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ABSTRACT

Recent studies have highlighted the close relationship between
the kidney and the gastrointestinal (GI) tract—frequently re-
ferred to as the kidney-gut axis—in patients with chronic kid-
ney disease (CKD). In this regard, two important
pathophysiological concepts have evolved: (i) production and
accumulation of toxic end-products derived from increased
bacterial fermentation of protein and other nitrogen-contain-
ing substances in the GI tract, (ii) translocation of endotoxins
and live bacteria from gut lumen into the bloodstream, due to
damage of the intestinal epithelial barrier and quantitative/
qualitative alterations of the intestinal microbiota associated
with the uraemic milieu. In both cases, these gut-centred altera-
tions may have relevant systemic consequences in CKD pa-
tients, since they are able to trigger chronic inflammation,
increase cardiovascular risk and worsen uraemic toxicity. The
present review is thus focused on the kidney-gut axis in
CKD, with special attention to the alterations of the intestinal
barrier and the local microbiota (i.e. the collection of microor-
ganisms living in a symbiotic coexistence with their host in the
intestinal lumen) and their relationships to inflammation and
uraemic toxicity in CKD. Moreover, we will summarize the
most important clinical data suggesting the potential for nutri-
tional modulation of gut-related inflammation and intestinal
production of noxious by-products contributing to uraemic
toxicity in CKD patients.
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INTRODUCTION

Chronic kidney disease (CKD) is a global health issue, since 6-
10% of the adult population in different countries can be
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classified as having CKD in its different stages [1]. In this clin-
ical setting, the most frequent cause of death is cardiovascular
disease (CVD), and the increased cardiovascular mortality risk
in CKD has been attributed both to traditional risk factors, such
as hypertension, diabetes and dyslipidaemia, and to non-con-
ventional risk factors [2]. Among the non-conventional risk
factors, chronic inflammation has received increasing
attention and has been recently suggested as a major catalyst
for CVD in CKD [3].

Many dialysis-related and non-dialysis-related factors are
thought to contribute to the chronic inflammatory status in
chronic kidney disease/end-stage renal disease (CKD/ESRD): in-
creased production of cytokines along with decreased renal clear-
ance, blood-dialyser interactions, non-sterile dialysis fluids,
infection, indiscriminate intravenous iron administration and
other chronic comorbidities, such as heart failure [3].

As to inflammation, two important pathophysiological con-
cepts suggesting a close relationship between the gut and the kid-
ney in CKD have been recently highlighted. First of all, even in
the absence of clinical infection, the inflammatory status typical
of CKD/ESRD could be triggered and/or potentiated by the pas-
sage from the gut to the bloodstream (intestinal translocation) of
pro-inflammatory molecules and toxins linked to bacterial spe-
cies in the lumen, the so-called intestinal microbiota [4, 5]. As a
matter of fact, the exposure to bacterial structures such as lipopo-
lysaccharides (LPS) from Gram-negative bacterial cell wall yields
an inflammatory response mediated by the innate immunity [6].

Second, while it has been shown that the passage of limited
amounts of some bacterial-related substances such as endotox-
ins from the gut to the bloodstream may occur naturally, lead-
ing to ‘physiological’ very low levels of endotoxaemia, yet
translocation of other pro-inflammatory molecules or larger
amounts of endotoxins—and in some cases live bacteria—is
possible only if the intestinal barrier structure/function is da-
maged. Recent studies have documented the negative effects
of uraemia on the gut barrier structure and function, especially
on the protein structure/function of the tight junctions [7-10].
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Hence, the present review is focused on the complex relation-
ship between the gut and the kidney—the so-called kidney-
intestinal axis—in CKD patients, with special regard to the cen-
tral role played by the derangements of gut microbiota and by
intestinal barrier structural/functional alterations.

To this purpose, intestinal bacterial metabolism in healthy
subjects and in CKD will be discussed, along with the effects
of CKD on the intestinal barrier and the bacterial translocation
process.

