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Abstract: Uremic retention solutes, especially the protein-bound compounds, are toxic metabolites,
difficult to eliminate with progressive renal functional decline. They are of particular interest be-
cause these uremic solutes are responsible for the pathogenesis of cardiovascular and chronic kidney
diseases. Evidence suggests that the relation between uremic toxins, the microbiome, and its host
is altered in patients with chronic kidney disease, with the colon’s motility, epithelial integrity, and
absorptive properties also playing an important role. Studies found an alteration of the microbiota
composition with differences in species proportion, diversity, and function. Since uremic toxins
precursors are generated by the microbiota, multiple therapeutic options are currently being explored
to address dysbiosis. While an oral adsorbent can decrease the transport of bacterial metabolites from
the intestinal lumen to the blood, dietary measures, supplements (prebiotics, probiotics, and synbi-
otics), and antibiotics aim to target directly the gut microbiota composition. Innovative approaches,
such as the modulation of bacterial enzymes, open new perspectives to decrease the plasma level of
uremic toxins.

Keywords: uremic solutes; gut microbiota; chronic kidney disease; cardiovascular risk

Key Contribution: Highlighting the gut-kidney axis and the different therapeutic approaches
currently available.

1. Introduction

Uremic retention solutes (URS), also known as uremic toxins, are defined as com-
pounds that accumulate with declining renal function. Their classification depends on
their chemical and physical properties. The middle molecules are distinguished from the
small compounds by their higher molecular weight. Uremic retention solutes are further
subdivided into small water-soluble solutes (such as urea) and protein-bound solutes (such
as indoxyl sulfate and p-cresyl sulfate) [1].

These molecules are the mediators of the uremic syndrome, impacting multiple sys-
tems, especially the cardiovascular system, which accounts for the majority of mortality
in end-stage kidney disease (ESKD) [2]. Since cardiovascular mortality in ESKD cannot
be fully accounted for by traditional risk factors, there has been interest in identifying
non-traditional factors. Uremic toxins represent one of the pathophysiological pathways
linking uremia to cardiovascular disease, with observational studies suggesting a relation-
ship between the plasma concentrations of protein-bound uremic toxins and the risk of
cardiovascular disease (CVD) in patients with chronic kidney disease (CKD) [3].

2. Microbiome-Derived URS

The most widely studied molecules in this class are indoxyl sulfate (IS) and p-cresyl
sulfate (PCS) (molecular weights 213 and 188, respectively), which are inadequately cleared
by conventional hemodialysis as they are protein-bound [4]. Both IS and PCS result from
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the processing of amino acids by the gut microbiota. Their pathogenesis is summarized

in Figure 1.
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Figure 1. Simplified pathogenesis of three microbiome-derived URS. In the gut lumen, gut bacteria
metabolize amino acids such as tryptophan (a) and phenylalanine (b) and dietary compounds such
as choline (c). Tryptophan is metabolized into indole (d), phenylalanine into phenol (e), and choline
into TMA (f). These URS precursors are then absorbed from the gut lumen into the bloodstream; once
they reach the liver, they are conjugated with a sulfate (such as IS (g) and PCS (h)) or oxidized like
TMA into TMAO (i) (created with BioRender.com, https://app.biorender.com/user/signin, Created
28 February 2022).

Tryptophan, an IS precursor, can be metabolized by bacterial tryptophanase found in
the genera Citrobacter, Proteus, or Escherichia, leading to indole [5], which is absorbed into
the hepatic portal system to be oxidized by hepatic cytochrome p450-2E1 into indoxyl; it
is then sulfated by a sulfotransferase to form IS [6]. IS is eliminated by the organic anion
transporters OAT1 and OAT3 found in the renal tubules. IS is independently associated
with cardiovascular (CV) events [7] and predicts CVD in advanced CKD [8]. In another
multistep pathway, bacterial metabolism of tryptophan leads to indole-3-acetaldehyde,
and its hepatic oxidation results in indole-3-acetic acid (IAA) [9]; this has essentially been
described in Bacteroides spp. [10].

Anaerobic commensals such as Bacteroides, Lactobacillus, Clostridium, and Bifidobac-
terium generate phenols such as p-cresol from the amino acids tyrosine and phenylala-
nine [5]. P-cresol is then conjugated in the liver with either sulfate or glucuronide, leading,
respectively, to PCS or p-cresyl glucuronide (PCG); both of these protein-bound compounds
are eliminated through urinary secretion by the tubules [11]. In a meta-analysis (11 studies,
1572 patients with CKD or ESKD) [12], elevated free PCS was associated with a 16% and
28% increase in risks of all-cause mortality and CV events, respectively. Tyrosine is also a
precursor to phenol via bacterial tyrosine phenol-lyase (TPL) [13]; phenol is then metabo-
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lized by the liver to phenyl sulfate (PS). PS correlated with albuminuria and its increase
over time in a cohort of diabetic patients. PS was also shown to be toxic to podocytes in
two murine models of diabetes [14].

Other gut-derived URS have also been implicated in CVD. Notably, trimethylamine
N-oxide (TMAO) is a product of the metabolism of dietary D,L-carnitine and choline by
commensal bacteria to trimethylamine (TMA) [15]. For instance, choline is metabolized
via a bacterial glycyl radical enzyme (choline TMA-lyase) [16]. TMA is then absorbed and
oxidized in the liver by the enzyme flavin monooxygenase-3 (FMO) to TMAO, which is a
known toxin in both CKD and non-CKD patients [17]. An elevated serum concentration of
TMAO was linked to an increased risk of adverse cardiovascular events [18]. Following
521 CKD patients for 5 years, Tang et al. found approximately a threefold increase in
mortality when comparing the highest and lowest quartile of TMAO serum levels [19]. The
thrombogenic effect of TMAO seems to be mediated by an upregulation of tissue factor as
shown in animal studies [20].

In a study of 394 incident hemodialysis (HD) patients [21], free levels of four URS
(IS, PCS, hippurate, and phenylacetylglutamine) were associated with a higher risk of
CV morbidity and all-cause mortality. While this study also sought to demonstrate the
synergistic toxicity of multiple URS by analyzing the outcomes using a “combined solutes
index”, with those in the highest quintile associated with a 96% highest risk of death,
combining only PCS and phenylacetylglutamine provided statistically similar results.

Besides the extensively studied phenols and indoles toxins, metabolomic profiling has
led to the discovery of new URS, with Tanaka et al. identifying 120 solutes, 48 of which were
novel compounds in their study comparing six HD patients with healthy subjects [22]. The
largest proportion of these compounds consisted of modified amino acids and products of
their metabolism. In a study by Mishima et al., the contribution of the colonic microbiome
to URS accumulation was studied in CKD mice raised in a germ-free environment [23].
Glutarate, cholate, dimethylglycine, phenaceturate, gamma-guanidinobutyrate, and 2-
hydroxypentanoate were among the 11 microbiome-derived solutes identified, which were
further divided as originating from the gut microbiota either completely or partially (with
the host or diets).

3. Uremic Toxins in Relation with the Gut Microbiome
3.1. The Colon in CKD Patients

Besides chemical classification, uremic toxins can be classified according to their origin.
An addition, among multiple sources, the intestinal tract and specifically the colon plays a
major role in uremic toxin production. Aronov et al. studied ESKD patients with (n = 9)
and without a colon (n = 6), undergoing hemodialysis, and compared them to healthy
individuals [24]. Using the differences in the magnitude of mass spectrometric features in
these different populations, they showed the microbial origin of multiple uremic toxins,
with 35 compounds absent or at a lower concentration in dialysis patients with colectomy. A
more recent study by Mair et al. was able to specifically identify colon-derived uremic toxins
by metabolomic analysis of plasma samples provided from patients with colectomies [25].
Comparison of urine and plasma samples from healthy controls (n = 17), patients with total
colectomies (1 = 12), and patients on HD (n = 14) identified 91 colon-derived solutes based
on a >4-fold higher urine excretion rate in colectomy patients, 42 of which are conjugates
(either by sulfation or glucuronidation). Sixty accumulated in HD patients to a degree
greater than urea and were classified as URS; 12 of these 60 were characterized as modified
amino acids and 7 of these 12 as phenylacetic acid (PAA) conjugates. PAA was previously
identified by Tanaka et al. as a potential bacterial degradation product of phenylalanine
and a colon-derived URS [22]. The analyzed solutes were mainly secreted by the tubules,
a mechanism that physiologically offsets the limited glomerular filtration imposed by
protein-binding [26].
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The colon may be compared to a bioreactor, an interface between the resident bacteria
constituting the gut microbiota and their environment and the host, with its histological
and physiological characteristics playing an important role in uremic toxin accumulation.

CKD seems to alter this relationship, affecting the metabolism of compounds normally
excreted by the kidney. Wikoff et al. [27] showed, by comparing germ-free and conven-
tional rodents, an impact of the microbiota on multiple steps of uremic toxins pathogenesis.
The plasma level of tryptophan and its metabolites were significantly lower in conven-
tional mice, which can be attributed to the direct action of the gut microbiota. Even liver
metabolism was influenced by the microbiota, with phenyl and p-cresol sulfate found only
in conventional rodents and sulfation significantly lower for many compounds in germ-free
animals. A recent study by Wang et al. shed light on how uremic toxins could, in turn,
participate in the progression of renal failure [28]. When germ-free rodents with adenine
induced CKD were transplanted with gut microbiota from healthy or ESKD donors, both
plasma levels of URS and indicators of renal injury such as severe fibrosis and elevated
creatinine and blood urea nitrogen (BUN) levels were observed. Interstitial fibrosis was
also observed in animals exposed to a diet that led to a chronic elevation in TMAO [19].

3.2. The Gut Microbiota

Two species of the Clostridia class (Eubacterium spp. and Faecalibacterium prausnitzii,
both Gram-positive anaerobes) and the Bacteroides genus from the Bacteroidia class (which
is an obligate anaerobic Gram-negative bacteria) represent together at least two-thirds of the
gut microbiota in healthy individuals [29,30]. The gut microbiome refers to the combined
genetic potential of the gut microbiota, resulting in a mutualistic relation between bacteria
and host [31]; an example of this relationship can be found in the metagenomic analysis
of this ecological community. Analysis of bacterial DNA in the stools of the two healthy
patients in the study of Gill et al. demonstrated that the gut microbiome has a remarkably
augmented metabolism of numerous compounds such as amino acids and glycans while
playing a major role in methanogenesis or detoxification of xenobiotics [32].

The gut microbiota diversity is altered in CKD; a potential explanation lies in urea
secretion in the gastrointestinal tract, which leads to the formation of ammonia, with the
increase in intestinal pH favoring the persistence of a state of dysbiosis [33]. An analy-
sis of the fecal microbiota by Vaziri et al. showed an increase of the aerobic microbiota
in hemodialysis patients, with Enterobacteria and Enterococci species increased a hun-
dredfold [34]. Conducting analysis using phylogenetic microarrays, they also revealed
an increase in the phyla Proteobacteria, Actinobacteria, and Firmicutes. In another study
analyzing the microbiota of the lower intestine in patients with CKD, some families were
found in lower numbers, such as the Lactobacillaceae and Prevotellaceae [35].

