cellular Treatment

The IEC-6 cells were plated and, after adhesion (24 h), were treated with IS (31.2-250 uM)
for different experimental times, as highlighted below. In some experiments, in order to estimate
the possible involvement of NOXs, both in ROS release and in wound healing assay, DPI (10 uM),
was added 1 h before IS cellular treatment.

4.3.2. Cellular Viability

IEC-6 cells (2 x 10* cells/well; 96-well plates) were plated and allowed to adhere. IS (31.2-250 uM)
was then added to the cells for 24 h. Then, 25 pL of MTT (5 mg/mL) were added for 3 h. Cells were
then lysed and the dark blue crystals solubilised with 100 uL of a solution containing 50% (v:v),
N-dimethylformamide, 20% (w:v) SDS with an adjusted pH of 4.5. A microplate spectrophotometer
(Titertek Multiskan MCC/340-DASIT), equipped with a 620 nm filter, was used to measure the optical
density (OD) of each well. Cells viability was calculated as: % dead cells = 100 — [(OD treated/OD
control) x 100], as reported [57].

4.3.3. Intracellular ROS Evaluation

Intracellular ROS levels were measured by the fluorescent probe 2’,7’-dichlorofluorescin-diacetate
(H,DCF-DA) [58]. IEC-6 cells were plated (8 x 10* cells/well; 24-well plates) and treated with IS
(31.2-250 uM) for 24 h. In some experiments, DPI (10 uM) was added 1 h before IS treatment.
Cell fluorescence was evaluated, after 15 min, by a FACSscan (Becton Dickinson, Milan, Italy) and data
were elaborated with Cell Quest software.

4.3.4. Immunofluorescence Analysis by Confocal Microscopy of Nuclear Factor (Erythroid-Derived
2)-like 2 (Nrf2) Translocation and Connexin 43 Expression

For immunofluorescence analysis, IEC-6 cells (2 X 10°/well; 12 well plate) were treated with IS (125,
250 uM) for 1 h, to evaluate Nrf2 nuclear translocation, or for 24 h, to evaluate connexin 43 expression.
IEC-6 cells were fixed with 4% paraformaldehyde in PBS for 15 min and then permeabilized with
phosphate-buffered saline (PBS), containing 0.1% saponin for 15 min. A blocking, for 1 h, with bovine
serum albumin (BSA) and PBS was then performed, cells were then incubated with anti-Nrf2 (sc-722
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Santa Cruz Biotechnology, Santa Cruz, CA, USA) or with anti-connexin 43 antibody (sc-9059 Santa Cruz
Biotechnology) at 37 °C. After 1 h, the slides were washed with PBS and fluorescein-conjugated (FITC)
secondary antibody was added, for 1 h. For the evaluation of connexin 43 expression, we incubated the
slides with Phalloidin-tetramethyl rhodamine B isothiocyanate-conjugated anti-F-actin (1 mg/mL in
PBS for 30 min). 4’,6-diamidin-2-phenylindol (DAPI) was used to stain the nuclei for both evaluations.
Finally, coverslips were mounted using mounting medium and fluorescent images were taken under a
Laser Confocal Microscope (Leica TCS SP5), as reported [59].

4.3.5. Evaluation by Cytofluorimetry of Heme Oxygenase-1 (HO-1), NAD(P)H Dehydrogenase
(Quinonel) (NQO1) and Superoxide Dismutase (SOD).

To evaluate HO-1, NQO1 and SOD expression, IEC-6 cells (2 x 10* cells/well; 96-well plates) were
treated with IS (31.2-250 uM) for 24 h.

Thereafter, the cells were collected, washed with PBS, and incubated with Fixing Solution for
20 min at 4 °C and successively for 30 min at 4 °C with Fix Perm Solution. Anti-HO-1 (sc-10789,
Santa Cruz Biotechnology) or anti-NQO1 (sc-376023, Santa Cruz Biotechnology) or anti-SOD (sc-30080,
Santa Cruz Biotechnology) antibody were subsequently added. The secondary antibody was added,
for 30 min, in Fix Solution, and cell fluorescence was evaluated by FACSscan (Becton Dickinson) and
elaborated with Cell Quest software, as previously reported [60].