Finally, we will summarize recent insights on the potential
role and efficacy of nutritional modulation of gut-related in-
flammation and intestinal production of toxins in CKD/
ESRD patients by the use of prebiotics and probiotics.

The gut ecosystem in healthy subjects

The term microbiota indicates a collection of microorganisms
living in a symbiotic coexistence with their host. In humans, up
to 100 trillion bacterial cells from ~500 distinct species are pre-
sent, with the gastrointestinal (GI) tract being the usual habitat
for >70% of those microbes [11, 12]. Five bacterial phyla (Firmi-
cutes, Bacteroidetes, Actinobacteria, Proteobacteria and Verruco-
microbia) and one Archea (Euryarchaeota) are the most
common species in the human gut, two of which are dominant
(90% of all species): Bacteroidetes (Bacteroides, Prevotella and Xy-
lanibacter) and Firmicutes (Ruminococcus, Clostridium, Lactoba-
cillus, Eubacterium, Faecalibacterium and Roseburia) [13]. Most
of the bacterial species have a strict anaerobic metabolism; thus,
as a consequence of the decreasing oxygen tension, bacterial
density progressively increases along the intestinal length, reach-
ing its maximum in the colon [5]. The intestinal ecosystem in-
cludes both the intestinal microbiota and the gut itself, where
bacteria live in a sort of dynamic and mutualistic interaction
with the host structures and metabolism, in order to obtain the
symbiotic benefits. In fact, the gut microbiota has relevant troph-
ic and protective functions on the GI tract, by providing the host
with complementary metabolic pathways for essential com-
pounds (for example, vitamins) and energy substrate production
[14], as well as by regulating key aspects of immunity [5]
(Table 1). Moreover, gut microbiota participates in the biotrans-
formation of conjugated bile acids, signalling molecules impli-
cated in the modulation of fat/glucose metabolism [15]. On the
other hand, the biochemical milieu has a major influence on the
composition and function of the gut microbiota. The distal GI
tract represents a favourable environment for bacterial growth
since it is rich in molecules that can be used as nutrients by mi-
crobes [11]. Host diet significantly influences the diversity of
microbiota species, since they thrive on both luminal availability
of food and host-derived nutrients [16]. The intestinal micro-
biota is generally stable, despite its high metabolic activity, but
is also highly adaptive to modifications in the intestinal environ-
ment, through changes in nutrient utilization linked to nutrient
availability and composition, induction of enzymes and altera-
tions in the total number/composition of bacteria [11].

The availability of undigested carbohydrates (CHO) and pro-
teins in the gut lumen favours bacterial anaerobic metabolism, i.e.
fermentation. Both CHO and proteins are usual substrates of the
anaerobic intestinal microbiota metabolism, but the end-products
of their fermentation may vary widely, with different effects on

Table 1. Physiological effects of gut microbiota

(i) Integrity and function of GI tract
- Restoration of tight junction protein structure

- Induction of epithelial heat-shock proteins
- Upregulation of mucin genes

- Competition with pathogenic bacteria for binding to intestinal
epithelial cells

- Secretion of antimicrobial peptides
- Suppression of intestinal inflammation

(ii) Immunological effects
- Maturation of intestinal immune system

- Reduction of allergic response to food and environmental
antigens

- Promotion of immunomodulation and cell differentiation

(iii) Metabolic effects
- Breakdown of indigestible plant polysaccharides and resistant
starch

- Facilitated absorption of complex CHO

- Synthesis of vitamins (K and B groups)

- Synthesis of amino acids (threonine and lysine)
- Biotransformation of conjugated bile acids

