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Abstract: Indoxyl sulfate (IS), a uremic toxin, causes chronic kidney disease (CKD) progression via
its tubulotoxicity. After cellular uptake, IS directly induces apoptotic and necrotic cell death of
tubular cells. Additionally, IS increases oxidative stress and decreases antioxidant capacity, which
are associated with tubulointerstitial injury. Injured tubular cells are a major source of transforming
growth factor-p1 (TGF-f1), which induces myofibroblast transition from residual renal cells in
damaged kidney, recruits inflammatory cells and thereby promotes extracellular matrix deposition
in renal fibrosis. Moreover, IS upregulates signal transducers and activators of transcription 3
phosphorylation, followed by increases in TGF-f1, monocyte chemotactic protein-1 and a-smooth
muscle actin production, which participate in interstitial inflammation, renal fibrosis and,
consequently, CKD progression. Clinically, higher serum IS levels are independently associated
with renal function decline and predict all-cause mortality in CKD. The poor removal of serum IS
in conventional hemodialysis is also significantly associated with all-cause mortality and heart
failure incidence in end-stage renal disease patients. Scavenging the IS precursor by AST-120 can
markedly reduce tubular IS staining that attenuates renal tubular injury, ameliorates IS-induced
oxidative stress and rescues antioxidant glutathione activity in tubular epithelial cells, thereby
providing a protective role against tubular injury and ultimately retarding renal function decline.
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Key Contribution: Indoxyl sulfate is a uremic toxin that causes chronic kidney disease (CKD)
progression via its tubulotoxicity.

1. Overview of Uremic Toxin Indoxyl Sulfate

A substantial number of compounds that are normally excreted by healthy kidneys are
accumulated during renal function deterioration, in which case they are called uremic toxins. A
uremic toxin can be categorized by its molecular weight (MW), including free water-soluble low-
molecular-weight solutes (MW < 500 D), small protein-bound solutes (mostly MW < 500 D) and
middle molecules (MW > 500 D) [1]. Uremia induces the disruption of intestinal epithelial tight
junction barriers and alters the composition and metabolic activity of gut microbial flora, resulting in
the increased production of noxious toxins that then enter the circulation and cause systemic
inflammation [2,3]. In chronic kidney disease (CKD), the decreased diversity of intestinal flora and
increased abundance of colonic aerobic bacteria, such as Enterobacteriaceae and Escherichia coli (E. coli),
result in an unbalanced intestinal ecosystem and the further generation of protein-bound uremic
toxins through the proteolysis of undigested proteins retained in the intestine [4]. An analysis of fecal
samples from CKD patients showed that phenolic compounds are mainly produced by anaerobic
bacteria, whereas indolic compounds are produced by both aerobic and anaerobic bacteria [4].
Indoxyl sulfate (IS), a protein-bound indolic toxin with an MW of 213.21 g mol-, is a metabolite from
dietary L-tryptophan amino acid fermentation. In the intestine, E. coli tryptophanase enzyme
converts tryptophan into indole, which is rapidly absorbed by intestinal epithelial cells and released
into the bloodstream. Indole is then hydroxylated to indoxyl and subsequently converted to IS by
sulfotransferase enzyme in the liver [5-7]. Finally, IS is normally eliminated through the urine via its
transport through organic anion transporters (OATs).

The transcellular transport of IS across the cell membrane occurs via the help of OATSs. In human
renal proximal tubular cells, OAT 1, OAT2 and OAT 3 are located in the basolateral membrane and,
driven by the exchange of dicarboxylates, mediate the movement of organic anions from the blood
into tubular cells, while OAT4 and OAT10 are located in the apical membrane and facilitate the
secretion of organic ions from tubular cells into the urine [8]. OATs are the secondary/tertiary active
transporter proteins that are responsible for the elimination of endogenous metabolites (such as IS)
and xenobiotics. Wu et al. showed that serum IS levels became higher in OAT1 or OAT3 knockout
mice, and these two transporters exerted a synergistic effect in the elimination of solutes or toxins [9].
Additionally, clearance of protein-bound solutes has a near-linear association with the glomerular
filtration rate (GFR); therefore, IS clearance is decreased accordingly during GFR decline in CKD
progression [10]. According to ultra-performance liquid chromatography—tandem mass
spectrometry (UPLC-MS/MS) analysis, serum IS in health participants is <0.05-3.02 mg/L, and the
average IS level progressively increases from 1.03 in CKD stage 1 to 12.21 mg/L in CKD stage 5 [11].
Moreover, the administration of IS in CKD animals increases IS retention in renal tubular cells and is
accompanied by cell death of OAT1- and OAT3-expressing proximal tubular cells, and this effect can
be rescued by probenecid, an anion transport inhibitor [12]. Thus, inadequate renal clearance of IS
during renal function decline might further aggravate IS-induced renal tubule cytotoxicity and
hasten CKD progression.

AST-120 is an oral charcoal absorbent that functions by adsorbing indole generated in the
gastrointestinal tract and thereby lowers serum and urine IS concentrations in CKD. Clinically,
adding AST-120 to standard therapy offers a beneficial effect by halting CKD progression, delaying
the time to the initiation of dialysis [13]. Among existing clinical data, AST-120 was reported to have
a protective role in CKD patients in the post hoc analysis of the Evaluating Prevention of Progression
in CKD (EPPIC) trial when combined with RAS blockade in the Carbonaceous Oral Adsorbent’s
Effects on Progression of CKD (CAP-KD) study [14]. In addition, some treatments have also been
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proposed to reduce serum IS accumulation in CKD [15]. Gao et al. reported dietary protein restriction
is beneficial in CKD progression, meaning that a low-protein diet (LPD) can greatly lower the serum
IS level in CKD and also prevent proteinuria, alleviate renal lesions and retard renal function decline.
Supplementation with ketoacids together with LPD improves the weight loss or growth retardation
due to LPD [16,17]. Due to the production of IS by gut microbiota, manipulation of gut microbiota is
a reasonable proposition to lower the uremic toxin level. Prebiotics, probiotics and synbiotics seem
to be the promising options for reducing IS. A randomized trial conducted by Rossi et al. showed
that synbiotics could effectively lower p-cresyl sulfate, another uremic toxin, but not IS [18]. In
hemodialysis patients, new dialysis techniques have reported the potential benefit in reducing IS
levels in ESRD patients by including the use of (1) albumin-binding competitor [19], (2) IS
transcellular transporter antagonist [20,21] and (3) hydrophobic and cationic adsorbents with high-
flux dialyzers [22].

2. Indoxyl Sulfate Induces Tubular Cell Death and Contributes to CKD Progression

Renal tubular epithelial cells are easily damaged by a variety of renal insults, such as ischemia
and toxin injury, especially in the high-energy-demanding proximal tubular segment. Renal tubular
cell death is a direct consequence of acute kidney injury (AKI). In the case of CKD development,
either apoptotic or necrotic cell death contributes to tubular injury and renal fibrosis (Figure 1), and
the relative contribution of apoptotic and necrotic cell death mechanisms depends on the cause and
severity of the renal insults [23]. The extent of tubulointerstitial damage correlates better with renal
function decline than with glomerulopathy [24]. Thus, the maladaptive repair of tubular cell injury
and interstitial inflammation after kidney damage accelerate CKD progression [25].