4.3.6. Wound-Healing Assay

In order to evaluate cellular migration in IS-treated IEC-6 cells, a wound-healing assay was
performed, as previously reported [61]. TEC-6 cells (1 x 10° cells/well, 24-well plates) were allowed to
adhere for 24 h. A mechanical wound was induced at the centre of the IEC-6 monolayer by scraping
cells with a sterile plastic p200 pipette tip. Cells were then washed with PBS and treated with IS
(31.2-250 uM) for 24 h. One hour before IS treatment, DPI (10 uM) was added, in some experiments.
The wounded IEC-6 cells were then placed in a humidified and equilibrated (5% v/v CO;) incubation
chamber of an Integrated Live Cell Workstation Leica AF-6000 LX at 37 °C for 24 h. A 10X phase
contrast objective was used in order to record cell movements, with a frequency of acquisition of 10 min.
To determine the migration rate of individual cell, we considered the distances covered from the initial
time to the selected time-points (bar of distance tool, Leica AF software, 2.3.5 build 5379, Leica, Wetzlar,
Germany). For each wound, at least three different positions were registered and, to measure the
migration distances, for each position, at least 10 different cells were randomly selected. GraphPad
Prism 4 software (GraphPad, San Diego, CA, USA) was used to perform the statistical analyses.

4.3.7. Immunofluorescence Assay for Cytoskeleton Analysis by Confocal Microscopy

To evaluate IS effects on cellular cytoskeleton, IEC-6 cells were seeded on coverslips in 12 well plate
(2 x 10°/well) and treated with IS (31.2-250 uM) for 24 h. Cells were fixed with 4% paraformaldehyde
in PBS for 15 min and permeabilized with 0.1% saponin in PBS for 15 min. Slides were then incubated
with FITC-conjugated anti-F-actin (Phalloidin-FITC, Sigma, Milan, Italy) at the concentration of
1 mg/mL in PBS for 30 min. The slides were then washed three times with PBS and DAPI was used for
counterstaining of nuclei. Coverslips were finally mounted in mounting medium and fluorescentimages
were taken under the Laser Confocal Microscope (Leica TCS SP5, Wetzlar, Germany), as previously
described [59].

4.4. CKD Serum Patients Experiments

4.4.1. CKD Serum Patients Studies on IEC-6 Cells

This is a post hoc analysis of a preceding study [62,63]. The study was approved by the Ethics
Committee of the Campania Nord and carried out in accordance with the current version of the
Declaration of Helsinki. We analysed the sera of 11 subjects: three healthy people (H), four CKD



Int. ]. Mol. Sci. 2019, 20, 2280 150f18

patients (CKD) and four CKD dialysed patients (HD). IS sera levels were measured at baseline and
at the end of the treatment with AST-120. This was demonstrated by HPLC analysis, carried out
according to methods proposed by Zhu [28], as previously reported [10,64]. AST-120 was provided by
Kureha Corporation.

4.4.2. IEC-6 Cells Treatment with Sera from CKD Patients

After adhesion, IEC-6 cells were treated with sera from 11 subjects: three healthy people (H),
four CKD patients (CKD) and four CKD dialysed patients (HD), (sera dilution 1:50 in culture media)
for 24 h. In other experiments, before cellular treatment, the serum samples were incubated at 37 °C,
for 3 h, with 1 g/dl AST-120, as previously reported. Thereafter, AST-120 bound to IS was settled as a
pellet and the supernatants were filtered and administrated to the IEC-6 cells (sera dilution 1:50 in the
culture media) for 24 h. ROS release was then evaluated.

4.5. Data Analysis

Data are reported as mean + standard error mean (s.e.m.) values, of at least five independent
experiments each in triplicate. Statistical analysis was carried out by analysis of the variance test and
Bonferroni’s test was used for multiple comparisons. A p-value less than 0.05 was considered significant.

5. Conclusions

The impaired intestinal function is well recognized as a key factor in different pathologies such
as in CKD-associated complications. The uremic toxin IS significantly enhanced oxidative stress
in IECs and the IS-induced intestinal barrier damage could be addressed to its pro-oxidant effect.
These results indicate that, among toxins present in sera from CKD patients, IS significantly and in
a concentration-related manner contributed to oxidative stress in IEC-6; it was also involved in the
inflammatory process, tightly linked to intestinal damage caused by uremia. Thus, the control of IS
sera concentration in CKD patients (e.g., with AST-120) could be of significant help to rapidly decrease
oxidative stress in IECs.