- Degradation of dietary oxalates

the human host. CHO are the most important nutrient used by
the colonic microbe metabolism for energy production, with me-
thane, hydrogen and short-chain fatty acids (SCFA) as end-pro-
ducts [17]. The most important SCFA are butyrate, a key energy
substrate for the colonic epithelial cells, as well as acetate and pro-
pionate, substrates for lipogenesis and gluconeogenesis also in-
volved in positive insulin secretion modulation [14, 17]. In the
presence of adequate amounts of undigested CHO (i.e. dietary fi-
bres), proteins are mostly used for bacterial growth, thus favour-
ing saccharolytic bacterial species, i.e. those that predominantly
ferment CHO (Bifidobacterium and Lactobacillus species) [17].
When CHO availability is reduced, proteins are increasingly fer-
mented by proteolytic bacteria—with Clostridium and Bacter-
oides as the predominant proteolytic species—to produce
energy through deamination. However, protein fermentation
pathways also produce potentially toxic metabolites (ammonia,
amines, thiols, phenols and indoles) [17], generally excreted in
the faeces and by the normal kidney.

A very important regulator of bacterial metabolism is repre-
sented by nutrient availability and composition, in particular
the ratio between undigested CHO and protein. Because
CHO is readily fermented by bacteria, the CHO/protein ratio
is reduced along the intestinal length, whereas slowed transit
(i.e. constipation) may induce an overgrowth of proteolytic spe-
cies, thus favouring the production of both toxic metabolites
and pro-inflammatory substances [17].

Environmental factors (i.e. intestinal pH, antibiotics, nutri-
ent intake, psychological and physical stress, intestinal wall oe-
dema, iron intake, etc.), host genotype, extra-intestinal non-
communicable diseases and inflammatory bowel diseases may
lead to a condition of altered intestinal milieu, i.e. intestinal dys-
biosis [18], in some cases associated with overgrowth of
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pathobionts, i.e. highly pathogenic microbes that may even
reach the bloodstream [19].

In healthy subjects, prevention of intestinal translocation
(i.e. the passage of substances and microbes from the intestinal
lumen to the bloodstream) is usually granted by the intestinal
barrier, with its protective structures/systems: tight junctions,
enterocyte membranes, mucus secretion and immunological
defence mechanisms in the intestinal wall [11, 13]. The epithe-
lial cells are bound together by tight junction complexes that
protect against translocation along paracellular pathways.
Tight junctions are composed by a cluster of adhesive protein
species such as occludins and claudins as major sealing proteins
to diffusion of solutes and fluids, the cytosolic proteins called of
the zonula ocludens (ZO) protein family and the peri-junc-
tional ring of actin and myosin, which regulates paracellular
permeability [6]. In addition, tight junctions can adjust their
tightness according to physiological needs and represent a
very efficient barrier against microbes, LPS, toxic bacterial fer-
mentation end-products, digestive enzymes and other harmful
substances at risk of translocation from the GI tract lumen to
the internal milieu. The intestinal immune system plays a key
role in maintaining the dynamic equilibrium between the sym-
biotic microbiota and the host. In this regard, a well-balanced
interaction between the different components of local adaptive
immune responses, combining secretory IgA and different
types of regulatory T-cell responses, is required to maintain
the intestinal homeostasis by containing microbes and/or mi-
crobial products within the gut lumen [20-22].

The gut ecosystem in CKD/ESRD patients

The presence of CKD/ESRD contributes significantly to the
pathogenesis of intestinal dysbiosis by different mechanisms,
linked both to alterations of the intestinal barrier and changes
in composition of gut microbiota, and by the effects of dietary
restrictions and specific therapies of the syndrome [13, 19]
(Table 2).