Acute tubular necrosis is a major cause of AKI and secondary to acute ischemia or toxin insults
[26]. In our previous study, IS was shown to have direct cytotoxicity in renal tubular epithelial cells.
After its cellular uptake by OAT, IS induced tubular cell necrosis that was presented by the increase
in LDH release and reduction in viability in these cells. The function of transient receptor potential
vanilloid 1 (TRPV1) in tubular cells was significantly increased after treating cells with IS via binding
to aryl hydrocarbon receptor (AhR). TRPV1 hyperfunction plays a crucial role in mediating IS-
induced tubulotoxicity through the upregulation of 12-lipoxygenase and endovanilloid 12-
hydroxyeicosatetraenoic acid synthesis [27].

The emerging role of apoptotic cell death of renal tubules is gradually being recognized in
ischemia or toxic renal injury. IS treatment triggers typical apoptotic morphological changes in
human proximal tubular cells, upregulates proapoptotic Bcl-2-associated X (Bax) protein expression
and disrupts mitochondrial metabolic activity [28]. Furthermore, IS induces -epithelial-to-
mesenchymal transition (EMT) and apoptotic cell death of renal tubular cells through the activation
of extracellular signal-regulated kinases 1/2 (ERK 1/2) and p38 mitogen-activated protein kinase
(MAPK). The occurrence of EMT and apoptosis in IS-treated renal tubules depends on the degree of
IS exposure: a low dose of IS is associated with the inhibition of tubular cell proliferation and related
to EMT changes, while a high dose of IS is associated with early apoptosis in in vitro experiments.
Both EMT and apoptosis of renal tubular cells impair the capacity of the tubular cells to recover from
damage and facilitate the development of CKD [29].

In animals with normal renal function, IS in tubular epithelial cells is only weakly
immunohistochemically stained, while in CKD animals, IS is intensively stained in the proximal
tubular cells, especially in dilated segments [29]. Besides its role in decreasing serum and urine IS,
AST-120 can markedly reduce IS staining in remnant tubular epithelial cells, as well as attenuate
tubular injuries, such as tubular dilation and atrophy [30]. In addition, after the administration of
AST-120 for 48 weeks in subtotal nephrectomy rats, renal tubular injury was significantly improved
with the suppressed gene expression of clusterin, which is closely associated with tubular cell
damage [31].
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Figure 1. The mechanisms by which IS induces renal tubular cell death. After cellular uptake of IS by
OAT1/3 in renal tubules, IS binds to AhR in the cytoplasm and exerts direct tubulotoxicity via necrotic
or apoptotic cell death. IS upregulates 12-lipoxygenase and 12(S)-HETE synthesis and induces TRPV1
hyperfunction, which leads to necrosis of tubular cells. Additionally, IS induces apoptosis of tubular
cells through the activation of the proapoptotic Bax protein, disrupting the mitochondrial membrane
potential, or the activation of ERK 1/2 and p38 MAPK. IS, indoxyl sulfate; OAT, organic anion
transporter; AhR, aryl hydrocarbon receptor; 12(S)-HETE, endovanilloid 12-hydroxyeicosatetraenoic
acid; TRPV1, transient receptor potential vanilloid 1; Bax, Bcl-2-associated X protein; ERK 1/2,
extracellular signal-regulated kinases 1/2; MAPK, mitogen-activated protein kinase.

3. Indoxyl Sulfate Increases Oxidative Stress and is Associated with Tubular Injury

Among renal tubules, the proximal renal tubule is a major site of ATP production because of its
high ATP and oxygen requirements to support the massive levels of ion transport in epithelial cells.
ATP production in renal tubules by glucose oxidative metabolism renders tubular epithelial cells
vulnerable to oxidative stress damage. Reactive oxygen species (ROS) production is increased in
various inflammatory diseases, such as diabetic nephropathy, uremic toxin-related tubular injury
and ischemia-reperfusion injury, and is involved in the initiation and progression of CKD [32-34].
The major source of free radical formation in kidneys or vessels is NADPH oxidase (NOX) and
mitochondrial oxidative phosphorylation. Low levels of free radicals are beneficial for physiological
functions such as cell survival, immune responses to pathogens and various cellular signals [35].
However, the overproduction of free radicals generates oxidative stress and damages cell
biomolecules such as lipids, proteins and nucleic acids and consequently causes a broad spectrum of
chronic diseases [36]. NOX can react with oxygen and transfer an electron from NADPH to form
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superoxide, which is then converted to hydrogen peroxide, both of which are free radicals that
damage cells. In the human kidney, the distribution of NOX1 to NOX4 is widespread, including the
mesangium, macula densa, proximal and distal renal tubules, endothelium and vascular smooth
muscle cells [37]. NOX4 is the predominant isoform and is constitutively expressed in the kidney,
especially in mitochondria of the kidney cortex [38]. The overproduction of ROS by NOX4 leads to
oxidative stress damage in the pathogenesis of diabetic nephropathy and renal function deterioration.
ROS derived from the NOX4 catalytic moiety and its subunit p22rhox are implicated in the
pathogenesis of p-cresyl sulfate (PCS)-induced tubular cells cytotoxicity and also increase the
expression of inflammatory cytokines and profibrotic factor TGF-B1 [39]. Furthermore, in 5/6
nephrectomy animals, the accumulation of PCS contributes to renal tubular injury and extracellular
matrix (ECM) deposition through NOX4-dependent ROS generation [39]. Thus, NOX4 is a reasonable
therapeutic target for inhibition to alleviate or prevent CKD progression.

As with PCS, after the cellular uptake of IS, oxidative stress in HK-2 tubular epithelial cells is
greatly increased and is associated with tubulointerstitial injury [40]. As is well known, ROS levels
are significantly elevated in renal tubular cells in CKD [37]. ROS promote IS-induced nuclear factor-
kB (NF-kB) and cAMP response element-binding protein (CREB) expression in proximal tubular cells.
NF-kB and CREB can positively regulate each other, and subsequently promote IS-induced NOX 4
expression. In addition, ROS also promote IS-induced NOX 4 expression in proximal tubular cells.
Therefore, ROS, NF-kB and CREB coordinately regulate each other, aggravating the oxidative burden
in proximal renal tubules, and thereby play an important role in the pathogenesis of CKD progression
[41] (Figure 2). Furthermore, IS downregulates nuclear factor erythroid 2-related factor 2 (Nrf2)
through NF-kB activation and the subsequent decrease in antioxidant oxygenase-1 (HO-1)
expression, which in turn increases the ROS burden in the cytoplasm of tubular cells [42].