Author Contributions: M.S. conceived and designed the study, A.S., RM., RS.EF, PA. and D.PF. performed the
experiments, M.S., A.G. and P.A. analysed and interpreted the data, M.S. and A.S. drafted the manuscript, D..B.R,,
EN., A.G. and P.A. critically revised the manuscript. All authors have seen and approved the manuscript.

Funding: This research was founded by University of Salerno, FARB 2016-ORSA 167977 and FARB 2017-ORSA
174157) in favour of M.S. The authors also acknowledge Kureha Corporation for financial support.

Conflicts of Interest: Fuyu Nishijima is employee of Kureha Corporation (Tokyo, Japan). He had no influence on
the interpretation of study results and decision to submit the manuscript for publication. 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. The other authors had no conflict of interest.

References

1. Vanholder, R.; Argiles, A.; Baurmeister, U.; Brunet, P.; Clark, W.; Cohen, G.; De Deyn, P.P.; Deppisch, R.;
Descamps-Latscha, B.; Henle, T.; et al. Uremic toxicity: Present state of the art. Int. J. Artif. Organs 2001, 24,
695-725. [CrossRef]

2. Raff, A.C; Meyer, TW.; Hostetter, T.H. New insights into uremic toxicity. Curr. Opin. Nephrol. Hypertens.
2008, 17, 560-565. [CrossRef] [PubMed]

3. Di Micco, L.; Marzocco, S.; Sirico, M.L.; Torraca, S.; Di lorio, B. Does dailydialysis improve hypertension in
chronic haemodialysis patients? Curr. Hypertens. Rev. 2012, 8, 291-295. [CrossRef]

4. Niwa, T.; Takeda, N.; Tatematsu, A.; Maeda, K. Accumulation of indoxyl sulfate, an inhibitor of drug-binding,
in uremic serum as demonstrated by internal-surface reversed-phase liquid chromatography. Clin. Chem.
1988, 34, 2264-2267. [PubMed]

5. Niwa, T, Ise, M. Indoxyl sulfate, a circulating uremic toxin, stimulates the progression of glomerular sclerosis.
J. Lab. Clin. Med. 1994, 124, 96-104. [PubMed]


http://dx.doi.org/10.1177/039139880102401004
http://dx.doi.org/10.1097/MNH.0b013e32830f45b6
http://www.ncbi.nlm.nih.gov/pubmed/18941347
http://dx.doi.org/10.2174/1573402111208040291
http://www.ncbi.nlm.nih.gov/pubmed/3141084
http://www.ncbi.nlm.nih.gov/pubmed/8035108

Int. ]. Mol. Sci. 2019, 20, 2280 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Barreto, F.C.; Barreto, D.V,; Liabeuf, S.; Meert, N.; Glorieux, G.; Temmar, M.; Choukroun, G.; Vanholder, R.;
Massy, Z.A. European Uremic Toxin Work Group (EUTox). Serum indoxyl sulfate is associated with vascular
disease and mortality in chronic kidney disease patients. Clin. ]. Am. Soc. Nephrol. 2009, 4, 1551-1558.
[CrossRef]

Niwa, T. Indoxyl sulfate is a nephro-vascular toxin. J. Ren. Nutr. 2010, 20, S2-S6. [CrossRef]

Adesso, S.; Popolo, A.; Bianco, G.; Sorrentino, R.; Pinto, A.; Autore, G.; Marzocco, S. The uremic toxin indoxyl
sulphate enhances macrophage response to LPS. PLoS ONE 2013, 8, €76778. [CrossRef]

Adesso, S.; Magnus, T.; Cuzzocrea, S.; Campolo, M.; Rissiek, B.; Paciello, O.; Autore, G.; Pinto, A.; Marzocco, S.
Indoxyl Sulfate Affects Glial Function Increasing Oxidative Stress and Neuroinflammation in Chronic Kidney
Disease: Interaction between Astrocytes and Microglia. Front. Pharm. 2017, 12, 370.