The relationship between uraemia and the presence of
alterations of the intestinal barrier function has been carefully
explored in recent experimental and clinical studies [7-10]. The
histological examination of tissue specimens from stomach, je-
junum, ileum and colon has revealed thickened intestinal wall
and increased immune activation in CKD mice compared with
healthy animals [7, 10]. A marked depletion of occluding and
claudin-1 content in the intestinal wall in uraemic mice has
been associated with increased intestinal permeability and leak-
age of luminal bacterial endotoxins and other harmful products
in CKD [7, 10]. In addition, plasma taken from uraemic pa-
tients increased intestinal barrier permeability in vitro, through
a significant reduction of ZO-1 protein, a near complete deple-
tion of claudin-1 and a decrease of occludins [8, 9]. Moreover,
the marked decrease of the main proteins forming the epithelial
tight junction was accompanied by a reduction in the transe-
pithelial resistance, which denotes increased permeability and
epithelial barrier dysfunction [8, 9]. Finally, conditions asso-
ciated with oedema/hypervolaemia or ischaemia may also in-
crease intestinal wall permeability; in particular, a jeopardized
intestinal perfusion, eventually associated with aggressive ultra-
filtration volumes and/or intradialytic hypotension, could
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Table 2. Effects of CKD on bacterial metabolism

Effects Mechanism

1. Reduced intake of dietary fibres Prescribed potassium restriction
[23] leads to reduced intake of fruits and
vegetables

Multifactorial: dialysis modality,
lifestyle, inactivity, phosphate
binders, dietary restrictions, low
fluid intake, primary renal disease
and comorbidities (diabetes, heart
failure, malnutrition and
cerebrovascular disease)

Protein assimilation is impaired in
uraemia, with increased amounts of
intact proteins reaching the colon
Increased blood ammonia
concentrations may change
intestinal lumen pH;

Drug therapies (antibiotics,
phosphate binders, antimetabolites,
etc.) with local effect in the gut
lumen

2. Prolonged colonic transit time
(constipation) [24]

3. Increased amounts of protein
available for proteolytic bacterial
species [24-27]

4. Changes of the colonic
microbiota [13, 28, 29]

increase the dysfunction and permeability of the gut barrier
in ESRD patients on dialysis [13, 30].

Relevant quantitative and qualitative alterations of intestinal
microbiota have been demonstrated in CKD/ESRD, such as in-
creased counts of both aerobic and anaerobic microorganisms
in the proximal portions of the gut (duodenum and jejunum),
as well as overgrowth of both the colonic aerobic bacteria species
Proteobacteria and Actinobacteria [28] and the anaerobic species
Firmicutes [13,28]. In particular, an expansion of bacterial species
possessing urease, uricase, indole- and p-cresol-forming enzymes
has been recently demonstrated [29]. Twelve of the 19 microbial
families more prevalent in ESRD patients were among those pro-
ducing urease (e.g. Alteromonadacea, Cellulomonadacea, Clostri-
diacea, Dermabacteracea, Enterobacteriacea, Halomonadacea,
Methylocaccaceae, Micrococcaceae, Moraxellaceae, Polyangiaceae,
Pseudomonadaceae and Xanthomonadaceae). Urea is now con-
sidered a key factor in the pathogenesis of gut barrier dysfunction.
Urea accumulation in CKD increases urea influx into the intes-
tinal lumen, where it is hydrolysed to ammonia by microbial ur-
ease; ammonium hydroxide, a by-product of ammonia, increases
intestinal pH leading to mucosal irritation and structural damage
[31, 32]. Moreover, urea may undergo spontaneous dissociation
to cyanate, a reactive species able to increase the blood level of car-
bamylated proteins, an independent predictor of CVD [33, 34]. In
the same way, the intestinal excretion of uric acid and oxalate also
increases in CKD [35, 36]. Because of the wide availability of ni-
trogen waste products in the gut, the overgrowth of microbes cap-
able of utilizing these substrates is thus favoured [29] (Figure 1).
Finally, microbes able to produce indole and p-cresol were also
included among the above-mentioned 19 most abundant micro-
bial families, such as Clostridiaceae, Enterobacteriacea and Verru-
comicrobiacea [29], whereas microbial families with butyrate-
producing enzymes (Lactobacillaceae and Prevotellaceae) were re-
duced compared with healthy subjects [29].