IS also reduces glutathione activity in renal tubular cells; glutathione is known for its powerful
antioxidant capacity against oxidative stress [43]. In fact, plasma glutathione levels are reduced in
CKD patients and even further decreased if comorbid with diabetes [44,45]. In advanced CKD, serum
IS levels are also positively correlated with inflammatory markers that contribute to cardiovascular
(CV) and renal toxicity [46]. Notably, superoxide dismutase (SOD) is an enzyme responsible for
catalyzing the superoxide radical into molecular oxygen and hydrogen peroxide and functions as a
major defender against oxidative stress in renal tubules. In diabetic nephropathy, decreased SOD
activity predisposes tubular cells to oxidative stress damage and presents with albuminuria [47].
Among mammalian SOD isoforms, SOD3 is abundant in the kidney and primarily expressed in the
extracellular space to protect against superoxide free radical injury, especially in proteinuria kidney
disease [48]. Either inadequate SOD1 or SOD3 expression is found to be involved in microvascular
and macrovascular complications and is associated with the severity of proteinuria in diabetic
nephropathy [49]. Administration of IS to CKD animals for two weeks greatly decreases SOD activity
and tubular SOD immunostaining, and the kidney superoxide scavenging activity is markedly
reduced as the IS concentration increases [50].

Administration of AST-120 reduces serum IS levels in subtotally nephrectomized CKD rats and
is accompanied by the upregulation of Nrf2 and antioxidant HO-1 expression in the cytoplasm of
tubular cells, which, in turn, reduces ROS production. Thus, AST-120 has the ability to ameliorate IS-
induced oxidative stress in tubular epithelial cells [42]. After 16 weeks of AST-120 treatment in
subtotal nephrectomy CKD animals, urinary acrolein, an end-product of lipid peroxidation that is
used as a marker of oxidative stress, was significantly decreased [51]. In another study, AST-120
treatment for 34 weeks greatly reduced serum IS concentrations, urinary acrolein and 8-
hydroxydeoxyguanosine levels (8-OHdG, a marker of oxidative DNA damage due to exposure to
oxygen radicals) and concurrently alleviated myocardial fibrosis and improved left ventricular
volume. Thus, AST-120 also enables the amelioration of IS-induced oxidative stress in cardiac cell
injury, fibrosis and resultant left ventricular hypertrophy [52]. In CKD patients, daily treatment with
6 g of AST-120 for 12 months significantly decreased urinary 8-OHdG and urinary L-FABP, a marker
of tubular damage [53]. Additionally, 24 weeks of AST-120 treatment decreased the increased
oxidized glutathione/glutathione ratios in CKD patients, which means that IS can rescue the
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antioxidant reserve of glutathione [54]. In summary, AST-120 reduces the IS level, alleviating IS-
induced oxidative damage on tubular cells.

Renal tubular uptake of IS by OAT1/3
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Figure 2. The mechanisms by which IS induces oxidative stress and is associated with tubular cell
injury and interstitial inflammation. After cellular uptake of IS by OAT1/3 in renal tubules, IS binds
to AhR in the cytoplasm and induces tubular cell injury and interstitial inflammation through the
downregulation of Nrf2, and this increased oxidative stress induces CREB and NF-kB expression,
resulting in increased NOX4-induced ROS production and mitochondrial oxidative phosphorylation,
and decreases antioxidant SOD and glutathione activity. IS, indoxyl sulfate; OAT, organic anion
transporter; AhR, aryl hydrocarbon receptor; Nrf2, nuclear factor erythroid 2-related factor 2; NOX4,
NADPH oxidase 4; ROS, reactive oxygen species; NF-«kB, nuclear factor-kB; CREB, cAMP response
element binding protein; SOD, superoxide dismutase.

4. Indoxyl Sulfate Stimulates Renal Fibrosis Through TGF-f1 Overproduction

Renal fibrosis is the inevitable consequence of the excessive accumulation of ECM after renal
insults, and it is characteristic of glomerular sclerosis, interstitial fibrosis, interstitial infiltration of
circulating inflammatory cells such as macrophages, myofibroblast transition of remnant renal cells,
fibroblast activation and renal tubular cell apoptosis and atrophy, which ultimately advance CKD
progression [55-57]. Overproduction of transforming growth factor-g1 (TGF-f31) by injured tubular
epithelial cells is a key element in the development of renal fibrosis after renal insults; this is known
because tubular atrophy and fibrosis can be ameliorated by targeting TGF-f signaling by using
neutralizing antibodies to block TGF- or anti-TGF-f3 type II receptors [58,59]. TGF-31 induces
myofibroblast transition from remnant renal cells to facilitate renal fibrosis, although its origin
remains controversial, potentially including tubular epithelial cells, endothelial cells, pericytes,
fibroblasts or bone marrow-derived cells [60]. After TGF-f1 binds to the TGF-3 receptor, TGF-3



Toxins 2020, 12, 684 7 of 15

Receptor I Kinase (TPRI Kinase) phosphorylates and activates selected Smad complexes that
translocate into the nucleus to regulate the expression of target genes, such as profibrotic connective
tissue growth factor (CTGF), which is a secreted matricellular protein and is associated with fibrotic
diseases. In addition, activated TGF-f3 receptors activate non-Smad pathways to modulate profibrotic
responses, such as MAP kinase pathways, phosphatidylinositol-3-kinase/AKT pathways and the
Rho-like GTPase signaling pathway, after the activation of different ligands [61]. In normal human
kidneys, TGF-p1 expression is mainly located in renal tubular cells but not in glomeruli, while TGF-
[32/3 is mainly expressed in podocytes and variably expressed in tubular epithelial cells [62]. TGF-32
has antifibrotic properties through the upregulation of sphingosine kinase-1 (5K-1) activity, followed
by the attenuation of profibrotic CTGF expression and suppression of the fibrotic response [63].

Renal tubular epithelial cells are vulnerable and often the target of various forms of injury. TGF-
[ signaling in injured renal tubules plays a central role in recruiting inflammatory cells, thereby
promoting renal ECM production, myofibroblast phenotypic transition of fibroblasts and further
tubular epithelial cell injury [64] (Figure 3). Administration of IS in CKD animals increases the
profibrotic factor TGF-p1; tissue inhibitor of metalloproteinase-1 (TIMP-1), an inhibitor to matrix
metalloproteinases, which are responsible for ECM degradation; and proal (I) collagen, a
procollagen precursor expressed in the renal cortex. These changes lead to glomerular sclerosis and
interstitial fibrosis [65]. Moreover, IS can increase the production of reactive oxygen species (ROS)
and subsequently activates nuclear factor-kB (NF-kB) and p53 in rat proximal renal tubular cells in
vitro, thereby promoting the intercellular expression of adhesion molecule-1 (ICAM-1)—an adhesion
molecule involved in monocyte/macrophage adhesion—in the cytoplasm of renal tubular cells, a
process that is involved in the pathogenesis of interstitial fibrosis [66]. Furthermore, IS promotes the
transformation of rat kidney fibroblast cells into the matrix-producing phenotype by upregulating
heat shock protein 90 (HSP 90) and the TGF-[3/Smad signaling pathway, which then increase collagen
I deposition, leading to interstitial fibrosis [67]. Consequently, during renal function decline, the
accumulation of IS-damaged renal tubules and damaged renal tubule-secreted TGF-f31 constitute a
vicious cycle that underlies the mechanism of IS-induced nephrotoxicity.