Adesso, S.; Paterniti, I.; Cuzzocrea, S.; Fujioka, M.; Autore, G.; Magnus, T.; Pinto, A.; Marzocco, S.
AST-120 Reduces Neuroinflammation Induced by Indoxyl Sulfate in Glial Cells. . Clin. Med. 2018, 7, 365.
[CrossRef] [PubMed]

Small, D.M.; Coombes, ].S.; Bennett, N.; Johnson, D.W.; Gobe, G.C. Oxidative stress, anti-oxidant therapies
and chronic kidney disease. Nephrology 2012, 17, 311-321. [CrossRef] [PubMed]

Boudouris, G.; Verginadis, LI.; Simos, Y.V.; Zouridakis, A.; Ragos, V.; Karkabounas, S.C.; Evangelou, A.M.
Oxidative stress in patients treated with continuous ambulatory peritoneal dialysis (CAPD) and the significant
role of vitamin C and E supplementation. Int. Urol. Nephrol. 2013, 45, 1137-1144. [CrossRef] [PubMed]
Haugen, E.; Nath, K.A. The involvement of oxidative stress in the progression of renal injury. Blood Purif.
1999, 17, 58-65. [CrossRef] [PubMed]

Goodenough, D.A.; Goliger, J.A.; Paul, D. Connexins, connexons and intercellular communication. Annu. Rev.
Biochem. 1996, 65, 475-502. [CrossRef]

Sandek, A.; Rauchhaus, M.; Anker, S.D.; von Haehling, S. The emerging role of the gut in chronic heart
failure. Curr. Opin. Clin. Nutr. Metab. Care 2008, 11, 632-639. [CrossRef] [PubMed]

Abu-Shanab, A.; Quigley, E.M. The role of the gut microbiota in nonalcoholic fatty liver disease. Nat. Rev.
Gastroenterol. Hepatol. 2010, 7, 691-701. [CrossRef] [PubMed]

Sekirov, I; Russell, S.L.; Antunes, L.C.; Finlay, B.B. Gut microbiota in health and disease. Physiol. Rev. 2010,
90, 859-904. [CrossRef]

Vaziri, N.D.; Yuan, J.; Khazaeli, M.; Masuda, Y.; Ichii, H.; Liu, S. Oral activated charcoal adsorbent (AST-120)
ameliorates chronic kidney disease-induced intestinal epithelial barrier disruption. Am. J. Nephrol. 2013, 37,
518-525. [CrossRef]

Wong, J.; Piceno, Y.M.; Desantis, T.Z.; Pahl, M.; Andersen, G.L.; Vaziri, N.D. Expansion of urease- and
uricase-containing, indole- and p-cresol-forming and contraction of short-chain fatty acidproducing intestinal
microbiota in ESRD. Am. |. Nephrol. 2014, 39, 230-237. [CrossRef]

Evenepoel, P.; Meijers, B.K.; Bammens, B.R.; Verbeke, K. Uremic toxins originating from colonic microbial
metabolism. Kidney Int. Suppl. 2009, 114, S12-S19. [CrossRef]

Modaresi, A.; Nafar, M.; Sahraei, Z. Oxidative stress in chronic kidney disease. Iran. J. Kidney Dis. 2015, 9,
165-179.

Putri, A.Y,; Thaha, M. Role of oxidative stress on chronic kidney disease progression. Acta Med. Indones.
2014, 46, 244-252.

Vaziri, N.D.; Dure-Smith, B.; Miller, R.; Mirahmadi, M.K. Pathology of gastrointestinal tract in chronic
hemodialysis patients: An autopsy study of 78 cases. Am. ]. Gastroenterol. 1985, 80, 608-611.

Vaziri, N.D.; Yuan, J.; Rahimi, A.; Ni, Z.; Said, H.; Subramanian, V.S. Disintegration of colonic epithelial
tight junction in uremia: A likely cause of CKD-associated inflammation. Nephrol. Dial. Transpl. 2012, 27,
2686-2693. [CrossRef]

Vaziri, N.D.; Yuan, J.; Nazertehrani, S.; Ni, Z.; Liu, S. Chronic kidney disease causes disruption of gastric and
small intestinal epithelial tight junction. Am. J. Nephrol. 2013, 38, 99-103. [CrossRef] [PubMed]

Vaziri, N.D.; Wong, J.; Pahl, M.; Piceno, Y.M.; Yuan, J.; De Santis, T.Z.; Ni, Z.; Nguyen, T.H.; Andersen, G.L.
Chronic kidney disease alters intestinal microbial flora. Kidney Int. 2013, 83, 308-315. [CrossRef]