Dietary habit changes associated with dietary restrictions
and specific therapies may also contribute to intestinal dysbiosis
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FIGURE 1: Negative effects of CKD/ESRD on intestinal barrier and microbiota. CKD, chronic kidney disease; ESRD, end-stage renal disease; GI,

gastrointestinal; HD, haemodialysis.

in CKD. The most represented indigestible CHO in the diet is
fibre, known to be the primary source of substrates for bacterial
fermentation. However, patients with CKD/ESRD often have a
low intake of two major sources of dietary fibre—fruits and ve-
getables—due to the dietary restrictions of potassium intake. As
a matter of fact, a recent study that analysed data from 1105
CKD patients has shown that 56.4% of subjects consumed on
average <14.5 g of fibre/day [23], whereas the recommended in-
take of dietary fibre by the World Health Organization for the
average population is at least 25 g/day. The prolonged GI transit
may lead to increased CHO fermentation in the proximal seg-
ments of the intestine [24]. In addition, CKD patients seem to
have impaired protein digestion and absorption, due to distur-
bances related to protein breakdown, synthesis and oxidation
[25]. Alterations in GI tract motility, gastric hypochlorhydria,
bacterial overgrowth in the small bowel and pancreatic abnor-
malities may all concur in impairing protein digestion and ab-
sorption in CKD, thus increasing the availability of a larger
amount of undigested proteins for proteolytic bacteria in the
colon [24, 26, 27]. In addition to the low availability of fibre
for saccharolytic bacteria and GI tract slower transit time
caused by the reduced bulk of dietary fibre, other factors related
to CKD/ESRD therapies itself (e.g. dialysis modality, use of
phosphate binders, antibiotics, etc.) are likely to worsen consti-
pation, thus changing the amount and composition of the in-
testinal microbiota.

Intestinal dysbiosis, uraemic toxin production
and cardiovascular risk

CKD, especially in its most advanced stages, is characterized
by the progressive accumulation of many substances
and solutes, such as electrolytes, hormones and uraemic solutes
(small water-soluble molecules, middle molecules and protein-
bound uraemic solutes). Uraemic solutes are able to interfere
with many biological functions and are indicated as uraemic
toxins [37]. Protein-bound uraemic toxins have been receiving
much attention in the last decade, especially because of their ef-
fects on inflammation and CVD risk, and for their incomplete
clearance by conventional renal replacement therapy (RRT)
[37, 38]. Their precursors are formed in the GI tract during pro-
tein fermentation by the microbiota. The two most widely stud-
ied are p-cresol (the precursor of p-cresyl sulphate and of the
less studied p-cresyl-glucuronide) and indole (the precursor
of indoxyl sulphate), generated, respectively, from tyrosine
and tryptophan fermentation. During its transport through
the intestinal wall to the bloodstream, p-cresol is converted to
p-cresyl sulphate by cytoplasmic sulfotransferase, whereas in-
dole is metabolized in the liver to produce indoxyl sulphate;
in healthy subjects, both molecules are excreted by the kidney
by active tubular secretion, whereas in CKD, increased blood
levels of p-cresyl sulphate and indoxyl sulphate parallel the re-
duction of renal function [39]. In ESRD patients on dialysis, the
clearance of p-cresyl sulphate and indoxyl sulphate is <10% of
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that of normal kidneys [40], and their blood levels have been
related to poor outcomes [41-47]. These protein-bound uraem-
ic solutes may in fact negatively affect endothelial function and
repair by several mechanisms, including inflammation, oxidative
stress, impaired nitric oxide production and inhibition of endo-
thelial proliferation and healing [43-48], and they have been as-
sociated with increased incidence of CVD and mortality [41, 42,
47).