Identification of communities involved in URS production was actively pursued,
leading to a better characterization of the taxa responsible for tyrosine, choline, and carnitine
luminal metabolism. Two studies were first conducted in non-CKD populations. Aiming to
identify bacteria that produce TMA, Rath et al. performed a metagenomic evaluation of the
Human Microbiome Project (HMP) data [36]. In the screened samples, bacteria encoding
for enzymes metabolizing choline (choline TMA lyase) and carnitine (carnitine oxygenase)
were present in 71 and 27% of all the samples, respectively. Saito et al. cultured 153 taxa
in tyrosine-enriched media, detecting p-cresol and phenol production in 36 and 23% of
strains, respectively [37].

Stratifying patients according to the Kidney Disease Improving Global Outcome
(KDIGO) CKD classification, Gryp et al. cultured fecal samples to identify taxa involved in
URS pathogenesis [38]. After performing a taxonomic analysis, a metabolic test assessing
bacterial ability to generate indolic and phenolic derivates from aromatic amino acids was
used to define protein-bound uremic toxins (PBUT) generation ability. Of 148 isolated
species, 92 were characterized as PBUT precursor-generating bacteria. The intestinal
microbiota was altered in this CKD population with a decrease of anaerobic species. Kidney
dysfunction was inversely correlated with the abundance of Bifidobacterium spp., Roseburia
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spp., and F. prausnitzii. Interestingly, the differences in specific species do not translate
into differences on an ecological level. Kim et al. studied the microbiome’s diversity
metrics in healthy (n = 46) and CKD patients (1 = 103) [39]. CKD patients were divided
into three categories: mild CKD (stages 1 and 2), moderate/severe CKD (stages 3 to 5),
and HD patients. Although the URS measured positively correlated with the degree of
kidney disease, neither alpha diversity using the Shannon index nor beta diversity using
the Bray—Curtis dissimilarity index showed a difference between the four groups. Using
the same diversity metrics in the evaluation of patients with early CKD, Sato et al. also did
not find a significant difference [40].

The state of dysbiosis is manifested by increased production of gut metabolites by
some of these ESKD-associated microbial species, as demonstrated by Wang et al. [28],
with the effect size of the gut microbiome of ESKD patients accounting for, respectively,
31.3% and 39% of the serum and fecal metabolome variance. Beyond modifications at
the metabolomic level, this study’s genetic analysis of key enzymes in uremic toxins
pathogenesis showed that these genes were found more abundantly in patients with ESKD.
Changes at the metagenomic levels in CKD patients were also described by Xu et al. [41];
notably, they used the metagenomic functional prediction software PICRUST to show gene
variations for enzymes involved in bacterial metabolism of nutrients such as L-carnitine
and choline.

3.3. Host—Microbiota Interaction

The integrity of the epithelial barrier plays a role in the regulation of host-bacteria
homeostasis. Gut permeability is increased in the uremic state [33], with the disrupted tight
junction leading to translocation of both bacteria and endotoxin in patients with CKD [42].

Gut motility is another important consideration in understanding the interplay be-
tween uremic toxins, the host, and the microbiota. In the ESKD population, constipation
is extremely common; a meta-analysis by Zuvela et al. found that prevalence was more
marked in peritoneal dialysis (14.2% to 90.3%) than hemodialysis (1.6% to 71.3%) [43].
Constipation was linked to both CVD mortality and CKD progression [44]. In a study by
Sumida et al. following 3.5 million individuals with estimated glomerular filtration rate
(eGFR) > 60 mL/min per 1.73 m? over 7 years, constipated patients had a higher incidence
of CKD and ESKD [45].

Constipation is multifactorial, with factors such as comorbidities, the medications
used, metabolic abnormalities, and even uremic toxins and dysbiosis contributing to a
pathological transit time in the gastrointestinal tract [46]. End products of the fermentation
of plant-derived carbohydrates such as short-chain fatty acids (SCFA) have a stimulatory
effect on the contractility of the ileum and colon; a reduction of these SCFA secondary
to a decrease in the anaerobic flora could provide an explanation for constipation [47].
In a study by Parthasarathy et al. [48], the bacterial community of the colonic mucosa
(but not the microbiota composing the stools) was associated with constipation: when
comparing them with healthy controls, constipated patients exhibited a greater quantity
of the Bacteroidetes phylum in the colonic mucosal microbiota. In animal studies, some
pharmacological treatments of constipation had a direct impact on the gut microbiota.
In an adenine-induced CKD mouse model treatment with a chloride channel activator
(Lubiprostone) had a protective effect against renal damage while having a positive effect
on bacterial communities of the rodent’s intestine with a recovery of Prevotellaceae and
Lactobacillaceae family [49]. The use of Linaclotide, a guanylate cyclase C agonist, at high
doses led to a decrease in TMAO and fibrosis in the kidneys and the heart [50].

4. Advances and Therapies Targeting the Microbiome in CKD to Control URS Levels

Delaying the progression of kidney failure plays an active role in the reduction in URS
concentration. Eloot et al. suggest that pre-dialysis levels of URS do not depend on dialysis
adequacy but rather on residual renal function [51]. A similar correlation was found in
a study by Marquez et al. [26], where solute concentrations of 25 hemodialysis patients
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were measured to assess the contribution of residual function, which contributed more to
the removal of protein-bound solutes than to the removal of urea. Elevated plasma levels
were primarily found to be due to impaired kidney clearance and could not be attributed to
differences in microbiota URS production since the levels of these URS and their precursors
were unchanged in urine and stools [52].

Extracorporeal clearance of URS remains limited, especially in advanced CKD. There-
fore, strategies that decrease absorption and reduce production and subsequent accumula-
tion of URS for patients on dialysis become necessary.

4.1. Oral Adsorbent

AST-120 (Kremezin) is an orally administered adsorbent consisting of porous carbon
microspheres. These particles adsorb precursors of the URS in the gut lumen, which allows
them to be eliminated with the stools [53]. A systematic review and meta-analysis by
Chen et al. assessed nine randomized controlled trials (RCT) involving a heterogeneous
CKD population (from KDIGO stages 3 to 5) [54]. They found that despite its capacity to
significantly decrease IS levels, its effect on clinical outcomes such as progressive renal
failure and mortality are not clear-cut. For instance, while the Evaluating Prevention of
Progression in CKD (EPPIC) trials result did not support the hypothesis that AST-120
could delay the progression of kidney failure, a post hoc study evaluating patients from
the Unites States argues that subsequent studies in this specific population might show a
clearer benefit [55,56]. Regarding the cardiovascular system, AST-120 was found to delay
atherosclerosis in a uremic atherosclerosis mouse model by preventing the reduction of
soluble fms-like tyrosine kinase 1 (Flt1) (an antiangiogenic factor whose expression is
usually suppressed by uremic toxins in vitro) [57]. However, an RCT comparing AST-120
with magnesium oxide (MgOx) was prematurely stopped after the interim results clearly
showed the benefit of MgOx on coronary calcification while AST-120 failed to significantly
affect this endpoint [58]. An alternative to this drug, Renamezin, was first shown to decrease
IS in a study involving 118 CKD patients followed for 8 weeks [59]. In a prospective cohort
enrolling 1149 patients, Renamezin was assessed for compliance (76.8% of patients), safety
(approximately 10% of patients reported gastro-intestinal adverse events), and efficacy
(constant eGFR after 24 despite a significant creatinine increase of 0.2 mg/dL) [60].

4.2. Nutritional Measures

The type of diet is extremely important to influence the microbiome and try to de-
crease the serum URS levels. In a study by Patel et al. comparing vegetarians (1 = 15) with
omnivores (n = 11), the average excretion of PCS and IS was decreased in individuals with
a restricted diet (respectively, 62% and 58% lower) [61]. The analysis of the respective diets
showed a lower protein intake and a higher fiber intake in vegetarians. In a randomized
controlled trial (RCT) comparing resistant (n = 28) and control starch (n = 28) supplementa-
tion, plasma IS and PCS were measured at the beginning of the study and after 6 weeks [62].
Patients in the resistant starch arm exhibited a significant decrease in the unbound-IS serum
concentration and a decreasing trend in unbound-PCS. A diet rich in fiber in patients with
CKD, while increasing the risk of hyperkalemia, should also be considered for constipation
given its association with a decreased mortality risk. In a meta-analysis by Kelly et al., a
healthy diet consisted of a higher fiber and lower red meat amounts [63]. Analysis of six of
the seven studies established an association between a healthy diet and reduced all-cause
mortality (adjusted relative risk of 0.73 with a 95% confidence interval between 0.63 and
0.83) but no impact on the risk of ESKD.

The Medika study aimed to evaluate the impact of a Mediterranean diet and pro-
tein restriction in a crossover study following 60 CKD patients for 18 months [64]. The
investigators found that both diets were associated with lower levels of free and total IS
and PCS than when patients were on a free diet. The follow-up to this study found that
supplementing the Mediterranean diet with ketoanalogs further reduced these URS serum
levels, although not as much as the Very Low Protein Diet [65].
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Other nutritional measures focusing on supplementing patients with specific com-
pounds are currently being explored. Resveratrol, a polyphenol commonly found in
different types of berries, had a TMAO-reducing effect in mice fed choline, either one time
or chronically over 1 month [66]. Mice receiving Resveratrol in their diet also had enrich-
ment in Lactobacilli and Bifidobacteria; the ability of these mice’s cecal flora to convert
choline to TMA in vitro was also significantly reduced. These promising findings could
not be translated to the bedside, with trans-resveratrol unable to affect plasma level of
PCS IS and IAA in a crossover trial where 20 CKD patients were allocated to either this
supplement or placebo [67]. A curcumin-based additive was tested in 24 CKD patients [68].
After the patients were followed for half a year, no significant differences were found in the
two URS (IS and PCS) and the majority of cytokines studied.

4.3. Supplements

Gut microbiota can also be modulated by the use of prebiotics or probiotics, used alone
or in combination. During the last decade, three consensus statements were published on
these supplements by the International Scientific Association for Probiotics and Prebiotics
(ISAPP) to better define them and determine their scope. A fourth statement was issued
concerning postbiotics. These supplements will be summarized in Table 1.

4.3.1. Prebiotics

As defined by the 2017 ISAPP published statement, a prebiotic is a “substrate that is
selectively utilized by host microorganisms conferring a health benefit” [69]. A review by
Robertfroid et al. states that the majority of the data gathered on the effect of prebiotics in
experimental and clinical studies was obtained using two categories of substrate: either
the inulin-type fructans (ITF) or the galacto-oligosaccharides (GOS) [70]. This review
notes that the first prebiotics available commercially were able to promote the growth
of Bifidobacterium and, to a lesser extent Lactobacillus, while some studies witnessed a
decrease in bacteria of the Clostridia genus.

The use of oligofructose-enriched inulin (p-inulin) has led to conflicting data in two
studies involving hemodialysis patients [71,72]. In a study by Meijers et al. [71], the use of
p-inulin during 4 weeks in 22 hemodialysis patients was associated with a decrease in PCS
generation rates and serum concentrations but did not have an impact on IS generation
or level. Raj et al. described a modification of the gut microbiome composition of 11
hemodialysis patients supplemented with p-inulin [72]. A change in the microbiome
composition from pretreatment to post-treatment was evident (p = 0.004), but an effect of
p-inulin on the level of IS, PCS, or TMAO was not evident.