Vaziri, N.D.; Yuan, J.; Norris, K. Role of urea in intestinal barrier dysfunction and disruption of epithelial
tight junction in CKD. Am. . Nephrol. 2013, 37, 1-6. [CrossRef] [PubMed]


http://dx.doi.org/10.2215/CJN.03980609
http://dx.doi.org/10.1053/j.jrn.2010.05.002
http://dx.doi.org/10.1371/journal.pone.0076778
http://dx.doi.org/10.3390/jcm7100365
http://www.ncbi.nlm.nih.gov/pubmed/30336612
http://dx.doi.org/10.1111/j.1440-1797.2012.01572.x
http://www.ncbi.nlm.nih.gov/pubmed/22288610
http://dx.doi.org/10.1007/s11255-012-0334-6
http://www.ncbi.nlm.nih.gov/pubmed/23212145
http://dx.doi.org/10.1159/000014377
http://www.ncbi.nlm.nih.gov/pubmed/10449863
http://dx.doi.org/10.1146/annurev.bi.65.070196.002355
http://dx.doi.org/10.1097/MCO.0b013e32830a4c6e
http://www.ncbi.nlm.nih.gov/pubmed/18685461
http://dx.doi.org/10.1038/nrgastro.2010.172
http://www.ncbi.nlm.nih.gov/pubmed/21045794
http://dx.doi.org/10.1152/physrev.00045.2009
http://dx.doi.org/10.1159/000351171
http://dx.doi.org/10.1159/000360010
http://dx.doi.org/10.1038/ki.2009.402
http://dx.doi.org/10.1093/ndt/gfr624
http://dx.doi.org/10.1159/000353764
http://www.ncbi.nlm.nih.gov/pubmed/23887095
http://dx.doi.org/10.1038/ki.2012.345
http://dx.doi.org/10.1159/000345969
http://www.ncbi.nlm.nih.gov/pubmed/23258127

Int. ]. Mol. Sci. 2019, 20, 2280 17 of 18

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Zhu, W.; Stevens, A.P,; Dettmer, K.; Gottfried, E.; Hoves, S.; Kreutz, M.; Holler, E.; Canelas, A.B.; Kema, I;
Oefner, PJ. Quantitative profiling of tryptophan metabolites in serum, urine, and cell culture supernatants
by liquid chromatography-tandem mass spectrometry. Anal. Bioanal. Chem. 2011, 401, 3249-3261. [CrossRef]
[PubMed]

Lau, W.L,; Kalantar-Zadeh, K.; Vaziri, N.D. The Gut as a Source of Inflammation in Chronic Kidney Disease.
Nephron 2015, 130, 92-98. [CrossRef] [PubMed]

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

Popolo, A.; Adesso, S.; Pinto, A.; Autore, G.; Marzocco, S. L-Arginine and its metabolites in kidney and
cardiovascular disease. Amino Acids 2014, 46, 2271-2286. [CrossRef]

Scholze, A.; Jankowski, J.; Pedraza-Chaverri, J.; Evenepoel, P. Oxidative stress in chronic kidney disease.
Oxid. Med. Cell. Longev. 2016, 2016, 8375186. [CrossRef] [PubMed]

Ishii, T.; Itoh, K.; Takahashi, S.; Sato, H.; Yanagawa, T.; Katoh, Y.; Bannai, S.; Yamamoto, M. Transcription
factor Nrf2 coordinately regulates a group of oxidative stress-inducible genes in macrophages. J. Biol. Chem.
2000, 275, 16023-16029. [CrossRef] [PubMed]

Zhu, H,; Ttoh, K.; Yamamoto, M.; Zweier, ].L.; Li, Y. Role of Nrf2 signaling in regulation of antioxidants and
phase 2 enzymes in cardiac fibroblasts: Protection against reactive oxygen and nitrogen speciesinduced cell
injury. FEBS Lett. 2005, 579, 3029-3036. [CrossRef]

Kim, H.J.; Sato, T.; Rodr1’guez-Iturbe, B.; Vaziri, N.D. Role of intrarenal angiotensin system activation,
oxidative stress, inflammation, and impaired nuclear factor-erythroid-2-related factor 2 activity in the
progression of focal glomerulosclerosis. J. Pharm. Exp. 2011, 337, 583-590. [CrossRef]

Kim, H.J.; Vaziri, N.D. Contribution of impaired Nrf2-Keap1 pathway to oxidative stress and inflammation
in chronic renal failure. Am. |. Physiol. Ren. Physiol. 2010, 298, F662-F671. [CrossRef]

Yamawaki, K.; Kanda, H.; Shimazaki, R. Nrf2 activator for the treatment of kidney diseases. Toxicol. Appl.
Pharm. 2018, 360, 30-37. [CrossRef]