Moreover, the Janus kinase family (JAK) and signal transducers and activators of transcription
(Stat) pathways have been recently implicated in the pathogenesis of human renal disease. Activation
of Stat3 phosphorylation via its increased transcriptional activity in renal tubular cells is recognized
as having a central role in the development of renal fibrosis and CKD progression [68]. On the
contrary, inhibition of JAK2 and Stat3 in unilateral ureteral obstruction (UUO)-related renal fibrosis
could abrogate the myofibroblast phenotypic transition of renal cells and attenuate renal fibrosis to
improve renal function [69]. In 5/6 nephrectomy animals, the expression of phosphorylated Stat3
increased as compared with animals with normal renal function. In the same study, an in vitro
experiment showed that IS induced the phosphorylation of Stat3 on tyrosine 705 and then increased
the expression of inflammatory and fibrotic genes, such as TGF-31, monocyte chemotactic protein-1
(MCP-1, a potent chemotactic factor for monocytes) and a-smooth muscle actin (a-SMA, an isoform
of actin and marker of myofibroblasts) in human proximal tubular HK-2 cells, which are involved in
renal inflammation and fibrosis, and may contribute to renal failure [70]. In fact, the degree of
interstitial fibrosis is correlated with urinary TGF-f levels in patients with glomerular diseases, and
therefore urinary TGF-f3 is a suspected biomarker that predicts the progression of human glomerular
disease [71].

AST-120 reduces the accumulation of IS and retards CKD progression, prolonging the time to
the initiation of dialysis [13]. In a dose-ranging study, the use of AST-120 in CKD subjects caused a
dose-dependent decrease in IS concentration [72]. In proximal renal tubular cells, IS downregulates
the expression of Nrf2—a transcription factor that regulates antioxidant and detoxification genes,
such as HO-1—and increases the production of ROS. In a study of unilateral nephrectomy in non-
insulin-dependent diabetes mellitus rats, 48 weeks of AST-120 alleviated renal function decline and
attenuated glomerular sclerosis, tubular injury and interstitial inflammation and fibrosis.
Additionally, AST-120 decreased the immunostaining of TGF-1, ICAM-1 and MCP-1 in the renal
cortex of rats [31,73]. Taken together, AST-120 significantly decreases IS accumulation in CKD
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animals in a dose-dependent manner and serves a protective role against IS-related oxidative injury

and related renal fibrosis.
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Figure 3. Injured renal tubular cells overproduce TGF-f1 and lead to interstitial inflammation and

renal fibrosis. Injured renal tubules increase the overproduction of TGF-$1 and Stat3 phosphorylation

and lead to interstitial inflammation and renal fibrosis, which ultimately hasten CKD progression.
After TGF-B1 signaling activation, HSP90 and Smad 2/3 are phosphorylated and cause myofibroblast

transition of fibroblasts, increase renal ECM production and also reduce TIMP-1 expression, an

inhibitor of matrix metalloproteinases, which are responsible for ECM degradation. TGF-f1 also

stimulates ROS generation and increases ICAM-1, which is an adhesion molecule that promotes

monocyte/macrophage adhesion. The activation of Stat3 phosphorylation in tubules by IS stimulation

leads to increases in MCP-1, which recruits inflammatory cells, and tubular a-SMA, which aggravates
renal fibrosis. TGF-1, transforming growth factor-1; HSP90, heat shock proteins 90; ECM,
extracellular matrix; TIMP-1, tissue inhibitor of metalloproteinase-1; ROS, reactive oxygen species;
NF-«B, nuclear factor-kB; p53, protein 53; ICAM-1, intercellular adhesion molecule-1; MCP-1,
monocyte chemotactic protein-1; a-SMA: a-smooth muscle actin; Stat 3, signal transducers and

activators of transcription.

5. Indoxyl Sulfate Activates Mesangial Cell Proliferation and Following Tubular Damage

Mesangial cells function as pericytes and reside close to glomerular endothelial cells. Mesangial
cells have characteristics of modified smooth muscle cells to regulate glomerular filtration locally and
clear immune complex accumulation during glomerular inflammation [74,75]. In glomerular disease,

immune complexes deposited in mesangial cells trigger complement activation and generate several

inflammatory mediators to destroy filtration barriers and promote leukocyte adhesion, activation and

extravasation. Moreover, some inflammatory mediators alter glomerular capillary wall permeability

and result in proteinuria [76]. IS induces mesangial cell proliferation through the induction of

cyclooxygenase-2 expression and subsequently increases ECM synthesis and deposition, which can

further damage remnant nephrons in CKD [77]. After prolonged exposure to IS, caspase-3 activity is
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increased and directly induces apoptotic cell death of mesangial cells. As expected, IS also increases
the oxidative burden in mesangial cells: IS stimulates extracellular superoxide and intracellular
hydroxyl radical production in mesangial cells, which causes glomerular damage in a paracrine
fashion [78]. In addition, IS increases intrarenal renin-angiotensin system (RAS) activity in mesangial
cells and thereby promotes tubular epithelial changes, such as ECM accumulation, EMT changes and
interstitial fibrosis, which are involved in the pathogenesis and progression of CKD [79].

6. Clinical Studies of Uremic Toxicity of IS in CKD

Due to the high prevalence of CV disease in CKD patients, higher accumulation of uremic toxins
has been suggested to be involved in the pathogenesis and progression of CKD. The level of indolic
uremic toxins is correlated with the stage of renal failure with or without dialysis. Indoxyl sulfate and
indole-3 acetic acid (IAA) belong to the family of indolic uremic toxins. The IAA level has strong
predictive power in detecting mortality and CV events in CKD and is also positively correlated with
CRP and malondialdehyde, which are used to evaluate inflammation and oxidative stress [80].
However, IAA fails to predict CV events, mortality or graft survival in transplant patients [81].

In contrast, serum IS levels were higher in patients with CKD progression than those without
progression in a cohort study with different CKD stages, and the level was strongly associated with
renal progression and all-cause mortality if patients had eGFR < 45 mL/min. Thus, in addition to
traditional risk factors, serum IS levels in CKD represent a useful tool to predict renal function
deterioration and all-cause mortality, especially in advanced CKD [82]. Additionally, a prospective
cohort study conducted by Wang et al. showed that serum IS levels became higher in patients with
AKI and were associated with all-cause mortality in patients with AKI requiring hospitalization [83].
Although the relationship between IS levels and clinical outcomes is not clearly verified, the
decreased tubular excretion of IS in the setting of tubular injury and decreased expression of OATs
is involved in the pathogenesis of IS accumulation during AKI [84].

In end-stage renal disease (ESRD) patients on regular hemodialysis, the removal of IS by dialysis
is poor due to its high protein-binding activity. On average, a conventional hemodialysis session
reduced serum IS concentrations by only 31.8% [85]. In an analysis from the Japan Dialysis Outcomes
and Practice Patterns Study (J-DOPPS), total serum IS levels were significantly associated with all-
cause mortality and infection composite events, but the associations with CV events and malignancy
events did not reach statistical significance. It is noteworthy that the association between total IS and
mortality was stronger in hemodialysis patients with residual kidney function. A possible
explanation might be that the residual kidney function determined by low serum IS levels or
circulating IS can fully represent tissue IS content if kidney function is not preserved in dialysis
patients [86].

Moreover, a prospective study among patients on hemodialysis reported that those with high IS
levels experienced a greater incidence of heart failure than those in the low-IS level group, even after
adjusting for traditional and uremic-related risk factors [87]. Additionally, serum IS levels also
predicted the restenosis and thrombosis rate of arteriovenous fistulas or arteriovenous grafts in
hemodialysis patients undergoing angioplasty, with a median follow-up of 32 months [88].