Other types of prebiotics have been evaluated. An RCT with cross-over by Poesen et al.
evaluating the effect of arabinoxylan oligosaccharides vs. placebo on colon-derived uremic
toxins did not find significant differences in serum levels and renal excretion of IS, PCS, or
TMAO in patients with CKD [73]. A pilot study investigating the impact of resistant starch
in patients with ESKD receiving hemodialysis found that biomarkers of inflammation were
reduced after 4 weeks of supplementation [74]. Unripe banana flour was studied in a
crossover study of 43 ESKD patients treated with peritoneal dialysis. This prebiotic did
not affect the URS (IS, PCS, and IAA) measured in the serum [75]. An RCT by Ramos et al.
included nondiabetic patients with eGFR less than 45 L/min/1.73 m? [76]. A total of
26 patients received a placebo and 24 patients were treated with fructo-oligosaccharide
and the levels of URS were measured. There were no significant changes in IS and IAA,
although a trend towards PCS reduction was described. A more recent CKD study followed
46 patients treated either with fructo-oligosaccharide or a placebo [77]. It demonstrated IL6
reduction and a same trend towards PCS reduction with 3 months of the prebiotic. Arterial
rigidity evaluated using pulse wave velocity was not affected by the intervention.
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4.3.2. Probiotics

As defined by the most recent consensus conference of ISAPP on probiotics in 2013, the
definition of a probiotic is that of “live microorganisms which when administered in ade-
quate amounts confer a health benefit on the host” [78], with Bifidobacterium, Streptococci,
and Lactobacilli among commonly used species. In animal studies [79,80], probiotic use
was associated with a positive impact on the integrity of the gut epithelium. Hemodialysis
patients receiving Bifidobacterium longum orally in gastroresistant capsules were found to
have decreased homocysteine and IS plasma levels on pre-dialysis samples [81]. In a study
by Ranganathan et al., the administration of probiotics (S. thermophilus, L. acidophilus,
and B. longum) to 246 patients with CKD led to a decrease in BUN (and a non-statistically
significant decreasing trend in creatinine and uric acid) [82]. In a placebo-controlled RCT,
Liu et al. studied the effect of a probiotic supplement (a mixture of B. longum, L. aci-
dophilus, and E. faecalis) on the microbiome. There were no significant changes in diversity,
but there was a reduction in the level of several URS in the blood [83]. Lim et al. studied
the effect of a mixture of two Lactobacilli with Lactococcus in 56 HD patients on metabolic
and inflammatory parameters as well as plasma levels of PCS and IS [84]. After 24 weeks,
PCS, metabolic, and inflammatory levels were unchanged, but IS significantly decreased in
patients receiving the probiotic.

4.3.3. Synbiotics

Following the latest ISAPP conference on synbiotics [85], their definition was updated
to “a mixture comprising live microorganisms and substrate(s) selectively utilized by host
microorganisms that confers a health benefit on the host”. Two RCTs conducted in 2014
evaluated synbiotic treatment in different populations of patients. In their pilot study,
Guida et al. compared Probinul-neutro (a synbiotic consisting of a mixture of different
Lactobacilli and Bifidobacteria with inulin and resistant starch) to placebo over 4 weeks in
30 patients with eGFR between 15 and 59 mL/min/1.73 m? [86]. While clinical outcomes
remained unchanged in both arms, serum p-cresol levels were significantly decreased in
patients treated with the synbiotic. Cruz-Mora et al. followed 18 hemodialysis patients
who received nutritional counseling before being divided into a test and control group [87].
Both gastrointestinal symptoms and fecal sample bacterial constitution were evaluated
for 2 months; there was an increase in abundance of Bifidobacterium (p = 0.0344) and a
reduction of symptoms in the treated group. A more recent RCT by Lopes et al. evaluated
the effect of a synbiotic consisting of a mixture of unfermented milk and sorghum [88],
showing that, compared to controls, CKD patients treated with the synbiotic had no
significant changes in the URS measured.

In the SYNERGY study [89], synbiotic administration, consisting of a combination
of resistant starch with nine taxa (six Lactobacilli, three Bifidobacteria, and Streptococ-
cus thermophilus) did not affect the measured cytokines and did not reduce serum IS
significantly, but there was a significant decrease in PCS concentrations. A sub-analysis
of patients that were not treated with antibiotics during the study showed that synbiotic
therapy resulted in a reduction in IS and PCS. However, a placebo-controlled RCT by
McFarlane et al. (SYNERGY II) urged caution after the investigators witnessed a significant
decrease of eGFR in patients receiving the synbiotic after 1 year [90]. As compared to the
SYNERGY trial, a larger population of patients received a higher dose (20 mg daily) of a
similar supplement for a longer period (1 year).

4.3.4. Postbiotics

Finally, with the increased interest in postbiotics in the health community, the ISAPP
defined them as “a preparation of inanimate microorganisms and/or their components
that confers a health benefit on the host” [91]. By studying markers of lipid peroxidation in
aging mice, the combination of probiotic and postbiotics had a high anti-oxidant effect in
multiple organs including the kidneys [92]. As suggested by Cosola et al., their use in CKD
will need to be evaluated in clinical studies [93].



Toxins 2022, 14, 245

90f17

Table 1. Supplements in clinical studies.

Tested Study Design

Number

Main Results of

Supplement Authors of Study of Subjects Intervention the Intervention
Prebiotics Biruete et al. [94] Crossover RCT 12 HD patients Inulin No statistically significant
changes of measured URS
. . : Decreased PCS generation
Meijers et al. [71] I\II;)l?e_f a?iz?;fﬁdsltigen 22 HD patients OthfruiC;?lSl;emmhed rates and serum
P Y concentration
> Modification of the
. Non-randomized, . Oligofructose-enriched gut mic_robiome
Rajetal. [72] crossover feasibility study 13 HD patients inulin > No statistically
significant changes of
measured URS
> No statisticall
Lietal. [95] Crossover RCT 21 PD patients Inulin-type fructan significant chg’nges of
measured URS
. Arabinoxylan Decreased TMAO level but
Poesen et al. [73] RCT 40 CKD patients Oligosaccharides no impact on IS and PCS
: / 16 HD . Reduced plasma level of
de Paiva et al. [74] RCT patients Resistant starch biomarkers of inflammation
Esgalhado et al. [96] Crossover RCT 26 HD patients Resistantcztgggsenriched Decreased level of plasma IS
. Unripe banana No statistically significant
de Andrade et al. [75] Crossover RCT 43 PD patients four changes of measured URS
50 CKD . . No statistically significant
Ramos et al. [76] RCT patients Fructooligosaccharide changes of measured URS
> Decreased
interleukin-6 levels
Armani et al. [77] RCT 46 CKD patients Fructooligosaccharide > No statistically
significant changes of
measured URS
> Decreased levels of
Ebrahim et al. [97] RCT 59 CKD patients Beta-glucan unbound IS, PCS,
and PCG
- 46 CKD Probiotic bacterial > Decreased BUN
Probiotics Ranganathan et al. [82] RCT patients formulation > Overall quality of life
improvement
> Significant
Liu et al. [83] RCT 50 HD Probiotic bacterial éAAr—O-glucuromde
uetal fos patients formulation = Nec case .

o significant impact
on microbiome
diversity

. , . Lactobacilli and = Sionifi d
Lim et al. [84] RCT 56 HD patients Lactococcus ignificant decrease
of IS
> Decreased total
Synbiotics Guida et al. [86] RCT 30 CKD patients Probinul-neutro plasma level of
p-cresol
> Decrease in
Cruz-Mora et al. [87] RCT 18 HD patients Synbiotic Lactobacillus
> Bifidobacterium
species increase
i L > No statistically
Lopes et al. [88] RCT 99 CKD patients Synbiotic significant changes of
measured URS
High molecular weight > Fed‘imﬁgndin PCS
. . inulin with conjugated evel and decreasing
Rossi et al. [89] RCT 37 CKD patients oligosaccharides and 9 plasmatic IS trend
bacterial species > Bifidobacterium
species increase
. Composition similar to the > Increased creatinine
g
McFarlane et al. [90] RCT 68 CKD patients one used in Rossi et al. study > Bifidobacterium
species increase
. Fructo-oligosaccharide,
Cosola et al. [98] RCT 22; hC I:}:t)hpatlelr:l trs“an;:l inulin, L casei, B animalis, > Decreased unbound
calthy volunteers and antioxidants IS in CKD patients

BUN: blood urea nitrogen; CKD: chronic kidney disease; HD: hemodialysis; PD: peritoneal dialysis; RCT:
randomized controlled trial.
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4.4. Antibiotics Treatment

Antibiotics could provide an alternative to pre- and probiotic therapy to effectively
alter the microbiome. In a study evaluating six patients receiving a combination of
ciprofloxacin and metronidazole for 1 week [18], the investigators performed a phos-
phatidylcholine challenge before and after the administration of the antibiotic and then
another challenge one month later. TMAO plasma concentrations almost disappeared after
antibiotic treatment and reappeared after a month with great variability. In an RCT by
Kimber et al. [99], 38 patients with eGFR < 60 mL/min/1.73 m? were divided into two equal
groups given a 10 day course of Rifamixin vs. placebo. The use of this oral non-absorbable
antibiotic had no impact on the circulating TMAO, IS, or PCS. Beta-diversity of the gut
microbiota assessed via fecal samples did not significantly change between study arms.

To date, the effect of oral vancomycin administration on URS plasma levels was
evaluated in two studies. In a pilot study by Nazzal et al. [100], 10 hemodialysis patients
received a single oral 250 mg vancomycin dose before stool and blood were regularly
sampled. A significant decline in IS and PCS was observed on day four. IS and PCS levels
returned to baseline after 28 days, while large population changes occurred at the genus
level with a decrease in taxonomic richness. This study was followed by a randomized
placebo-controlled trial in which vancomycin (250 mg) was administered once weekly
for 12 weeks to subjects receiving thrice-weekly hemodialysis [101]. Subjects exhibited a
decrease in 7 URS, including PCS and IS. Antibiotic administration significantly altered gut
microbiota assessed using stool samples with a decrease in both alpha and beta diversity.
A potential concern with the long term use of antibiotics is the development of bacterial
resistance; however, prolonged antibiotics have been successfully used in other conditions
including cystic fibrosis, bronchiectasis, and inflammatory bowel disease [102].

4.5. Enzymatic Modulation

Innovative therapeutic measures are targeting bacterial enzymatic pathways involved
in the production of URS precursors. In a bioinformatic investigation, Popkov et al. in-
vestigated the bacterial enzymes contributing to URS formation in the human gut [103].
Using data from the Huma Microbiome Project 2 (HMP2), the authors analyzed sequences
from the gut microbiome of 735 healthy individuals and found 173 of these enzymes.
Nonlethal inhibition of bacterial enzymes is already being studied in several different
enzymatic pathways.