Bolati, D.; Shimizu, H.; Yisireyili, M.; Nishijima, F; Niwa, T. Indoxyl sulfate, a uremic toxin, downregulates
renal expression of Nrf2 through activation of NF-«B. BMC Nephrol. 2013, 14, 56. [CrossRef] [PubMed]
Naito, Y.; Takagi, T.; Uchiyama, K.; Yoshikawa, T. Heme oxygenase-1: A novel therapeutic target for
gastrointestinal diseases. J. Clin. Biochem Nutr. 2011, 48, 126-133. [CrossRef] [PubMed]

Nam, S.T.; Hwang, ] H.; Kim, D.H.; Park, M.].; Lee, LH.; Nam, H.].; Kang, ].K.; Kim, S.K.; Hwang, J.S.;
Chung, HK; et al. Role of NADH: Quinone oxidoreductase-1 in the tight junctions of colonic epithelial cells.
Bmb Rep. 2014, 47, 494-499. [CrossRef] [PubMed]

Afonso, V.; Champy, R.; Mitrovic, D.; Collin, P.; Lomri, A. Reactive oxygen species and superoxide dismutases:
Role in joint diseases. Jt. Bone Spine 2007, 74, 324-329. [CrossRef]

Leaphart, C.L.; Qureshi, F; Cetin, S.; Li, J.; Dubowski, T.; Baty, C.; Beer-Stolz, D.; Guo, F; Murray, S.A.;
Hackam, D.J. Interferon-gamma inhibits intestinal restitution by preventing gap junction communication
between enterocytes. Gastroenterology 2007, 132, 2395-2411. [CrossRef] [PubMed]

McGuire, P.G.; Seeds, N.W. The interaction of plasminogen activator with a reconstituted basement membrane
matrix and extracellular macromolecules produced by cultured epithelial cells. J. Cell Biochem. 1989, 40,
215-227. [CrossRef]

Quaroni, A.; Wands, J.; Trelstad, R.L.; Isselbacher, K.J. Epithelioid cell cultures from rat small intestine.
Characterization by morphologic and immunologic criteria. J. Cell Biol. 1979, 80, 248-265. [CrossRef]
[PubMed]

Shi, K.; Wang, E; Jiang, H.; Liu, H.; Wei, M.; Wang, Z.; Xie, L. Gut bacterial translocation may aggravate
microinflammation in hemodialysis patients. Dig. Dis. Sci. 2014, 59, 2109-2117. [CrossRef] [PubMed]
Goodenough, D.A. Bulk isolation of mouse hepatocyte gap junctions. Characterization of the principal
protein, connexin. J. Cell Biol. 1974, 61, 557-563. [CrossRef]

Goodenough, D.A. The structure of cell membranes involved in intercellular communication. Am. J.
Clin. Pathol. 1975, 63, 636—645. [CrossRef]

Ey, B.; Eyking, A.; Gerken, G.; Podolsky, D.K.; Cario, E. TLR2 mediates gap junctional intercellular
communication through connexin-43 in intestinal epithelial barrier injury. J. Biol. Chem. 2009, 284,
22332-22343. [CrossRef]


http://dx.doi.org/10.1007/s00216-011-5436-y
http://www.ncbi.nlm.nih.gov/pubmed/21983980
http://dx.doi.org/10.1159/000381990
http://www.ncbi.nlm.nih.gov/pubmed/25967288
http://dx.doi.org/10.1053/j.ajkd.2015.08.029
http://dx.doi.org/10.1007/s00726-014-1825-9
http://dx.doi.org/10.1155/2016/8375186
http://www.ncbi.nlm.nih.gov/pubmed/27579156
http://dx.doi.org/10.1074/jbc.275.21.16023
http://www.ncbi.nlm.nih.gov/pubmed/10821856
http://dx.doi.org/10.1016/j.febslet.2005.04.058
http://dx.doi.org/10.1124/jpet.110.175828
http://dx.doi.org/10.1152/ajprenal.00421.2009
http://dx.doi.org/10.1016/j.taap.2018.09.030
http://dx.doi.org/10.1186/1471-2369-14-56
http://www.ncbi.nlm.nih.gov/pubmed/23496811
http://dx.doi.org/10.3164/jcbn.10-61
http://www.ncbi.nlm.nih.gov/pubmed/21373265
http://dx.doi.org/10.5483/BMBRep.2014.47.9.196
http://www.ncbi.nlm.nih.gov/pubmed/24393524
http://dx.doi.org/10.1016/j.jbspin.2007.02.002
http://dx.doi.org/10.1053/j.gastro.2007.03.029
http://www.ncbi.nlm.nih.gov/pubmed/17570214
http://dx.doi.org/10.1002/jcb.240400210
http://dx.doi.org/10.1083/jcb.80.2.248
http://www.ncbi.nlm.nih.gov/pubmed/88453
http://dx.doi.org/10.1007/s10620-014-3202-7
http://www.ncbi.nlm.nih.gov/pubmed/24828917
http://dx.doi.org/10.1083/jcb.61.2.557
http://dx.doi.org/10.1093/ajcp/63.5.636
http://dx.doi.org/10.1074/jbc.M901619200