IS levels gradually rise in CKD and even further increase in hemodialysis patients, and they have
a positive association with aortic calcification and vascular stiffness [89]. The increase in serum IS
levels is linearly correlated with the aortic calcification score by lateral lumbar X-ray and multislice
spiral computed tomography. In addition, the relationship between serum IS levels and pulse wave
velocity has a positive correlation. Both aortic calcification and vascular stiffness increase the risk of
CV events; therefore, the serum IS level is an important contributor to all-cause and CV mortality.
After its cellular uptake by OATS3 in the cell membrane, IS can directly stimulate the proliferation of
vascular smooth muscle cells (VSMCs) through the activation of mitogen-activated protein kinase
[90]. The activation and proliferation of VSMCs are believed to be involved in the development of
atherosclerotic lesions and CV complications in CKD patients [90,91]. After kidney transplantation,
serum IS drastically decreases within one month after transplant, and this decrease persists for at
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least one year. However, there was no correlation between IS levels and graft survival, CV events or
all-cause mortality [92].

7. Conclusions

IS, a protein-bound indolic uremic toxin accumulated in CKD, exerts its tubulotoxicity by
directly inducing cell death by either apoptosis or necrosis. IS also increases oxidative stress and
decreases antioxidant capacity, which leads to tubular cell injury and interstitium inflammation. The
injured renal tubule activates TGF-31 signaling, drives interstitial inflammation and renal fibrosis in
response to induction by IS and is involved in the pathogenesis and progression of CKD. Clinically,
the serum IS level is significantly greater in CKD with progression; therefore, its level represents a
useful marker to predict renal function decline in CKD patients. Notably, the serum IS level is also
independently associated with CV events and all-cause mortality, especially in advanced CKD.

Author Contributions: Study design: T.-H.C., M.-C.M,, C.-L.L. and K.-C.L,; literature survey: Y.-C.H., C.-L.L.,
C-M.Z., and W.-C.L,; article drafting: T.-H.C, M.-C.M, M.-T.L., and C.-L.L.; revise manuscript: M.-C.M., C.-L.L.;
revise figures: M.-C.M., C.-H. L. All authors have read and agreed to the published version of the manuscript.

Funding: The current study was supported by grants from the Fu Jen Catholic University Hospital, grant no.
PL-202008007V, and Taoyuan Armed Forces General Hospital, grant nos. AFTYGH 10826 and 109006.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
8-OHdG 8-hydroxydeoxyguanosine
a-SMA a-smooth muscle actin
AKI Acute kidney injury
CcvV Cardiovascular
CKD Chronic kidney disease
EMT Epithelial-to-mesenchymal transition
ESRD End-stage renal disease
GFR Glomerular filtration rate
IAA Indole-3 acetic acid
ICAM-1 Intercellular expression of adhesion molecule-1
IS Indoxyl sulfate
JAK Janus kinase family
LPD Low-protein diet
MCP-1 Monocyte chemotactic protein-1
MW Molecular weight
NOX NADPH oxidase
OAT Organic anion transporter
ROS Reactive oxygen species
Stat Signal transducers and activators of transcription
TIMP-1 Tissue inhibitor of metalloproteinase-1
TRPV1 Transient receptor potential vanilloid 1
VSMCs Vascular smooth muscle cells
References

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

2. 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. |. Nephrol. 2013, 38, 99-103.

3. Vaziri, N.D,; Zhao, Y.-Y.; Pahl, M.V. Altered intestinal microbial flora and impaired epithelial barrier
structure and function in CKD: The nature, mechanisms, consequences and potential treatment. Nephrol.
Dial. Transplant. 2016, 31, 737-746.



Toxins 2020, 12, 684 11 of 15

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Gryp, T.; Huys, G.R.B.; Joossens, M.; Van Biesen, W.; Glorieux, G.; Vaneechoutte, M. Isolation and
Quantification of Uremic Toxin Precursor-Generating Gut Bacteria in Chronic Kidney Disease Patients. Int.
J. Mol. Sci. 2020, 21, 1986.

Banoglu, E.; King, R.S. Sulfation of indoxyl by human and rat aryl (phenol) sulfotransferases to form
indoxyl sulfate. Eur. |. Drug Metab. Pharmacokinet. 2002, 27, 135-140.

Zhang, L.S; Davies, S.S. Microbial metabolism of dietary components to bioactive metabolites:
Opportunities for new therapeutic interventions. Genome Med. 2016, 8, 46.

Banoglu, E.; Jha, G.G.; King, R.S. Hepatic microsomal metabolism of indole to indoxyl, a precursor of
indoxyl sulfate. Eur. |. Drug Metab. Pharmacokinet. 2001, 26, 235-240.

Wang, L.; Sweet, D.H. Renal organic anion transporters (SLC22 family): Expression, regulation, roles in
toxicity, and impact on injury and disease. AAPS ]. 2013, 15, 53—-69.

Wu, W.; Bush, K.T.; Nigam, S.K. Key Role for the Organic Anion Transporters, OAT1 and OAT3, in the in
vivo Handling of Uremic Toxins and Solutes. Sci. Rep. 2017, 7, 4939.

Poesen, R.; Viaene, L.; Verbeke, K; Claes, K.; Bammens, B.; Sprangers, B.; Naesens, M.; Vanrenterghem, Y.;
Kuypers, D.; Evenepoel, P.; et al. Renal clearance and intestinal generation of p-cresyl sulfate and indoxyl
sulfate in CKD. Clin. . Am. Soc. Nephrol. CJASN 2013, 8, 1508-1514.

Lin, C.-N.; Wu, ILW.; Huang, Y.-F.; Peng, S.-Y.; Huang, Y.-C.; Ning, H.-C. Measuring serum total and free
indoxyl sulfate and p-cresyl sulfate in chronic kidney disease using UPLC-MS/MS. |. Food Drug Anal. 2019,
27, 502-509.

Enomoto, A.; Takeda, M.; Tojo, A.; Sekine, T.; Cha, S.H.; Khamdang, S.; Takayama, F.; Aoyama, I;
Nakamura, S.; Endou, H.; et al. Role of Organic Anion Transporters in the Tubular Transport of Indoxyl
Sulfate and the Induction of its Nephrotoxicity. J. Am. Soc. Nephrol. 2002, 13, 1711-1720.

Hatakeyama, S.; Yamamoto, H.; Okamoto, A.; Imanishi, K; Tokui, N.; Okamoto, T.; Suzuki, Y.; Sugiyama,
N.; Imai, A,; Kudo, S; et al. Effect of an Oral Adsorbent, AST-120, on Dialysis Initiation and Survival in
Patients with Chronic Kidney Disease. Int. J. Nephrol. 2012, 376128.

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.

Karbowska, M.; Kaminski, T.; Pawlak, D. Methods of reducing the level of indoxyl sulfate—One of the
most potent protein-bound uremic toxins. Toxin Rev. 2016, 35, 171-179.