An essential step in the pathogenesis of indolic compounds is the transformation of
aromatic amino acids by bacterial tryptophanase [5]. An innovative therapeutic approach
would be to target this enzyme in order to decrease IS plasma level by direct manipulation
of the bacterial genome or post-translational modulation. After deletion of the genes coding
for tryptophanase, Devlin et al. colonized germ-free mice with two types of Bacteroidetes
(wild type or a mutant that does not produce indole from tryptophan) [104]. When com-
paring levels of IS in the urine, they found that mice colonized with the mutant bacteria
had lower levels of IS after 5 and 9 days as compared to mice colonized with the wild-type
bacteria. Post-translational protein modification was successfully achieved by Lobel et al.
with the use of nutritional measures [105]; a diet enriched in amino acids with sulfur groups
led to an increased bacterial tryptophanase S-sulfhydration, and this post-translational
alteration inhibited indole production by Escherichia coli. Oikawa et al. explored the use
of lignans extracted from sesame seeds as competitive inhibitors of tryptophanase in an
in vitro study [106]. The kinetics measurement showed that (+)-sesamin, sesamol, and
sesaminol efficiently inhibited this enzyme. Isoquercitrin, an ubiquitous sugar found in dif-
ferent foods and beverages, inhibited indole synthesis in vitro, possibly through decreasing
bacterial uptake of tryptophan [107].T

A few studies evaluated the effect of inhibitors of the choline TMA-lyase on TMAO
synthesis. 3,3-Dimethylbutanol (DMB) not only reduced enzymatic activity in intact and
lysate of bacteria but also decreased TMAOQ levels in C57BL/6] and apolipoprotein E null
mice (ApoE —/—) while both were on a choline supplemented diet [108]. DMB administra-
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tion also lowered the percentage of foam cells in the studied mice and induced a beneficial
shift in the taxa associated with TMAO. In a study by Witkowski et al., fluoromethylcholine
(FMC) decreased TMAO thrombogenicity via a reduction in the plasma levels of TMA and
TMAO [20]. Choline-fed mice receiving FMC had almost no aortic expression of tissue
factor compared to control. Iodomethylcholine (IMC) reduced the level of TMAO and atten-
uated CKD progression in ApoE —/— mice fed adenine but failed to reduce atherosclerotic
lesions in the aorta compared to mice fed adenine alone [109].

In the PS synthesis pathway, 2-aza tyrosine was used to disrupt bacterial TPL, and this
compound had a beneficial effect on the kidneys, reducing both creatinine and albuminuria
in mice without important alteration of alpha and beta diversity of their microbiome [14].

However, one should be cautious because some precursors of these URS have benefi-
cial effects on the colon. For example, indole seems to play an important anti-inflammatory
role in the gut. In an in vitro cell study of colonic cells, Bansal et al. were able to evaluate
indole’s role in interkingdom interaction, witnessing a specific decrease in the activity of
pro-inflammatory transcription factor NF-kB as well as decreased epithelial permeabil-
ity [110]. A beneficial effect was also found in vivo with indole attenuating inflammation of
the small intestine distal to the duodenum in mice receiving indomethacin for 1 week [111].

4.6. Other Therapeutic Options

Fecal microbiota transplantation (FMT) was attempted in an adenine-induced CKD
mouse model by Barba et al. [112]. FMT significantly reduced phenol compounds but did
not affect IS, IAA, and hippuric acid.

A hypothetical mechanism that could lead to an improved elimination of the protein-
bound URS is through an increase of the free/bound ratio of these solutes. Kemp et al.
explored fatty acids as potential competitors of IS and PCS to the binding sites of plasmatic
carriers [113]; PCS was found to have a significant negative correlation with multiple
polyunsaturated fatty acids.

Modulation of means of excretion could also become a new therapeutic option. Ex-
tensive research is being conducted to identify key solutes, receptors, and transporters
involved in the “remote sensing and signaling” between the kidney and the gut and to un-
derstand how uremia disrupts this interorgan communication [114]. Jansen et al. described
a communication system between microbiome derived URS, specifically IS receptors located
in the renal proximal tubule and the OAT1 transporter [115].

Not only kidney but also gut transporters are being targeted in animal studies for
reducing URS. While studying the effects of canagliflozin in CKD mice, Mishima et al. found
that a two weeks treatment with this co-transporter inhibitor led to a significant reduction
in plasma levels of PCS and IS with a modification of gut microbiota diversity [116]. An
inhibitor targeted specifically at the gastro-intestinal SGLT1, named SGL5213, was able
to reduce both PS and TMAO in an adenine-induced CKD mouse; attenuating kidney
injury on histopathology [117]. This poorly absorbable compound also seemed to reduce
dysbiosis, decreasing the Firmicutes/Bacteroidetes ratio.

5. Conclusions

The gut microbiome is essential in the generation of several uremic toxins. Although
multiple therapeutic options are currently being explored, much progress is still required,
whether it concerns the concomitant use of multiple options (for example, a combina-
tion of healthy diet, supplements, and antibiotic regimen) or the assessment of targeted
modifications of microbiota to reduce the level or inhibit bacterial enzyme function in
clinical studies.

With each patient’s microbiota being unique, personalized therapies might be needed
to optimize the benefit from microbiome-targeted therapies.

Focusing on the long-term impact of the different therapies studied should be under-
taken to assess a lasting impact on the metabolomic profile (i.e., a prolonged decrease of
IS or PCS after a limited intervention). A longer follow-up could also be useful to screen
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for the emergence of bacterial resistance in studies evaluating antibiotics and their efficacy.
Further, the evaluation of clinical outcomes is still scarce in literature; this step is necessary
in order to link a decrease of URS and an eventual improvement of the cardiovascular
risk profile through follow-up of endpoints such as CKD progression or cardiac morbid-
ity /mortality. Finally, current and future potential therapies should not only assess the
mere decrease of a uremic toxin level, but similarly to studies involving antibiotics and
nonlethal inhibition of bacterial enzymes, they should evaluate the ecological consequences
of their administration on the gut community and its diversity.

Author Contributions: N.Z. and L.N. contributed equally to all aspects of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1.

10.
11.
12.
13.

14.

15.

16.

17.

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

Go, A.S.; Chertow, G.M.; Fan, D.; McCulloch, C.E.; Hsu, C.Y. Chronic kidney disease and the risks of death, cardiovascular events,
and hospitalization. N. Engl. J. Med. 2004, 351, 1296-1305. [CrossRef] [PubMed]

Mair, R.D; Sirich, T.L.; Meyer, T.W. Uremic Toxin Clearance and Cardiovascular Toxicities. Toxins 2018, 10, 226. [CrossRef]
[PubMed]

Camacho, O.; Rosales, M.C; Shafi, T.; Fullman, J.; Plummer, N.S.; Meyer, T.W,; Sirich, T.L. Effect of a sustained difference in
hemodialytic clearance on the plasma levels of p-cresol sulfate and indoxyl sulfate. Nephrol. Dial. Transplant. 2016, 31, 1335-1341.
[CrossRef]

Wing, M.R,; Patel, S.S.; Ramezani, A.; Raj, D.S. Gut microbiome in chronic kidney disease. Exp. Physiol. 2016, 101, 471-477.
[CrossRef]

Ellis, R.J.; Small, D.M.; Vesey, D.A.; Johnson, D.W.; Francis, R.; Vitetta, L.; Gobe, G.C.; Morais, C. Indoxyl sulphate and kidney
disease: Causes, consequences and interventions. Nephrology 2016, 21, 170-177. [CrossRef]

Rossi, M.; Campbell, K.; Johnson, D.; Stanton, T.; Pascoe, E.; Hawley, C.; Dimeski, G.; McWhinney, B.; Ungerer, J.; Isbel, N.
Uraemic toxins and cardiovascular disease across the chronic kidney disease spectrum: An observational study. Nutr. Metab.
Cardiovasc. Dis. 2014, 24, 1035-1042. [CrossRef]

Lin, CJ,; Liu, H.L,; Pan, C.F; Chuang, C.K,; Jayakumar, T.; Wang, T.J.; Chen, H.H.; Wu, C.J. Indoxyl sulfate predicts cardiovascular
disease and renal function deterioration in advanced chronic kidney disease. Arch. Med. Res. 2012, 43, 451-456. [CrossRef]
Parsons, C.V.; Harris, D.M.; Patten, C.L. Regulation of indole-3-acetic acid biosynthesis by branched-chain amino acids in
Enterobacter cloacae UW5. FEMS Microbiol. Lett. 2015, 362, fnv153. [CrossRef]

Roager, H.M.; Licht, T.R. Microbial tryptophan catabolites in health and disease. Nat. Commun. 2018, 9, 3294. [CrossRef]

Gryp, T.; Vanholder, R.; Vaneechoutte, M.; Glorieux, G. p-Cresyl Sulfate. Toxins 2017, 9, 52. [CrossRef]

Lin, C.J.; Wu, V,; Wu, P.C.; Wu, C.J. Meta-Analysis of the Associations of p-Cresyl Sulfate (PCS) and Indoxyl Sulfate (IS) with
Cardiovascular Events and All-Cause Mortality in Patients with Chronic Renal Failure. PLoS ONE 2015, 10, e0132589. [CrossRef]
[PubMed]

Phillips, R.S.; Craig, S. Crystal Structures of Wild-Type and F448A Mutant Citrobacter freundii Tyrosine Phenol-Lyase Complexed
with a Substrate and Inhibitors: Implications for the Reaction Mechanism. Biochemistry 2018, 57, 6166-6179. [CrossRef] [PubMed]
Kikuchi, K.; Saigusa, D.; Kanemitsu, Y.; Matsumoto, Y.; Thanai, P.; Suzuki, N.; Mise, K.; Yamaguchi, H.; Nakamura, T.; Asaji,
K.; et al. Gut microbiome-derived phenyl sulfate contributes to albuminuria in diabetic kidney disease. Nat. Commun. 2019, 10,
1835. [CrossRef] [PubMed]

Moraes, C.; Fouque, D.; Amaral, A.C.; Mafra, D. Trimethylamine N-Oxide from Gut Microbiota in Chronic Kidney Disease
Patients: Focus on Diet. J. Ren. Nutr. 2015, 25, 459-465. [CrossRef] [PubMed]

Craciun, S.; Balskus, E.P. Microbial conversion of choline to trimethylamine requires a glycyl radical enzyme. Proc. Natl. Acad. Sci.
USA 2012, 109, 21307-21312. [CrossRef]

Shafi, T.; Powe, N.R.; Meyer, TW.; Hwang, S.; Hai, X.; Melamed, M.L.; Banerjee, T.; Coresh, J.; Hostetter, T.H. Trimethylamine
N-Oxide and Cardiovascular Events in Hemodialysis Patients. ]. Am. Soc. Nephrol. 2017, 28, 321-331. [CrossRef]


http://doi.org/10.1046/j.1523-1755.2003.00924.x
http://www.ncbi.nlm.nih.gov/pubmed/12675874
http://doi.org/10.1056/NEJMoa041031
http://www.ncbi.nlm.nih.gov/pubmed/15385656
http://doi.org/10.3390/toxins10060226
http://www.ncbi.nlm.nih.gov/pubmed/29865226
http://doi.org/10.1093/ndt/gfw100
http://doi.org/10.1113/EP085283
http://doi.org/10.1111/nep.12580
http://doi.org/10.1016/j.numecd.2014.04.006
http://doi.org/10.1016/j.arcmed.2012.08.002
http://doi.org/10.1093/femsle/fnv153
http://doi.org/10.1038/s41467-018-05470-4
http://doi.org/10.3390/toxins9020052
http://doi.org/10.1371/journal.pone.0132589
http://www.ncbi.nlm.nih.gov/pubmed/26173073
http://doi.org/10.1021/acs.biochem.8b00724
http://www.ncbi.nlm.nih.gov/pubmed/30260636
http://doi.org/10.1038/s41467-019-09735-4
http://www.ncbi.nlm.nih.gov/pubmed/31015435
http://doi.org/10.1053/j.jrn.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26235933
http://doi.org/10.1073/pnas.1215689109
http://doi.org/10.1681/ASN.2016030374