Int. ]. Mol. Sci. 2019, 20, 2280 18 of 18

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Dang, X.; Doble, B.W.; Kardami, E. The carboxy-tail of connexin-43 localizes to the nucleus and inhibits cell
growth. Mol. Cell Biochem. 2003, 242, 35-38. [CrossRef] [PubMed]

Asai, M.; Kumakura, S.; Kikuchi, M. Review of the efficacy of AST-120 (KREMEZIN®) on renal function in
chronic kidney disease patients. Ren. Fail. 2019, 41, 47-56. [CrossRef]

Anraku, M,; Tabuchi, R.; Ifuku, S.; Nagae, T.; Iohara, D.; Tomida, H.; Uekama, K.; Maruyama, T.; Miyamura, S.;
Hirayama, F; et al. An oral absorbent, surface-deacetylated chitin nano-fiber ameliorates renal injury and
oxidative stress in 5/6 nephrectomized rats. Carbohydr. Polym. 2017, 161, 21-25. [CrossRef] [PubMed]

Fujii, H.; Yonekura, Y.; Yamashita, Y.; Kono, K.; Nakai, K.; Goto, S.; Sugano, M.; Goto, S.; Fujieda, A.;
Ito, Y.; et al. Anti-oxidative effect of AST-120 on kidney injury after myocardial infarction. Br. J. Pharm. 2016,
173, 1302-1313. [CrossRef] [PubMed]

Schulman, G.; Vanholder, R.; Niwa, T. AST-120 for the management of progression of chronic kidney disease.
Int. ]. Nephrol. Renov. Dis. 2014, 7, 49-56. [CrossRef] [PubMed]

Lekawanvijit, S.; Kompa, A.R.; Manabe, M.; Wang, B.H.; Langham, R.G.; Nishijima, F; Kelly, D.J.;
Krum, H. Chronic kidney disease-induced cardiac fibrosis is ameliorated by reducing circulating levels of a
non-dialysable uremic toxin, indoxyl sulfate. PLoS ONE 2012, 7, e41281. [CrossRef]

Taki, K.; Niwa, T. Indoxyl sulfate-lowering capacity of oral sorbents affects the prognosis of kidney function
and oxidative stress in chronic kidney disease. J. Ren. Nutr. 2007, 17, 48-52. [CrossRef] [PubMed]
Shimoishi, K.; Anraku, M.; Kitamura, K.; Tasaki, Y.; Taguchi, K.; Hashimoto, M.; Fukunaga, E.; Maruyama, T.;
Otagiri, M. An oral adsorbent, AST-120 protects against the progression of oxidative stress by reducing the
accumulation of indoxyl sulfate in the systemic circulation in renal failure. Pharm. Res. 2007, 24, 1283-1289.
[CrossRef]

Quaroni, A.; Hochman, J. Development of intestinal cell culture models for drug transport and metabolism
studies. Adv. Drug Deliv. Rev. 1996, 22, 3-52. [CrossRef]

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 1983, 65, 55-63. [CrossRef]

Marzocco, S.; Adesso, S.; Alilou, M.; Stuppner, H.; Schwaiger, S. Anti-Inflammatory and Anti-Oxidant
Potential of the Root Extract and Constituents of Doronicum austriacum. Molecules 2017, 22, 1003. [CrossRef]
Adesso, S.; Autore, G.; Quaroni, A.; Popolo, A.; Severino, L.; Marzocco, S. The Food Contaminants Nivalenol
and Deoxynivalenol Induce Inflammation in Intestinal Epithelial Cells by Regulating Reactive Oxygen
Species Release. Nutrients 2019, 9, 1343. [CrossRef]