The immunoregulatory role of intestinal ecosystem
in CKD/ESRD

The symbiotic relationship between the gut and its micro-
biota is actively involved in the regulation of the local and sys-
temic immunity; any derangement of this complex ecosystem,
as in the case of CKD-associated dysbiosis, may produce rele-
vant negative effects on patient health status. To maintain the
balance between the host and its microbial flora, as well as its
own function as a digestive organ, the GI tract requires both
the constant induction of different immunoregulatory re-
sponses and the continuous modulation of antagonistic signals
(i.e. pro- and anti-inflammatory) driven by the host-microbe
symbiotic relationship [5, 19]. As a matter of fact, the gut micro-
biota participates in immune homeostasis and in protection
against infections since the postnatal colonization period of
the gut, by contributing to the formation and maturation of
the immune system, not only at the local level (e.g. for example,
the mucosa-associated lymphoid tissue of Peyer’s patches of the
intestinal wall) but also in the extra-intestinal lymphoid tissues
[49]. Many different mechanisms are involved in this ‘shaping
effect’ of the immune system [50] by the gut microbiota: sec-
ondary lymphoid structure development, epithelial/vascular
structure fostering, stimulation of mucus layer and antimicro-
bial peptide production [5, 49, 51]. Moreover, the modulation
oflocal immune system in the gut also sets the stage for the sym-
biotic relationship between the host and its intestinal micro-
biota. The innate immune response is able to identify
microbes by mucosal pattern recognition receptors (PRRs)
that recognize molecular products of microorganism, such as
microbe-associated molecular patterns, small molecular motifs
exclusively present on microbes and LPS [6]. In this regard, toll-
like receptors (TLRs) are the key PRR family [6], and their con-
trolled activation is considered a main mechanism of tolerance
towards symbiotic commensal microbic species in the gut
lumen [5, 19]. The final effector mechanisms originate through
the signalling pathways downstream of TLRs, leading to the
production of antimicrobial proteins and pro-inflammatory cy-
tokines through the NF-kB pathway activation [5, 19]. In a sym-
biotic gut, continuous exposure to LPS is associated with
desensitization of epithelial cells [52]. In fact, their response
is attenuated by different mechanisms, such as LPS-mediated
downregulation of the IL-1 receptor-associated kinase 1, the
proximal activator of the NF-kB cascade [52], LPS-mediated in-
duction of peroxisome proliferator-activated receptor-g, which
can divert NF-kB from the nucleus [53] and commensal bac-
teria-derived reactive oxygen species-mediated inhibition of
polyubiquitination and degradation of the aortic inhibitor of
kB [54]. Thus, a dynamic equilibrium is established—and
maintained—in the gut between host and microbes, in the
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sense that persistent, low-grade innate immune activation in-
volves the induction of a coordinated series of immunoregula-
tory mechanisms partially suppressing the immune response
[5]. Moreover, TLR stimulation may contribute to tight junc-
tion integrity preservation and repair [55, 56]. However, in
the presence of dysbiosis and pathobiont overgrowth, the loss
of the gut barrier integrity with the ensuing translocation of
bacteria and their components may disrupt tolerance, trigger-
ing the intestinal and systemic immune system to an overshoot-
ing and potentially harmful pro-inflammatory response, aimed
at clearing the invading microbes [5, 19]. This response involves
the secretion of IL-1 and -6 from intestinal epithelial cells, the
promotion of TH1 and TH17 response by dendritic cells
(DCs) and macrophages and the production of higher levels of
commensal-specific IgG by B cells [19]. In this context, LPS
binding to its receptor complex on macrophages results in highly
increased production of inflammatory cytokines such as IFN-B,
IEN-y, IL-1B, IL-6, TNFa and IL-12 [6, 57]. These mechanisms,
characterized by persistent inflammation, are considered among
the likely missing links between CKD/ESRD and some of the
cardiovascular/renal complications typical of the syndrome [3].
In fact, poly(ADP-ribose) polymerase activation by bacterial
components and/or translocated microbes is not necessarily a
gut-limited phenomenon, but it could spread too many differ-
ent cell types, including vascular endothelial cells, DCs and
macrophages, triggering accelerated atherogenesis [58] and
CKD progression [59].