Toxins 2022, 14, 245 13 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tang, W.H.; Wang, Z.; Levison, B.S.; Koeth, R.A.; Britt, E.B.; Fu, X,; Wu, Y.; Hazen, S.L. Intestinal microbial metabolism of
phosphatidylcholine and cardiovascular risk. N. Engl. |. Med. 2013, 368, 1575-1584. [CrossRef]

Tang, W.H.; Wang, Z.; Kennedy, D.J.; Wu, Y.; Buffa, J.A.; Agatisa-Boyle, B.; Li, X.S.; Levison, B.S.; Hazen, S.L. Gut microbiota-
dependent trimethylamine N-oxide (TMAO) pathway contributes to both development of renal insufficiency and mortality risk
in chronic kidney disease. Circ. Res. 2015, 116, 448-455. [CrossRef]

Witkowski, M.; Witkowski, M.; Friebel, J.; Buffa, J.A.; Li, X.S.; Wang, Z.; Sangwan, N.; Li, L.; DiDonato, J.A.; Tizian, C.; et al.
Vascular endothelial Tissue Factor contributes to trimethylamine N-oxide-enhanced arterial thrombosis. Cardiovasc. Res. 2021.
Online ahead of print. [CrossRef]

Shafi, T.; Meyer, T.W.; Hostetter, T.H.; Melamed, M.L.; Parekh, R.S.; Hwang, S.; Banerjee, T.; Coresh, J.; Powe, N.R. Free Levels
of Selected Organic Solutes and Cardiovascular Morbidity and Mortality in Hemodialysis Patients: Results from the Retained
Organic Solutes and Clinical Outcomes (ROSCO) Investigators. PLoS ONE 2015, 10, e0126048. [CrossRef] [PubMed]

Tanaka, H.; Sirich, T.L.; Plummer, N.S.; Weaver, D.S.; Meyer, T.W. An Enlarged Profile of Uremic Solutes. PLoS ONE 2015, 10,
e0135657. [CrossRef] [PubMed]

Mishima, E.; Fukuda, S.; Mukawa, C.; Yuri, A.; Kanemitsu, Y.; Matsumoto, Y.; Akiyama, Y.; Fukuda, N.N.; Tsukamoto, H.;
Asaji, K.; et al. Evaluation of the impact of gut microbiota on uremic solute accumulation by a CE-TOFMS-based metabolomics
approach. Kidney Int. 2017, 92, 634-645. [CrossRef] [PubMed]

Aronov, PA.; Luo, EJ.; Plummer, N.S.; Quan, Z.; Holmes, S.; Hostetter, T.H.; Meyer, T.W. Colonic contribution to uremic solutes. J.
Am. Soc. Nephrol. 2011, 22, 1769-1776. [CrossRef] [PubMed]

Mair, R.D,; Sirich, T.L.; Plummer, N.S.; Meyer, T.W. Characteristics of Colon-Derived Uremic Solutes. Clin. J. Am. Soc. Nephrol.
2018, 13, 1398-1404. [CrossRef] [PubMed]

Marquez, 1.O.; Tambra, S.; Luo, EY;; Li, Y,; Plummer, N.S.; Hostetter, T.H.; Meyer, T.W. Contribution of residual function to
removal of protein-bound solutes in hemodialysis. Clin. J. Am. Soc. Nephrol. 2011, 6, 290-296. [CrossRef] [PubMed]

Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large effects
of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698-3703. [CrossRef]

Wang, X.; Yang, S.; Li, S.; Zhao, L.; Hao, Y,; Qin, J.; Zhang, L.; Zhang, C.; Bian, W.; Zuo, L.; et al. Aberrant gut microbiota alters
host metabolome and impacts renal failure in humans and rodents. Gut 2020, 69, 2131-2142. [CrossRef]

Harmsen, H.J.; Raangs, G.C.; He, T.; Degener, ].E.; Welling, G.W. Extensive set of 165 rRNA-based probes for detection of bacteria
in human feces. Appl. Environ. Microbiol. 2002, 68, 2982-2990. [CrossRef]

Duncan, S.H.; Hold, G.L.; Harmsen, H.J.M.; Stewart, C.S.; Flint, H.J. Growth requirements and fermentation products of
Fusobacterium prausnitzii, and a proposal to reclassify it as Faecalibacterium prausnitzii gen. nov., comb. nov. Int. J. Syst. Evol.
Microbiol. 2002, 52, 2141-2146. [CrossRef]

Backhed, F,; Ley, R.E.; Sonnenburg, ].L.; Peterson, D.A.; Gordon, J.I. Host-bacterial mutualism in the human intestine. Science
2005, 307, 1915-1920. [CrossRef] [PubMed]

Gill, S.R.; Pop, M.; Deboy, R.T.; Eckburg, P.B.; Turnbaugh, P.J.; Samuel, B.S.; Gordon, ].I,; Relman, D.A.; Fraser-Liggett, C.M.;
Nelson, K.E. Metagenomic analysis of the human distal gut microbiome. Science 2006, 312, 1355-1359. [CrossRef] [PubMed]
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. [CrossRef]
[PubMed]

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

Simenhoff, M.L.; Dunn, S.R.; Zollner, G.P; Fitzpatrick, M.E.; Emery, S.M.; Sandine, W.E.; Ayres, ].W. Biomodulation of the
toxic and nutritional effects of small bowel bacterial overgrowth in end-stage kidney disease using freeze-dried Lactobacillus
acidophilus. Miner. Electrolyte Metab. 1996, 22, 92-96. [PubMed]

Rath, S.; Heidrich, B.; Pieper, D.H.; Vital, M. Uncovering the trimethylamine-producing bacteria of the human gut microbiota.
Microbiome 2017, 5, 54. [CrossRef]

Saito, Y.; Sato, T.; Nomoto, K.; Tsuji, H. Identification of phenol- and p-cresol-producing intestinal bacteria by using media
supplemented with tyrosine and its metabolites. FEMS Microbiol. Ecol. 2018, 94, fiy125. [CrossRef]

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. ]. Mol. Sci. 2020, 21, 1986. [CrossRef]

Kim, J.E.; Kim, H.E.; Park, ].I; Cho, H.; Kwak, M.J.; Kim, B.Y.; Yang, S.H.; Lee, ].P; Kim, D.K.; Joo, K.W.; et al. The Association
between Gut Microbiota and Uremia of Chronic Kidney Disease. Microorganisms 2020, 8, 907. [CrossRef]

Sato, N.; Kakuta, M.; Hasegawa, T.; Yamaguchi, R.; Uchino, E.; Murashita, K.; Nakaji, S.; Imoto, S.; Yanagita, M.; Okuno,
Y. Metagenomic profiling of gut microbiome in early chronic kidney disease. Nephrol. Dial. Transplant. 2021, 36, 1675-1684.
[CrossRef]

Xu, K\Y; Xia, G.H.; Lu, ].Q.; Chen, M.X.; Zhen, X.; Wang, S.; You, C.; Nie, J.; Zhou, HW.; Yin, J. Impaired renal function and
dysbiosis of gut microbiota contribute to increased trimethylamine-N-oxide in chronic kidney disease patients. Sci. Rep. 2017,
7,1445. [CrossRef] [PubMed]

Magnusson, M.; Magnusson, K.E.; Sundqvist, T.; Denneberg, T. Impaired intestinal barrier function measured by differently sized
polyethylene glycols in patients with chronic renal failure. Gut 1991, 32, 754-759. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMoa1109400
http://doi.org/10.1161/CIRCRESAHA.116.305360
http://doi.org/10.1093/cvr/cvab263
http://doi.org/10.1371/journal.pone.0126048
http://www.ncbi.nlm.nih.gov/pubmed/25938230
http://doi.org/10.1371/journal.pone.0135657
http://www.ncbi.nlm.nih.gov/pubmed/26317986
http://doi.org/10.1016/j.kint.2017.02.011
http://www.ncbi.nlm.nih.gov/pubmed/28396122
http://doi.org/10.1681/ASN.2010121220
http://www.ncbi.nlm.nih.gov/pubmed/21784895
http://doi.org/10.2215/CJN.03150318
http://www.ncbi.nlm.nih.gov/pubmed/30087103
http://doi.org/10.2215/CJN.06100710
http://www.ncbi.nlm.nih.gov/pubmed/21030575
http://doi.org/10.1073/pnas.0812874106
http://doi.org/10.1136/gutjnl-2019-319766
http://doi.org/10.1128/AEM.68.6.2982-2990.2002
http://doi.org/10.1099/00207713-52-6-2141
http://doi.org/10.1126/science.1104816
http://www.ncbi.nlm.nih.gov/pubmed/15790844
http://doi.org/10.1126/science.1124234
http://www.ncbi.nlm.nih.gov/pubmed/16741115
http://doi.org/10.1093/ndt/gfv095
http://www.ncbi.nlm.nih.gov/pubmed/25883197
http://doi.org/10.1038/ki.2012.345
http://www.ncbi.nlm.nih.gov/pubmed/22992469
http://www.ncbi.nlm.nih.gov/pubmed/8676836
http://doi.org/10.1186/s40168-017-0271-9
http://doi.org/10.1093/femsec/fiy125
http://doi.org/10.3390/ijms21061986
http://doi.org/10.3390/microorganisms8060907
http://doi.org/10.1093/ndt/gfaa122
http://doi.org/10.1038/s41598-017-01387-y
http://www.ncbi.nlm.nih.gov/pubmed/28469156
http://doi.org/10.1136/gut.32.7.754
http://www.ncbi.nlm.nih.gov/pubmed/1855681

Toxins 2022, 14, 245 14 of 17

43.

44.

45.