Del Regno, M.; Adesso, S.; Popolo, A.; Quaroni, A.; Autore, G.; Severino, L.; Marzocco, S. Nivalenol induces
oxidative stress and increases deoxynivalenol pro-oxidant effect in intestinal epithelial cells. Toxicol. Appl.
Pharmacol. 2015, 285, 118-127. [CrossRef]

Bianco, G.; Fontanella, B.; Severino, L.; Quaroni, A.; Autore, G.; Marzocco, S. Nivalenol and deoxynivalenol
affect rat intestinal epithelial cells: A concentration related study. PLoS ONE 2012, 7, e52051. [CrossRef]
[PubMed]

Di Iorio, B.; Di Micco, L.; Torraca, S.; Sirico, M.L.; Russo, L.; Pota, A.; Mirenghi, F.; Russo, D. Acute effects of
very-low-protein diet on FGF23 levels: A randomized study. Clin. ]. Am. Soc. Nephrol. 2012, 7, 581-587.
[CrossRef] [PubMed]

Marzocco, S.; Dal Piaz, E; Di Micco, L.; Torraca, S.; Sirico, M.L.; Tartaglia, D.; Autore, G.; Di Iorio, B. Very low
protein diet reduces indoxyl sulfate levels in chronic kidney disease. Blood Purif. 2013, 35, 196-201. [CrossRef]
[PubMed]

® © 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/10.1023/A:1021152709313
http://www.ncbi.nlm.nih.gov/pubmed/12619863
http://dx.doi.org/10.1080/0886022X.2018.1561376
http://dx.doi.org/10.1016/j.carbpol.2016.12.057
http://www.ncbi.nlm.nih.gov/pubmed/28189231
http://dx.doi.org/10.1111/bph.13417
http://www.ncbi.nlm.nih.gov/pubmed/26750807
http://dx.doi.org/10.2147/IJNRD.S41339
http://www.ncbi.nlm.nih.gov/pubmed/24501542
http://dx.doi.org/10.1371/journal.pone.0041281
http://dx.doi.org/10.1053/j.jrn.2006.10.007
http://www.ncbi.nlm.nih.gov/pubmed/17198932
http://dx.doi.org/10.1007/s11095-007-9248-x
http://dx.doi.org/10.1016/S0169-409X(96)00413-9
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.3390/molecules22061003
http://dx.doi.org/10.3390/nu9121343
http://dx.doi.org/10.1016/j.taap.2015.04.002
http://dx.doi.org/10.1371/journal.pone.0052051
http://www.ncbi.nlm.nih.gov/pubmed/23251682
http://dx.doi.org/10.2215/CJN.07640711
http://www.ncbi.nlm.nih.gov/pubmed/22362063
http://dx.doi.org/10.1159/000346628
http://www.ncbi.nlm.nih.gov/pubmed/23485887
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	IS did not Affect Cellular Viability 
	IS Enhanced ROS Release from IEC-6 Cells 
	IS Inhibits Nrf2 Nuclear Translocation and Modulated Heme Oxygenase-1 (HO-1), NAD(P)H Dehydrogenase (Quinone1) (NQO1) and Superoxide Dismutase (SOD) Expression in IEC-6 Cells 
	Effect of IS on IEC-6 Cellular Migration 
	IS Induced IEC-6 Cells Actin Cytoskeleton Rearrangement 
	Effect of IS on Connexin 43 Expression in IEC-6 Cells 
	IS Enhanced ROS Production in IEC-6 Cells: Effect of AST-120 
	IS in Sera of CKD Patients Increased ROS Production in IEC-6 Cells: Effect of AST-120 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Culture 
	IS Experiments on IEC-6 Cells 
	Cellular Treatment 
	Cellular Viability 
	Intracellular ROS Evaluation 
	Immunofluorescence Analysis by Confocal Microscopy of Nuclear Factor (Erythroid-Derived 2)-like 2 (Nrf2) Translocation and Connexin 43 Expression 
	Evaluation by Cytofluorimetry of Heme Oxygenase-1 (HO-1), NAD(P)H Dehydrogenase (Quinone1) (NQO1) and Superoxide Dismutase (SOD). 
	Wound-Healing Assay 
	Immunofluorescence Assay for Cytoskeleton Analysis by Confocal Microscopy 

	CKD Serum Patients Experiments 
	CKD Serum Patients Studies on IEC-6 Cells 
	IEC-6 Cells Treatment with Sera from CKD Patients 

	Data Analysis 

	Conclusions 
	References