Marzocco, S.; Dal Piaz, F.; Di Micco, L.; Torraca, S.; Sirico, M.L.; Tartaglia, D.; Autore, G.; Di lorio, B. Very
low protein diet reduces indoxyl sulfate levels in chronic kidney disease. Blood Purif. 2013, 35, 196-201.
Gao, X.; Huang, L.; Grosjean, F.; Esposito, V.; Wu, J.; Fu, L, Hu, H,; Tan, J.; He, C.; Gray, S.; et al. Low-
protein diet supplemented with ketoacids reduces the severity of renal disease in 5/6 nephrectomized rats:
A role for KLF15. Kidney Int. 2011, 79, 987-996.

Rossi, M.; Johnson, D.W.; Morrison, M.; Pascoe, E.M.; Coombes, ].S.; Forbes, ].M.; Szeto, C.C.; McWhinney,
B.C.; Ungerer, J.P.; Campbell, K.L. Synbiotics Easing Renal Failure by Improving Gut Microbiology
(SYNERGY): A Randomized Trial. Clin. J. Am. Soc. Nephrol. 2016, 11, 223-231.

Tao, X.; Thijssen, S.; Kotanko, P.; Ho, C.H.; Henrie, M.; Stroup, E.; Handelman, G. Improved dialytic
removal of protein-bound uraemic toxins with use of albumin binding competitors: An in vitro human
whole blood study. Sci. Rep. 2016, 6, 23389.

Guo, X.; Meng, Q.; Liu, Q.; Wang, C.; Sun, H.; Peng, ].; Ma, X; Kaku, T.; Liu, K. JBP485 improves gentamicin-
induced acute renal failure by regulating the expression and function of Oatl and Oat3 in rats. Toxicol. Appl.
Pharmacol. 2013, 271, 285-295.

Akiyama, Y.; Kikuchi, K.; Saigusa, D.; Suzuki, T.; Takeuchi, Y.; Mishima, E.; Yamamoto, Y.; Ishida, A.;
Sugawara, D.; Jinno, D.; et al. Indoxyl sulfate down-regulates SLCO4C1 transporter through up-regulation
of GATAS3. PLoS ONE 2013, 8, e66518.

Sternkopf, M.; Thor6e-Boveleth, S.; Beck, T.; Oleschko, K.; Erlenkétter, A.; Tschulena, U.; Steppan, S.; Speer,
T.; Goettsch, C.; Jankowski, V.; et al. A Bifunctional Adsorber Particle for the Removal of Hydrophobic
Uremic Toxins from Whole Blood of Renal Failure Patients. Toxins 2019, 11, 389 .

Sancho-Martinez, S.M.; Lopez-Novoa, ].M.; Lopez-Hernandez, F.]. Pathophysiological role of different
tubular epithelial cell death modes in acute kidney injury. Clin. Kidney J. 2015, 8, 548-559.

Nangaku, M. Mechanisms of Tubulointerstitial Injury in the Kidney: Final Common Pathways to End-stage
Renal Failure. Intern. Med. 2004, 43, 9-17.



Toxins 2020, 12, 684 12 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Ferenbach, D.A.; Bonventre, ].V. Mechanisms of maladaptive repair after AKI leading to accelerated kidney
ageing and CKD. Nat. Rev. Nephrol. 2015, 11, 264-276.

Rosen, S.; Stillman, LE. Acute tubular necrosis is a syndrome of physiologic and pathologic dissociation. J.
Am. Soc. Nephrol. JASN 2008, 19, 871-875.

Lu, C.-L,; Liao, C.-H.; Lu, K.-C.; Ma, M.-C. TRPV1 Hyperfunction Involved in Uremic Toxin Indoxyl
Sulfate-Mediated Renal Tubular Damage. Int. J. Mol. Sci. 2020, 21, 6212.

Ellis, R.J.; Small, D.M.; Ng, K.L.; Vesey, D.A ; Vitetta, L.; Francis, R.S.; Gobe, G.C.; Morais, C. Indoxyl Sulfate
Induces Apoptosis and Hypertrophy in Human Kidney Proximal Tubular Cells. Toxicol. Pathol. 2018, 46,
449-459.

Kim, SH., Yu, M.-A,; Ryu, ES,; Jang, Y.-H., Kang, D.-H. Indoxyl sulfate-induced epithelial-to-
mesenchymal transition and apoptosis of renal tubular cells as novel mechanisms of progression of renal
disease. Lab. Investig. 2012, 92, 488-498.

Miyazaki, T.; Aoyama, L; Ise, M.; Seo, H.; Niwa, T. An oral sorbent reduces overload of indoxyl sulphate
and gene expression of TGF-betal in uraemic rat kidneys. Nephrol. Dial. Transpl. 2000, 15, 1773-1781.
Aoyama, I; Shimokata, K.; Niwa, T. An oral adsorbent downregulates renal expression of genes that
promote interstitial inflammation and fibrosis in diabetic rats. Nephron 2002, 92, 635-651.

Cachofeiro, V.; Goicochea, M.; de Vinuesa, S.G.; Oubina, P.; Lahera, V.; Lufio, J. Oxidative stress and
inflammation, a link between chronic kidney disease and cardiovascular disease. Kidney Int. Suppl. 2008,
74, S4-59.

Forbes, ] M.; Coughlan, M.T.; Cooper, M.E. Oxidative stress as a major culprit in kidney disease in diabetes.
Diabetes 2008, 57, 1446-1454.

Kim, J; Seok, Y.M.; Jung, K].; Park, K.M. Reactive oxygen species/oxidative stress contributes to
progression of kidney fibrosis following transient ischemic injury in mice. Am. J. Physiol. Ren. Physiol. 2009,
297, F461-F470.

Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, J. Free radicals and antioxidants in
normal physiological functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44-84.

Lobo, V.; Patil, A.; Phatak, A.; Chandra, N. Free radicals, antioxidants and functional foods: Impact on
human health. Pharmacogn. Rev. 2010, 4, 118-126.

Ratliff, B.B.; Abdulmahdi, W.; Pawar, R.; Wolin, M.S. Oxidant Mechanisms in Renal Injury and Disease.
Antioxid. Redox Signal. 2016, 25, 119-146.

Geiszt, M.; Kopp, ].B.; Varnai, P.; Leto, T.L. Identification of renox, an NAD(P)H oxidase in kidney. Proc.
Natl. Acad. Sci. USA 2000, 97, 8010-8014.

Gorin, Y. Nox4 as a potential therapeutic target for treatment of uremic toxicity associated to chronic kidney
disease. Kidney Int. 2013, 83, 541-543.

Motojima, M.; Hosokawa, A.; Yamato, H.; Muraki, T.; Yoshioka, T. Uremic toxins of organic anions up-
regulate PAI-1 expression by induction of NF-«B and free radical in proximal tubular cells. Kidney Int. 2003,
63, 1671-1680.

Shimizu, H.; Saito, S.; Higashiyama, Y.; Nishijima, F.; Niwa, T. CREB, NF-kB, and NADPH oxidase
coordinately upregulate indoxyl sulfate-induced angiotensinogen expression in proximal tubular cells. Am.
J. Physiol. Physiol. 2013, 304, C685-C692.

Bolati, D.; Shimizu, H.; Yisireyili, M.; Nishijima, F.; Niwa, T. Indoxyl sulfate, a uremic toxin, downregulates
renal expression of Nrf2 through activation of NF-kB. BMC Nephrol. 2013, 14, 56.