46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Zuvela, J.; Trimingham, C.; Le Leu, R,; Faull, R.; Clayton, P.; Jesudason, S.; Meade, A. Gastrointestinal symptoms in patients
receiving dialysis: A systematic review. Nephrology 2018, 23, 718-727. [CrossRef] [PubMed]

Honkura, K.; Tomata, Y.; Sugiyama, K.; Kaiho, Y.; Watanabe, T.; Zhang, S.; Sugawara, Y.; Tsuji, I. Defecation frequency and
cardiovascular disease mortality in Japan: The Ohsaki cohort study. Atherosclerosis 2016, 246, 251-256. [CrossRef]

Sumida, K.; Molnar, M.Z.; Potukuchi, PK.; Thomas, F; Lu, J.L.; Matsushita, K.; Yamagata, K.; Kalantar-Zadeh, K.; Kovesdy, C.P.
Constipation and Incident CKD. J. Am. Soc. Nephrol. 2017, 28, 1248-1258. [CrossRef] [PubMed]

Basilisco, G.; Coletta, M. Chronic constipation: A critical review. Dig. Liver Dis. 2013, 45, 886-893. [CrossRef] [PubMed]

Zhao, Y.; Yu, Y.B. Intestinal microbiota and chronic constipation. Springerplus 2016, 5, 1130. [CrossRef]

Parthasarathy, G.; Chen, J.; Chen, X.; Chia, N.; O’Connor, H.M.; Wolf, P.G.; Gaskins, H.R.; Bharucha, A.E. Relationship Between
Microbiota of the Colonic Mucosa vs. Feces and Symptoms, Colonic Transit, and Methane Production in Female Patients with
Chronic Constipation. Gastroenterology 2016, 150, 367-379.e361. [CrossRef]

Mishima, E.; Fukuda, S.; Shima, H.; Hirayama, A.; Akiyama, Y.; Takeuchi, Y.; Fukuda, N.N.; Suzuki, T.; Suzuki, C.; Yuri, A.; et al.
Alteration of the Intestinal Environment by Lubiprostone Is Associated with Amelioration of Adenine-Induced CKD. J. Am. Soc.
Nephrol. 2015, 26, 1787-1794. [CrossRef]

Nanto-Hara, F.; Kanemitsu, Y.; Fukuda, S.; Kikuchi, K.; Asaji, K.; Saigusa, D.; Iwasaki, T.; Ho, H.J.; Mishima, E.; Suzuki, T.; et al.
The guanylate cyclase C agonist linaclotide ameliorates the gut-cardio-renal axis in an adenine-induced mouse model of chronic
kidney disease. Nephrol. Dial. Transplant. 2020, 35, 250-264. [CrossRef]

Eloot, S.; Van Biesen, W.; Glorieux, G.; Neirynck, N.; Dhondt, A.; Vanholder, R. Does the adequacy parameter Kt/V(urea) reflect
uremic toxin concentrations in hemodialysis patients? PLoS ONE 2013, 8, e76838. [CrossRef] [PubMed]

Gryp, T.; De Paepe, K.; Vanholder, R.; Kerckhof, EM.; Van Biesen, W.; Van de Wiele, T.; Verbeke, F.; Speeckaert, M.; Joossens,
M.; Couttenye, M.M.; et al. Gut microbiota generation of protein-bound uremic toxins and related metabolites is not altered at
different stages of chronic kidney disease. Kidney Int. 2020, 97, 1230-1242. [CrossRef] [PubMed]

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

Chen, Y.C.; Wu, M.Y,; Hu, PJ.; Chen, T.T.; Shen, W.C.; Chang, W.C.; Wu, M.S. Effects and Safety of an Oral Adsorbent on Chronic
Kidney Disease Progression: A Systematic Review and Meta-Analysis. J. Clin. Med. 2019, 8, 1718. [CrossRef]

Schulman, G.; Berl, T.; Beck, G.J.; Remuzzi, G.; Ritz, E.; Arita, K.; Kato, A.; Shimizu, M. Randomized Placebo-Controlled EPPIC
Trials of AST-120 in CKD. J. Am. Soc. Nephrol. 2015, 26, 1732-1746. [CrossRef]

Schulman, G.; Berl, T.; Beck, G.J.; Remuzzi, G.; Ritz, E.; Shimizu, M.; Shobu, Y.; Kikuchi, M. The effects of AST-120 on chronic
kidney disease progression in the United States of America: A post hoc subgroup analysis of randomized controlled trials. BMC
Nephrol. 2016, 17, 141. [CrossRef]

Nakada, Y.; Onoue, K.; Nakano, T.; Ishihara, S.; Kumazawa, T.; Nakagawa, H.; Ueda, T.; Nishida, T.; Soeda, T.; Okayama, S.; et al.
AST-120, an Oral Carbon Absorbent, Protects against the Progression of Atherosclerosis in a Mouse Chronic Renal Failure Model
by Preserving sFlt-1 Expression Levels. Sci. Rep. 2019, 9, 15571. [CrossRef]

Sakaguchi, Y.; Hamano, T.; Obi, Y.; Monden, C.; Oka, T.; Yamaguchi, S.; Matsui, I.; Hashimoto, N.; Matsumoto, A.; Shimada,
K.; et al. A Randomized Trial of Magnesium Oxide and Oral Carbon Adsorbent for Coronary Artery Calcification in Predialysis
CKD. J. Am. Soc. Nephrol. 2019, 30, 1073-1085. [CrossRef]

Kim, S.H.; Jhee, ]. H.; Choi, H.Y.; Lee, S.H,; Shin, S.K,; Lee, S.Y.; Yang, D.H.; Yi, ]. H.; Han, SW.; Jo, Y.I; et al. New oral spherical
carbon adsorbent effectively reduces serum indoxyl sulfate levels in moderate to advanced chronic kidney disease patients: A
multicenter, prospective, open-label study. BMC Nephrol. 2020, 21, 317. [CrossRef]

Park, H.C.; Cho, A,; Kim, D.H,; Yun, K.S,; Kim, J.; Lee, E.Y,; Jo, S.K,; Lee, S.Y.; Han, K.H.; Chang, YK.; et al. Effect of Renamezin
upon attenuation of renal function decline in pre-dialysis chronic kidney disease patients: 24-week prospective observational
cohort study. PLoS ONE 2021, 16, e0252186. [CrossRef]

Patel, K.P; Luo, EJ.; Plummer, N.S.; Hostetter, T.H.; Meyer, T.W. The production of p-cresol sulfate and indoxyl sulfate in
vegetarians versus omnivores. Clin. |. Am. Soc. Nephrol. 2012, 7, 982-988. [CrossRef] [PubMed]

Sirich, T.L.; Plummer, N.S.; Gardner, C.D.; Hostetter, T.H.; Meyer, T.W. Effect of increasing dietary fiber on plasma levels of
colon-derived solutes in hemodialysis patients. Clin. ]. Am. Soc. Nephrol. 2014, 9, 1603-1610. [CrossRef] [PubMed]

Kelly, J.T.; Palmer, S.C.; Wai, S.N.; Ruospo, M.; Carrero, ].J.; Campbell, K.L.; Strippoli, G.F. Healthy Dietary Patterns and Risk
of Mortality and ESRD in CKD: A Meta-Analysis of Cohort Studies. Clin. J. Am. Soc. Nephrol. 2017, 12, 272-279. [CrossRef]
[PubMed]

Di Iorio, B.R.; Rocchetti, M.T.; De Angelis, M.; Cosola, C.; Marzocco, S.; Di Micco, L.; di Bari, I.; Accetturo, M.; Vacca, M.; Gobbetti,
M.; et al. Nutritional Therapy Modulates Intestinal Microbiota and Reduces Serum Levels of Total and Free Indoxyl Sulfate and
P-Cresyl Sulfate in Chronic Kidney Disease (Medika Study). J. Clin. Med. 2019, 8, 1424. [CrossRef] [PubMed]

Rocchetti, M.T.; Di Iorio, B.R.; Vacca, M.; Cosola, C.; Marzocco, S.; di Bari, I.; Calabrese, EM.; Ciarcia, R.; De Angelis, M.; Gesualdo,
L. Ketoanalogs’ Effects on Intestinal Microbiota Modulation and Uremic Toxins Serum Levels in Chronic Kidney Disease (Medika2
Study). J. Clin. Med. 2021, 10, 840. [CrossRef] [PubMed]

Chen, M.L.; Yi, L.; Zhang, Y.; Zhou, X,; Ran, L.; Yang, J.; Zhu, ].D.; Zhang, Q.Y.; Mi, M.T. Resveratrol Attenuates Trimethylamine-
N-Oxide (TMAO)-Induced Atherosclerosis by Regulating TMAO Synthesis and Bile Acid Metabolism via Remodeling of the Gut
Microbiota. mBio 2016, 7, €02210-e02215. [CrossRef]


http://doi.org/10.1111/nep.13243
http://www.ncbi.nlm.nih.gov/pubmed/29468835
http://doi.org/10.1016/j.atherosclerosis.2016.01.007
http://doi.org/10.1681/ASN.2016060656
http://www.ncbi.nlm.nih.gov/pubmed/28122944
http://doi.org/10.1016/j.dld.2013.03.016
http://www.ncbi.nlm.nih.gov/pubmed/23639342
http://doi.org/10.1186/s40064-016-2821-1
http://doi.org/10.1053/j.gastro.2015.10.005
http://doi.org/10.1681/ASN.2014060530
http://doi.org/10.1093/ndt/gfz126
http://doi.org/10.1371/journal.pone.0076838
http://www.ncbi.nlm.nih.gov/pubmed/24236005
http://doi.org/10.1016/j.kint.2020.01.028
http://www.ncbi.nlm.nih.gov/pubmed/32317112
http://doi.org/10.1080/0886022X.2018.1561376
http://www.ncbi.nlm.nih.gov/pubmed/30732506
http://doi.org/10.3390/jcm8101718
http://doi.org/10.1681/ASN.2014010042
http://doi.org/10.1186/s12882-016-0357-9
http://doi.org/10.1038/s41598-019-51292-9
http://doi.org/10.1681/ASN.2018111150
http://doi.org/10.1186/s12882-020-01971-x
http://doi.org/10.1371/journal.pone.0252186
http://doi.org/10.2215/CJN.12491211
http://www.ncbi.nlm.nih.gov/pubmed/22490877
http://doi.org/10.2215/CJN.00490114
http://www.ncbi.nlm.nih.gov/pubmed/25147155
http://doi.org/10.2215/CJN.06190616
http://www.ncbi.nlm.nih.gov/pubmed/27932391
http://doi.org/10.3390/jcm8091424
http://www.ncbi.nlm.nih.gov/pubmed/31510015
http://doi.org/10.3390/jcm10040840
http://www.ncbi.nlm.nih.gov/pubmed/33670711
http://doi.org/10.1128/mBio.02210-15

Toxins 2022, 14, 245 15 0f 17

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Alvarenga, L.; Cardozo, L.; Leal, V.O.; Kemp, J.A.; Saldanha, J.E; Ribeiro-Alves, M.; Meireles, T.; Nakao, L.S.; Mafra, D. Can
resveratrol supplementation reduce uremic toxins plasma levels from the gut microbiota in non-dialyzed chronic kidney disease
patients? J. Ren. Nutr. 2022. [CrossRef]

Pivari, F,; Mingione, A.; Piazzini, G.; Ceccarani, C.; Ottaviano, E.; Brasacchio, C.; Dei Cas, M.; Vischi, M.; Cozzolino, M.G.;
Fogagnolo, P; et al. Curcumin Supplementation (Meriva((R))) Modulates Inflammation, Lipid Peroxidation and Gut Microbiota
Composition in Chronic Kidney Disease. Nutrients 2022, 14, 231. [CrossRef] [PubMed]

Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani,
P.D.; et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus
statement on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491-502. [CrossRef]

Roberfroid, M.; Gibson, G.R.; Hoyles, L.; McCartney, A.L.; Rastall, R.; Rowland, I.; Wolvers, D.; Watzl, B.; Szajewska, H.; Stahl,
B.; et al. Prebiotic effects: Metabolic and health benefits. Br. |. Nutr. 2010, 104 (Suppl. S2), S1-563. [CrossRef]