Besides being a chronic systemic inflammatory status, CKD/
ESRD may also represent a state of acquired immunodeficiency,
as testified by the increased incidence of infections in this clinical
setting [5]. The chronic inflammatory status of uraemia could be
associated with a form of excessive suppression of the adaptive
immunity [60], as suggested by the reduced response to viral
and mycobacterial infections and by the inadequate priming of
antigen-specific T/B cells after vaccination in these patients [61-
63]. Within this conceptual framework, it is likely that also in
CKD, chronic TLRs stimulation by LPS/bacteria may be followed
by a refractory state, a phenomenon well known in the case of
sepsis syndrome and referred to as the ‘compensatory anti-in-
flammatory syndrome’ or ‘immune paralysis’ due to endotoxin
tolerance [5]. On these theoretical grounds, following an initial
and strong inflammatory phase, an ensuing upregulation of
anti-inflammatory mediators may lead to suppression of both in-
nate and adaptive immunity, acquired immunodeficiency status,
impaired host defence and increased risk of secondary infections

[5].

Modulation of intestinal barrier dysfunction
and microbiota alterations in CKD/ESRD

Different approaches based on the use of probiotics, prebio-
tics and synbiotics could allow, at least in theory, the modula-
tion of gut microbiota and intestinal barrier structure/function.
Probiotics are ‘viable organisms that, when ingested in suffi-
cient amounts, exert positive health effects’ [64]. Among the
many purported health benefits attributed to probiotic bacteria,
the (transient) modulation of the intestinal microbiota and the
capability to interact with the immune system—directly or
through the autochthonous microbiota—represent basic
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mechanisms. The term prebiotic, refers to ‘a selectively fermen-
ted ingredient that allows specific changes, both in the compos-
ition and/or activity in the gastrointestinal microbiota that
confer benefits’ [65]. Prebiotics promote the growth of bifido-
bacteria, microbial species that stabilize the mucosal barrier
function, and reduce the abundance of pathogenic bacteria by
gut lumen acidification, competition for nutrients and produc-
tion of antimicrobial substances [66]. Although all prebiotics
are fibre, not all fibres are prebiotic. In fact, some characteristics
must be present in the food ingredient to be classified as a pre-
biotic, such as resistance to gastric acidity, hydrolysis by mam-
malian enzymes, absorption in the upper GI tract, fermentation
by the intestinal microbiota, selective stimulation of growth
and/or activity of intestinal bacteria potentially associated
with health and well-being [64, 65]. At present, only bifidogenic
non-digestible oligosaccharides [especially inulin, oligofructose
and (trans) galacto-oligosaccharides] fulfil all of these criteria.
Finally, when probiotics are administered in combination with
prebiotics, they are referred to as synbiotics. Several studies have
approached the issue of intestinal environment modulation to fa-
vour the growth of saccharolytic bacteria by using probiotics (i.e.
Lactobacillus, Streptococcus and Bifidobacteria) [67-71], prebio-
tics (i.e. arabic gum and oligofructose) [72-74] or synbiotics (i.e.
Lactobacillus and Bifidobacterium combined to oligosaccharides)
[75, 76]. Table 3 summarizes the most recent studies testing the
effects of probiotics, prebiotics and synbiotics on concentration
of serum uraemic toxins of CKD/ESRD patients. In most of the
cases, these potential modulators have been explored in terms of
effects on blood accumulation of nitrogen compounds such as
blood urea nitrogen (BUN), p-cresyl sulphate and/or indoxyl sul-
phate (Table 3). Only three randomized controlled trials (RCT's)
with probiotics are available [69-71]; in two of them [69, 70], the
use of a mix of bacteria (L. acidophilus KB27, B. longum KB31 and
S. thermophilus KB19) for 6 months reduced BUN and uric acid
levels in stage-3 to -4 CKD patients. In the most recent study
[71], a 2-month treatment with a dairy product containing 16