Edamatsu, T.; Fujieda, A ; Itoh, Y. Phenyl sulfate, indoxyl sulfate and p-cresyl sulfate decrease glutathione
level to render cells vulnerable to oxidative stress in renal tubular cells. PLoS ONE 2018, 13, e0193342.
Annuk, M.; Zilmer, M.; Lind, L.; Linde, T.; Fellstrom, B. Oxidative stress and endothelial function in chronic
renal failure. J. Am. Soc. Nephrol. 2001, 12, 2747-2752.

Gupta, S.; Gambhir, ] K.; Kalra, O.; Gautam, A.; Shukla, K.; Mehndiratta, M.; Agarwal, S.; Shukla, R.
Association of biomarkers of inflammation and oxidative stress with the risk of chronic kidney disease in
Type 2 diabetes mellitus in North Indian population. J. Diabetes Complicat. 2013, 27, 548-552.

Rossi, M.; Campbell, K.L.; Johnson, D.W.; Stanton, T.; Vesey, D.A.; Coombes, ].S.; Weston, K.S.; Hawley,
C.M.; McWhinney, B.C.; Ungerer, J.P.; et al. Protein-bound uremic toxins, inflammation and oxidative
stress: A cross-sectional study in stage 3-4 chronic kidney disease. Arch. Med. Res. 2014, 45, 309-317.



Toxins 2020, 12, 684 13 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Fujita, H.; Fujishima, H.; Chida, S.; Takahashi, K.; Qi, Z.; Kanetsuna, Y.; Breyer, M.D.; Harris, R.C.; Yamada,
Y.; Takahashi, T. Reduction of renal superoxide dismutase in progressive diabetic nephropathy. J. Am. Soc.
Nephrol. JASN 2009, 20, 1303-1313.

Tan, R.J.; Zhou, D.; Xiao, L.; Zhou, L.; Li, Y.; Bastacky, S.I.; Oury, T.D.; Liu, Y. Extracellular Superoxide
Dismutase Protects against Proteinuric Kidney Disease. J. Am. Soc. Nephrol. JASN 2015, 26, 2447-2459.
Hong, Y.A; Lim, . H.; Kim, M.Y,; Kim, Y.; Park, H.S.; Kim, HW.; Choi, B.S.; Chang, Y.S.; Kim, HW.; Kim,
T.Y.; et al. Extracellular Superoxide Dismutase Attenuates Renal Oxidative Stress Through the Activation
of Adenosine Monophosphate-Activated Protein Kinase in Diabetic Nephropathy. Antioxid. Redox Signal.
2018, 28, 1543-1561.

Owada, S.; Goto, S.; Bannai, K.; Hayashi, H.; Nishijima, F.; Niwa, T. Indoxyl sulfate reduces superoxide
scavenging activity in the kidneys of normal and uremic rats. Am. J. Nephrol. 2008, 28, 446-454.

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. Off. J. Counc. Ren. Nutr. Natl. Kidney
Found. 2007, 17, 48-52.

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

Nakamura, T.; Sato, E.; Fujiwara, N.; Kawagoe, Y.; Suzuki, T.; Ueda, Y.; Yamagishi, S. Oral adsorbent AST-
120 ameliorates tubular injury in chronic renal failure patients by reducing proteinuria and oxidative stress
generation. Metab. Clin. Exp. 2011, 60, 260-264.

Yu, M,; Kim, Y.J.; Kang, D.H. Indoxyl sulfate-induced endothelial dysfunction in patients with chronic
kidney disease via an induction of oxidative stress. Clin. |. Am. Soc. Nephrol. CJASN 2011, 6, 30-39.

Liu, Y. New insights into epithelial-mesenchymal transition in kidney fibrosis. J. Am. Soc. Nephrol. JASN
2010, 21, 212-222.

Loeffler, I.; Wolf, G. Transforming growth factor-p and the progression of renal disease. Nephrol. Dial.
Transplant. 2013, 29, i37-i45.

Menn-Josephy, H.; Lee, C.S.; Nolin, A.; Christov, M.; Rybin, D.V.; Weinberg, ].M.; Henderson, ].; Bonegio,
R.; Havasi, A. Renal Interstitial Fibrosis: An Imperfect Predictor of Kidney Disease Progression in Some
Patient Cohorts. Am. ]. Nephrol. 2016, 44, 289-299.

Miyajima, A.; Chen, J.; Lawrence, C.; Ledbetter, S.; Soslow, R.A.; Stern, J.; Jha, S.; Pigato, J.; Lemer, M.L.;
Poppas, D.P.; et al. Antibody to transforming growth factor-beta ameliorates tubular apoptosis in unilateral
ureteral obstruction. Kidney Int. 2000, 58, 2301-2313.

Isaka, Y. Targeting TGF-{3 Signaling in Kidney Fibrosis. Int. ]. Mol. Sci. 2018, 19, 2532.

Yuan, Q.; Tan, R.J.; Liu, Y. Myofibroblast in Kidney Fibrosis: Origin, Activation, and Regulation. Adv. Exp.
Med. Biol. 2019, 1165, 253-283.

Zhang, Y.E. Non-Smad pathways in TGF-beta signaling. Cell Res. 2009, 19, 128-139.

Ito, Y.; Goldschmeding, R.; Kasuga, H.; Claessen, N.; Nakayama, M.; Yuzawa, Y.; Sawai, A.; Matsuo, S.;
Weening, ].J.; Aten, J. Expression patterns of connective tissue growth factor and of TGF-f3 isoforms during
glomerular injury recapitulate glomerulogenesis. Am. |. Physiol. Physiol. 2010, 299, F545-F558.

Ren, S.; Babelova, A.; Moreth, K.; Xin, C.; Eberhardt, W.; Doller, A.; Pavenstadt, H.; Schaefer, L.; Pfeilschifter,
J.; Huwiler, A. Transforming growth factor-beta2 upregulates sphingosine kinase-1 activity, which in turn
attenuates the fibrotic response to TGF-beta2 by impeding CTGF expression. Kidney Int. 2009, 76, 857-867.
Gewin, L.; Zent, R. How does TGF- mediate tubulointerstitial fibrosis? Semin Nephrol. 2012, 32, 228-235.
Miyazaki, T.; Ise, M.; Seo, H.; Niwa, T. Indoxyl sulfate increases the gene expressions of TGF-beta 1, TIMP-
1 and pro-alpha 1(I) collagen in uremic rat kidneys. Kidney Int. Suppl. 1997, 62, S15-522.

Shimizu, H.; Yisireyili, M.; Higashiyama, Y.; Nishijima, F.; Niwa, T. Indoxyl sulfate upregulates renal
expression of ICAM-1 via production of ROS and activation of NF-kB and p53 in proximal tubular cells.
Life Sci. 2013, 92, 143-148.

Milanesi, S.; Garibaldi, S.; Saio, M.; Ghigliotti, G.; Picciotto, D.; Ameri, P.; Garibotto, G.; Barisione, C.;
Verzola, D. Indoxyl Sulfate Induces Renal Fibroblast Activation through a Targetable Heat Shock Protein
90-Dependent Pathway. Oxidative Med. Cell. Longev. 2019, 2019, 1-11.