Meijers, B.K.; De Preter, V.; Verbeke, K.; Vanrenterghem, Y.; Evenepoel, P. p-Cresyl sulfate serum concentrations in haemodialysis
patients are reduced by the prebiotic oligofructose-enriched inulin. Nephrol. Dial. Transplant. 2010, 25, 219-224. [CrossRef]
[PubMed]

Raj, D.S.; Sohn, M.B.; Charytan, D.M.; Himmelfarb, J.; Ikizler, T.A.; Mehrotra, R.; Ramezani, A.; Regunathan-Shenk, R.; Hsu, J.Y,;
Landis, J.R.; et al. The Microbiome and p-Inulin in Hemodialysis: A Feasibility Study. Kidney360 2021, 2, 445-455. [CrossRef]
Poesen, R.; Evenepoel, P.; de Loor, H.; Delcour, J.A.; Courtin, C.M.; Kuypers, D.; Augustijns, P.; Verbeke, K.; Meijers, B. The
Influence of Prebiotic Arabinoxylan Oligosaccharides on Microbiota Derived Uremic Retention Solutes in Patients with Chronic
Kidney Disease: A Randomized Controlled Trial. PLoS ONE 2016, 11, e0153893. [CrossRef]

de Paiva, B.R.; Esgalhado, M.; Borges, N.A; Kemp, J.A.; Alves, G.; Leite, PE.C.; Macedo, R.; Cardozo, L.; de Brito, ].S.; Mafra, D.
Resistant starch supplementation attenuates inflammation in hemodialysis patients: A pilot study. Int. Urol. Nephrol. 2020, 52,
549-555. [CrossRef]

de Andrade, L.S,; Sarda, F A H.; Pereira, N.B.E,; Teixeira, R.R.; Rodrigues, S.D.; de Lima, J.D.; Dalboni, M.A.; Aoike, D.T.; Nakao,
L.S.; Cuppari, L. Effect of Unripe Banana Flour on Gut-Derived Uremic Toxins in Individuals Undergoing Peritoneal Dialysis: A
Randomized, Double-Blind, Placebo-Controlled, Crossover Trial. Nutrients 2021, 13, 646. [CrossRef] [PubMed]

Ramos, C.I,; Armani, R.G.; Canziani, M.E.E.; Dalboni, M.A; Dolenga, C.J.R.; Nakao, L.S.; Campbell, K.L.; Cuppari, L. Effect of
prebiotic (fructooligosaccharide) on uremic toxins of chronic kidney disease patients: A randomized controlled trial. Nephrol.
Dial. Transplant. 2019, 34, 1876-1884. [CrossRef] [PubMed]

Armani, R.G,; Carvalho, A.B.; Ramos, C.I.; Hong, V.; Bortolotto, L.A.; Cassiolato, J.L.; Oliveira, N.F.; Cieslarova, Z.; do Lago, C.L.;
Klassen, A; et al. Effect of fructooligosaccharide on endothelial function in CKD patients: A randomized controlled trial. Nephrol.
Dial. Transplant. 2021, 37, 85-91. [CrossRef]

Hill, C.; Guarner, E; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. Expert
consensus document. The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and
appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506-514. [CrossRef]

Mennigen, R.; Nolte, K.; Rijcken, E.; Utech, M.; Loeffler, B.; Senninger, N.; Bruewer, M. Probiotic mixture VSL#3 protects the
epithelial barrier by maintaining tight junction protein expression and preventing apoptosis in a murine model of colitis. Am. J.
Physiol. Gastrointest. Liver Physiol. 2009, 296, G1140-G1149. [CrossRef]

Fanning, S.; Hall, L.J.; Cronin, M.; Zomer, A.; MacSharry, J.; Goulding, D.; Motherway, M.O.; Shanahan, F,; Nally, K.; Dougan,
G.; et al. Bifidobacterial surface-exopolysaccharide facilitates commensal-host interaction through immune modulation and
pathogen protection. Proc. Natl. Acad. Sci. USA 2012, 109, 2108-2113. [CrossRef]

Taki, K.; Takayama, F.; Niwa, T. Beneficial effects of Bifidobacteria in a gastroresistant seamless capsule on hyperhomocysteinemia
in hemodialysis patients. J. Ren. Nutr. 2005, 15, 77-80. [CrossRef] [PubMed]

Ranganathan, N.; Ranganathan, P.; Friedman, E.A ; Joseph, A.; Delano, B.; Goldfarb, D.S.; Tam, P.; Rao, A.V.; Anteyi, E.; Musso,
C.G. Pilot study of probiotic dietary supplementation for promoting healthy kidney function in patients with chronic kidney
disease. Adv. Ther. 2010, 27, 634-647. [CrossRef] [PubMed]

Liu, S,; Liu, H.; Chen, L,; Liang, S.S.; Shi, K.; Meng, W.; Xue, ].; He, Q.; Jiang, H. Effect of probiotics on the intestinal microbiota of
hemodialysis patients: A randomized trial. Eur. J. Nutr. 2020, 59, 3755-3766. [CrossRef] [PubMed]

Lim, PS.; Wang, H.E; Lee, M.C.; Chiu, L.S.; Wu, M.Y,; Chang, W.C.; Wu, T.K. The Efficacy of Lactobacillus-Containing Probiotic
Supplementation in Hemodialysis Patients: A Randomized, Double-Blind, Placebo-Controlled Trial. J. Ren. Nutr. 2021, 31,
189-198. [CrossRef]

Swanson, K.S.; Gibson, G.R.; Hutkins, R.; Reimer, R.A.; Reid, G.; Verbeke, K.; Scott, K.P.; Holscher, H.D.; Azad, M.B.; Delzenne,
N.M.; et al. The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on the definition
and scope of synbiotics. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 687-701. [CrossRef]

Guida, B.; Germano, R.; Trio, R.; Russo, D.; Memoli, B.; Grumetto, L.; Barbato, F.; Cataldi, M. Effect of short-term synbiotic
treatment on plasma p-cresol levels in patients with chronic renal failure: A randomized clinical trial. Nutr. Metab. Cardiovasc. Dis.
2014, 24, 1043-1049. [CrossRef]

Cruz-Mora, ].; Martinez-Hernandez, N.E.; Martin del Campo-Lopez, F.; Viramontes-Horner, D.; Vizmanos-Lamotte, B.; Munoz-
Valle, ].E; Garcia-Garcia, G.; Parra-Rojas, I.; Castro-Alarcon, N. Effects of a symbiotic on gut microbiota in Mexican patients with
end-stage renal disease. J. Ren. Nutr. 2014, 24, 330-335. [CrossRef]


http://doi.org/10.1053/j.jrn.2022.01.010
http://doi.org/10.3390/nu14010231
http://www.ncbi.nlm.nih.gov/pubmed/35011106
http://doi.org/10.1038/nrgastro.2017.75
http://doi.org/10.1017/S0007114510003363
http://doi.org/10.1093/ndt/gfp414
http://www.ncbi.nlm.nih.gov/pubmed/19692415
http://doi.org/10.34067/KID.0006132020
http://doi.org/10.1371/journal.pone.0153893
http://doi.org/10.1007/s11255-020-02392-3
http://doi.org/10.3390/nu13020646
http://www.ncbi.nlm.nih.gov/pubmed/33671166
http://doi.org/10.1093/ndt/gfy171
http://www.ncbi.nlm.nih.gov/pubmed/29939302
http://doi.org/10.1093/ndt/gfaa335
http://doi.org/10.1038/nrgastro.2014.66
http://doi.org/10.1152/ajpgi.90534.2008
http://doi.org/10.1073/pnas.1115621109
http://doi.org/10.1053/j.jrn.2004.09.028
http://www.ncbi.nlm.nih.gov/pubmed/15648012
http://doi.org/10.1007/s12325-010-0059-9
http://www.ncbi.nlm.nih.gov/pubmed/20721651
http://doi.org/10.1007/s00394-020-02207-2
http://www.ncbi.nlm.nih.gov/pubmed/32112136
http://doi.org/10.1053/j.jrn.2020.07.002
http://doi.org/10.1038/s41575-020-0344-2
http://doi.org/10.1016/j.numecd.2014.04.007
http://doi.org/10.1053/j.jrn.2014.05.006

Toxins 2022, 14, 245 16 of 17

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Lopes, R.; Theodoro, ].M.V,; da Silva, B.P,; Queiroz, V.A.V.; de Castro Moreira, M.E.; Mantovani, H.C.; Hermsdorff, H.H.; Martino,
H.S.D. Synbiotic meal decreases uremic toxins in hemodialysis individuals: A placebo-controlled trial. Food Res. Int. 2019, 116,
241-248. [CrossRef]

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

McFarlane, C.; Krishnasamy, R.; Stanton, T.; Savill, E.; Snelson, M.; Mihala, G.; Kelly, ].T.; Morrison, M.; Johnson, D.W.; Campbell,
K.L. Synbiotics Easing Renal Failure by Improving Gut Microbiology II (SYNERGY II): A Feasibility Randomized Controlled
Trial. Nutrients 2021, 13, 4481. [CrossRef]

Salminen, S.; Collado, M.C.; Endo, A ; Hill, C.; Lebeer, S.; Quigley, EEM.M.; Sanders, M.E.; Shamir, R.; Swann, J.R.; Szajewska,
H.; et al. The International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus statement on the definition and
scope of postbiotics. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 649—-667. [CrossRef] [PubMed]

Lin, W.Y;; Lin, ]. H.; Kuo, Y.W.; Chiang, PR.; Ho, H.H. Probiotics and their Metabolites Reduce Oxidative Stress in Middle-Aged
Mice. Curr. Microbiol. 2022, 79, 104. [CrossRef] [PubMed]

Cosola, C.; Rocchetti, M.T.; Cupisti, A.; Gesualdo, L. Microbiota metabolites: Pivotal players of cardiovascular damage in chronic
kidney disease. Pharmacol. Res. 2018, 130, 132-142. [CrossRef] [PubMed]

Biruete, A.; Cross, T.L.; Allen, ].M,; Kistler, B.M.; de Loor, H.; Evenepoel, P; Fahey, G.C,, Jr.; Bauer, L.; Swanson, K.S.; Wilund, K.R.
Effect of Dietary Inulin Supplementation on the Gut Microbiota Composition and Derived Metabolites of Individuals Undergoing
Hemodialysis: A Pilot Study. J. Ren. Nutr. 2021, 31, 512-522. [CrossRef]

Li, L.; Xiong, Q.; Zhao, J.; Lin, X.; He, S.; Wu, N.; Yao, Y;; Liang, W.; Zuo, X; Ying, C. Inulin-type fructan intervention restricts the
increase in gut microbiome-generated indole in patients with peritoneal dialysis: A randomized crossover study. Am. J. Clin.
Nutr. 2020, 111, 1087-1099. [CrossRef]

Esgalhado, M.; Kemp, J.A.; Paiva, B.R.; Brito, J.S.; Cardozo, L.; Azevedo, R.; Cunha, D.B.; Nakao, L.S.; Mafra, D. Resistant
starch type-2 enriched cookies modulate uremic toxins and inflammation in hemodialysis patients: A randomized, double-blind,
crossover and placebo-controlled trial. Food Funct. 2020, 11, 2617-2625. [CrossRef]