Toxins 2020, 12, 684 14 of 15

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Bienaimé, F.; Muorah, M.; Yammine, L.; Burtin, M.; Nguyen, C.; Baron, W.; Garbay, S.; Viau, A.; Broueilh,
M,; Blang, T.; et al. Stat3 Controls Tubulointerstitial Communication during CKD. J. Am. Soc. Nephrol. 2016,
27, 3690-3705.

Chuang, P.Y.; He, J.C. JAK/STAT signaling in renal diseases. Kidney Int. 2010, 78, 231-234.

Shimizu, H.; Yisireyili M.; Nishijima, F.; Niwa, T. Stat3 contributes to indoxyl sulfate-induced
inflammatory and fibrotic gene expression and cellular senescence. Am. ]. Nephrol 2012, 36, 184-189.
Murakami, K.; Takemura, T.; Hino, S.; Yoshioka, K. Urinary transforming growth factor-beta in patients
with glomerular diseases. Pediatr Nephrol. 1997, 11, 334-336.

Schulman, G.; Agarwal, R.; Acharya, M.; Berl, T.; Blumenthal, S.; Kopyt, N. A multicenter, randomized,
double-blind, placebo-controlled, dose-ranging study of AST-120 (Kremezin) in patients with moderate to
severe CKD. Am. ]. Kidney Dis. Off. |. Natl. Kidney Found. 2006, 47, 565-577.

Aoyama, I; Shimokata, K.; Niwa, T. Oral adsorbent AST-120 ameliorates interstitial fibrosis and
transforming growth factor-beta(1) expression in spontaneously diabetic (OLETF) rats. Am. ]. Nephrol. 2000,
20, 232-241.

Schlondorff, D. The glomerular mesangial cell: An expanding role for a specialized pericyte. Faseb ].1987,
1, 272-281.

Scindia, Y.M.; Deshmukh, U.S.; Bagavant, H. Mesangial pathology in glomerular disease: Targets for
therapeutic intervention. Adv. Drug Deliv. Rev. 2010, 62, 1337-1343.

Schlondorff, D.; Banas, B. The mesangial cell revisited: No cell is an island. . Am. Soc. Nephrol. 2009, 20,
1179-1187.

Li, S.; Cheng, S.; Sun, Z.; Mungun, HK,; Gong, W.; Yu, ].; Xia, W.; Zhang, Y.; Huang, S.; Zhang, A.; et al.
Indoxyl Sulfate Induces Mesangial Cell Proliferation via the Induction of COX-2. Mediat. Inflamm. 2016,
2016, 1-10.

Gelasco, A.K,; Raymond, J.R. Indoxyl sulfate induces complex redox alterations in mesangial cells. Am. |.
Physiol. Ren. Physiol. 2006, 290, F1551-F1558.

Wang, W.J.; Cheng, M.H.; Sun, M.F.; Hsu, S.F.; Weng, C.S. Indoxyl sulfate induces renin release and
apoptosis of kidney mesangial cells. J. Toxicol. Sci. 2014, 39, 637-643.

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

Liabeuf, S.; Laville, S.M.; Glorieux, G.; Cheddani, L.; Brazier, F.; Titeca Beauport, D.; Valholder, R.;
Choukroun, G.; Massy, Z.A. Difference in Profiles of the Gut-Derived Tryptophan Metabolite Indole Acetic
Acid between Transplanted and Non-Transplanted Patients with Chronic Kidney Disease. Int. ]. Mol. Sci.
2020, 21, 2031.

Wu, LW,; Hsu, KH.; Lee, C.C,; Sun, C.Y.; Hsu, H.J.; Tsai, C.J.; Tzen, C.Y.; Wang, Y.C; Lin, C.Y.; Wu, M.S.
p-Cresyl sulphate and indoxyl sulphate predict progression of chronic kidney disease. Nephrol. Dial.
Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Ren. Assoc. 2011, 26, 938-947.

Wang, W.; Hao, G.; Pan, Y.; Ma, S.; Yang, T.; Shi, P.; Zhu, Q.; Xie, Y.; Ma, S.; Zhang, Q.; et al. Serum indoxyl
sulfate is associated with mortality in hospital-acquired acute kidney injury: A prospective cohort study.
BMC Nephrol. 2019, 20, 57.

Menez, S.; Hanouneh, M.; Shafi, T.; Jaar, B.G. Indoxyl sulfate is associated with mortality after AKI—More
evidence needed! BMC Nephrol. 2019, 20, 280.

Itoh, Y.; Ezawa, A.; Kikuchi, K; Tsuruta, Y.; Niwa, T. Protein-bound uremic toxins in hemodialysis patients
measured by liquid chromatography/tandem mass spectrometry and their effects on endothelial ROS
production. Anal. Bioanal Chem. 2012, 403, 1841-1850.

Yamamoto, S.; Fuller, D.S.; Komaba, H.; Nomura, T.; Massy, Z.A.; Bieber, B.; Robinson, B.; Pisoni, R.;
Fukagawa, M. Serum total indoxyl sulfate and clinical outcomes in hemodialysis patients: Results from the
Japan Dialysis Outcomes and Practice Patterns Study. Clin. Kidney ]. 2020, doi:10.1093/ckj/sfaal21.

Cao, X.S.; Chen, J.; Zou, ]J.Z.; Zhong, Y.H.; Teng, J.; Ji, J.; Chen, ZW.; Liu, Z.H.; Shen, B.; Nie, Y.X; et al.
Association of indoxyl sulfate with heart failure among patients on hemodialysis. Clin. J. Am. Soc. Nephrol.
2015, 10, 111-119.

Wu, C.C,; Hsieh, M.Y.; Hung, S.C.; Kuo, K.L,; Tsai, T.H.; Lai, C.L.; Chen, J.W.; Lin, S.J.; Huang, P.H.; Tarng,
D.C. Serum Indoxyl Sulfate Associates with Postangioplasty Thrombosis of Dialysis Grafts. J. Am. Soc.
Nephrol. 2016, 27, 1254-1264.



Toxins 2020, 12, 684 15 of 15

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

90. Yamamoto, H.; Tsuruoka, S.; Ioka, T.; Ando, H.; Ito, C.; Akimoto, T.; Fujimura, A.; Asano, Y.; Kusano, E.
Indoxyl sulfate stimulates proliferation of rat vascular smooth muscle cells. Kidney Int. 2006, 69, 1780-1785.

91. Lano, G; Burtey, S.; Sallée, M. Indoxyl Sulfate, a Uremic Endotheliotoxin. Toxins (Basel) 2020, 12, 229.

92. Liabeuf, S.; Desjardins, L.; Massy, Z.A,; Brazier, F.; Westeel, P.F.; Mazouz, H.; Titeca-Beauport, D.; Diouf,
M.; Glorieux, G.; Vanholder, R.; et al. Levels of Indoxyl Sulfate in Kidney Transplant Patients, and the
Relationship With Hard Outcomes. Circ. J. 2016, 80, 722-730.

Publisher's Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional

affiliations.

© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ ® \ article distributed under the terms and conditions of the Creative Commons Attribution

(CCBY) license (http://creativecommons.org/licenses/by/4.0/).