Ebrahim, Z.; Proost, S.; Tito, R.Y.; Raes, J.; Glorieux, G.; Moosa, M.R.; Blaauw, R. The Effect of ss-Glucan Prebiotic on Kidney
Function, Uremic Toxins and Gut Microbiome in Stage 3 to 5 Chronic Kidney Disease (CKD) Predialysis Participants: A
Randomized Controlled Trial. Nutrients 2022, 14, 805. [CrossRef]

Cosola, C.; Rocchetti, M.T.; di Bari, I.; Acquaviva, PM.; Maranzano, V.; Corciulo, S.; Di Ciaula, A.; Di Palo, D.M.; La Forgia, FM.;
Fontana, S.; et al. An Innovative Synbiotic Formulation Decreases Free Serum Indoxyl Sulfate, Small Intestine Permeability and
Ameliorates Gastrointestinal Symptoms in a Randomized Pilot Trial in Stage IIIb-IV CKD Patients. Toxins 2021, 13, 334. [CrossRef]
Kimber, C.; Zhang, S.; Johnson, C.; West, R.E.; Prokopienko, A.].; Mahnken, ].D.; Yu, A.S.; Hoofnagle, A.N.; Ir, D.; Robertson,
C.E; et al. Randomized, Placebo-Controlled Trial of Rifaximin Therapy for Lowering Gut-Derived Cardiovascular Toxins and
Inflammation in CKD. Kidney360 2020, 1, 1206-1216. [CrossRef]

Nazzal, L.; Roberts, J.; Singh, P.; Jhawar, S.; Matalon, A.; Gao, Z.; Holzman, R.; Liebes, L.; Blaser, M.].; Lowenstein, ]. Microbiome
perturbation by oral vancomycin reduces plasma concentration of two gut-derived uremic solutes, indoxyl sulfate and p-cresyl
sulfate, in end-stage renal disease. Nephrol. Dial. Transplant. 2017, 32, 1809-1817. [CrossRef]

Nazzal, L.; Soiefer, L.; Chang, M.; Tamizuddin, F; Schatoff, D.; Cofer, L.; Aguero-Rosenfeld, M.E.; Matalon, A.; Meijers, B.;
Holzman, R;; et al. Effect of Vancomycin on the Gut Microbiome and Plasma Concentrations of Gut-Derived Uremic Solutes.
Kidney Int. Rep. 2021, 6, 2122-2133. [CrossRef] [PubMed]

Lau, J.S.Y.; Korman, T.M.; Woolley, L. Life-long antimicrobial therapy: Where is the evidence? . Antimicrob. Chemother. 2018, 73,
2601-2612. [CrossRef] [PubMed]

Popkov, V.A.; Zharikova, A.A.; Demchenko, E.A.; Andrianova, N.V.; Zorov, D.B.; Plotnikov, E.Y. Gut Microbiota as a Source of
Uremic Toxins. Int. J. Mol. Sci. 2022, 23, 483. [CrossRef] [PubMed]

Devlin, A.S.; Marcobal, A.; Dodd, D.; Nayfach, S.; Plummer, N.; Meyer, T.; Pollard, K.S.; Sonnenburg, J.L.; Fischbach, M.A.
Modulation of a Circulating Uremic Solute via Rational Genetic Manipulation of the Gut Microbiota. Cell Host Microbe 2016, 20,
709-715. [CrossRef]

Lobel, L.; Cao, Y.G.; Fenn, K.; Glickman, J.N.; Garrett, W.S. Diet posttranslationally modifies the mouse gut microbial proteome to
modulate renal function. Science 2020, 369, 1518-1524. [CrossRef]

Oikawa, D.; Yamashita, S.; Takahashi, S.; Waki, T.; Kikuchi, K.; Abe, T.; Katayama, T.; Nakayama, T. (+)-Sesamin, a sesame lignan,
is a potent inhibitor of gut bacterial tryptophan indole-lyase that is a key enzyme in chronic kidney disease pathogenesis. Biochem.
Biophys. Res. Commun. 2022, 590, 158-162. [CrossRef]

Wang, Y.; Li, J.; Chen, C; Lu, J.; Yu, J.; Xu, X.; Peng, Y.; Zhang, S.; Jiang, S.; Guo, ].; et al. Targeting the gut microbial metabolic
pathway with small molecules decreases uremic toxin production. Gut Microbes 2020, 12, 1-19. [CrossRef]

Wang, Z.; Roberts, A.B.; Buffa, J.A.; Levison, B.S.; Zhu, W,; Org, E.; Gu, X.; Huang, Y.; Zamanian-Daryoush, M.; Culley, M.K.; et al.
Non-lethal inhibition of gut microbial trimethylamine production for the treatment of atherosclerosis. Cell 2015, 163, 1585-1595.
[CrossRef]


http://doi.org/10.1016/j.foodres.2018.08.024
http://doi.org/10.2215/CJN.05240515
http://doi.org/10.3390/nu13124481
http://doi.org/10.1038/s41575-021-00440-6
http://www.ncbi.nlm.nih.gov/pubmed/33948025
http://doi.org/10.1007/s00284-022-02783-y
http://www.ncbi.nlm.nih.gov/pubmed/35157139
http://doi.org/10.1016/j.phrs.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29518493
http://doi.org/10.1053/j.jrn.2020.10.003
http://doi.org/10.1093/ajcn/nqz337
http://doi.org/10.1039/C9FO02939G
http://doi.org/10.3390/nu14040805
http://doi.org/10.3390/toxins13050334
http://doi.org/10.34067/KID.0003942020
http://doi.org/10.1093/ndt/gfx029
http://doi.org/10.1016/j.ekir.2021.05.014
http://www.ncbi.nlm.nih.gov/pubmed/34386661
http://doi.org/10.1093/jac/dky174
http://www.ncbi.nlm.nih.gov/pubmed/29873746
http://doi.org/10.3390/ijms23010483
http://www.ncbi.nlm.nih.gov/pubmed/35008909
http://doi.org/10.1016/j.chom.2016.10.021
http://doi.org/10.1126/science.abb3763
http://doi.org/10.1016/j.bbrc.2021.12.088
http://doi.org/10.1080/19490976.2020.1823800
http://doi.org/10.1016/j.cell.2015.11.055

Toxins 2022, 14, 245 17 of 17

109.

110.

111.

112.

113.

114.

115.

116.

117.

Zhang, W.; Miikeda, A.; Zuckerman, J.; Jia, X.; Charugundla, S.; Zhou, Z.; Kaczor-Urbanowicz, K.E.; Magyar, C.; Guo, F.; Wang,
Z.; et al. Inhibition of microbiota-dependent TMAO production attenuates chronic kidney disease in mice. Sci. Rep. 2021, 11, 518.
[CrossRef]

Bansal, T.; Alaniz, R.C.; Wood, T.K.; Jayaraman, A. The bacterial signal indole increases epithelial-cell tight-junction resistance
and attenuates indicators of inflammation. Proc. Natl. Acad. Sci. USA 2010, 107, 228-233. [CrossRef]

Whitfield-Cargile, C.M.; Cohen, N.D.; Chapkin, R.S.; Weeks, B.R.; Davidson, L.A.; Goldsby, ]J.S.; Hunt, C.L.; Steinmeyer, S.H.;
Menon, R.; Suchodolski, J.S.; et al. The microbiota-derived metabolite indole decreases mucosal inflammation and injury in a
murine model of NSAID enteropathy. Gut Microbes 2016, 7, 246-261. [CrossRef] [PubMed]

Barba, C.; Soulage, C.O.; Caggiano, G.; Glorieux, G.; Fouque, D.; Koppe, L. Effects of Fecal Microbiota Transplantation on
Composition in Mice with CKD. Toxins 2020, 12, 741. [CrossRef] [PubMed]

Kemp, J.A.; Esgalhado, M.; Macedo, R.A.; Regis, B.; Damasceno, N.R.T; da Silva Torres, E.AF,; Goncalinho, G.H.E; Borges, N.A;
Nakao, L.S.; Fouque, D.; et al. A possible link between polyunsaturated fatty acids and uremic toxins from the gut microbiota in
hemodialysis patients: A hypothesis. Hemodial. Int. 2019, 23, 189-197. [CrossRef]

Nigam, S.K.; Bush, K.T. Uraemic syndrome of chronic kidney disease: Altered remote sensing and signalling. Nat. Rev. Nephrol.
2019, 15, 301-316. [CrossRef] [PubMed]

Jansen, J.; Jansen, K.; Neven, E.; Poesen, R.; Othman, A.; van Mil, A.; Sluijter, J.; Sastre Torano, J.; Zaal, E.A.; Berkers, C.R; et al.
Remote sensing and signaling in kidney proximal tubules stimulates gut microbiome-derived organic anion secretion. Proc. Natl.
Acad. Sci. USA 2019, 116, 16105-16110. [CrossRef]

Mishima, E.; Fukuda, S.; Kanemitsu, Y.; Saigusa, D.; Mukawa, C.; Asaji, K.; Matsumoto, Y.; Tsukamoto, H.; Tachikawa, T.; Tsukimi,
T.; et al. Canagliflozin reduces plasma uremic toxins and alters the intestinal microbiota composition in a chronic kidney disease
mouse model. Am. J. Physiol. Renal. Physiol. 2018, 315, F824-F833. [CrossRef]

Ho, HJ.; Kikuchi, K.; Oikawa, D.; Watanabe, S.; Kanemitsu, Y.; Saigusa, D.; Kujirai, R.; Ikeda-Ohtsubo, W.; Ichijo, M.; Akiyama,
Y.; et al. SGLT-1-specific inhibition ameliorates renal failure and alters the gut microbial community in mice with adenine-induced
renal failure. Physiol. Rep. 2021, 9, €15092. [CrossRef]


http://doi.org/10.1038/s41598-020-80063-0
http://doi.org/10.1073/pnas.0906112107
http://doi.org/10.1080/19490976.2016.1156827
http://www.ncbi.nlm.nih.gov/pubmed/27007819
http://doi.org/10.3390/toxins12120741
http://www.ncbi.nlm.nih.gov/pubmed/33255454
http://doi.org/10.1111/hdi.12725
http://doi.org/10.1038/s41581-019-0111-1
http://www.ncbi.nlm.nih.gov/pubmed/30728454
http://doi.org/10.1073/pnas.1821809116
http://doi.org/10.1152/ajprenal.00314.2017
http://doi.org/10.14814/phy2.15092

	Introduction 
	Microbiome-Derived URS 
	Uremic Toxins in Relation with the Gut Microbiome 
	The Colon in CKD Patients 
	The Gut Microbiota 
	Host–Microbiota Interaction 

	Advances and Therapies Targeting the Microbiome in CKD to Control URS Levels 
	Oral Adsorbent 
	Nutritional Measures 
	Supplements 
	Prebiotics 
	Probiotics 
	Synbiotics 
	Postbiotics 

	Antibiotics Treatment 
	Enzymatic Modulation 
	Other Therapeutic Options 

	Conclusions 
	References