x 10° CFU of Lactobacillus casei Shirota was able to reduce
BUN concentration in CKD patients stages 3 and 4. In non-ran-
domized studies evaluating the effects of probiotics on serum
and faecal uraemic solutes in haemodialysis patients [67, 68],
reduced excretion of p-cresol and indican (i.e. indoxyl sulphate)
and decreased serum levels of indoxyl sulphate [67, 68] were
observed, probably owing to lower intestinal production of
these toxins. In CKD patients, beneficial effects such as BUN
decrease [73], improved estimated glomerular filtration rate
[74], higher faecal nitrogen excretion and increased faecal sac-
charolytic bacterial mass have been demonstrated also with the
use of prebiotics [72]. These data suggest that fermentable fibres
are able to provide enough energy substrates for the intestinal
microbiota, allowing saccharolytic bacteria to incorporate ni-
trogen for growth, to reduce blood nitrogen compound produc-
tion and to increase their faecal excretion [72]. Other studies have
shown a reduction of serum p-cresyl sulphate and p-cresyl sul-
phate generation rates in ESRD patients on haemodialysis [73,
74]. The use of synbiotics (i.e. a combination of probiotics and pre-
biotics) decreased serum p-cresol conjugates levels, normalized the
amount and consistency of stools in haemodialysis (HD) patients
[75] and increased the counts of Bifidobacteria [76].

Few data are currently available concerning the effects of
dietary fibre, such as prebiotics that occur naturally in whole
grain foods, fruits and vegetables—on patient mortality. A re-
cent observational study based on the Third National Health
and Nutrition Examination Survey (NHANES III) database
has evaluated whether the association between dietary fibre in-
take, elevated C-reactive protein and all-cause mortality is
modified by the presence of CKD [23]. The average intake of
fibre (15 g/day) in CKD patients was significantly reduced as
compared with the reccommended intake. This is not surprising,
since the actual dietary recommendations for CKD patients in-
clude the restriction of fruits and vegetables to control or pre-
vent hyperkalaemia. In the overall study population (healthy
subjects and CKD patients), an increased intake of fibre was as-
sociated with a decrease in the inflammatory status; however,
only in the CKD subgroup was dietary fibre intake associated
with a decrease in all-cause mortality. In particular, each 10
g/day increase in total dietary fibre intake was related to a
17% lower mortality risk, suggesting CKD as a very important
modifier of the already known beneficial effects of dietary fibre
intake. No clear recommendation is available on the optimal
amount of fibre in CKD/ESRD in the currently available guide-
lines or consensus papers.

Perspectives and future topics for research

At present, in most of the ESRD patients, uraemia can only be
treated by RRT, which may fall short of clearing higher-
molecular-weight solutes or protein-bound uraemic toxins. Re-
cent observations about the possible role of the gut in the produc-
tion of some of these toxic substances have led to increased efforts
in the development of new therapeutic approaches targeting the
intestinal microbiota to improve the uraemic syndrome. Three
possible strategies are currently being investigated: (i) modulating
bacterial growth by preferential selection of saccharolytic instead
of proteolytic species, thus reducing uraemic toxin production,
(ii) preventing the absorption of toxic end-products of microbial
metabolism, thus reducing their levels in the blood and (iii) im-
proving removal of protein-bound uraemic toxins from the
blood by RRT.

The modulation of bacterial growth to reduce the production
of uraemic toxins is the most extensively studied GI tract-targeted
strategy and involves the use of probiotics and prebiotics. In add-
ition to probiotics and prebiotics, also antibiotics can be used for
bacterial selection. At present, there are no published data on
CKD patients, but good results with this approach have been ob-
tained in the prevention of hepatic encephalopathy relapses in
cirrhotic patients [77]. An alternative method to inhibit early fer-
mentation of indigestible CHO in the small intestine is repre-
sented by a-glucosidase inhibitors, such as acarbose [78],
which, at least in healthy volunteers, may reduce serum levels
and urinary excretion of p-cresol [79].

A second strategy is represented by the inhibition of micro-
bial metabolite absorption by reducing their availability
through adsorption onto high-affinity surfaces in the intestinal
lumen. Currently, two substances are being studied for this pur-
pose. AST-120 is a spherical adsorbent made of millimetric car-
bon particles (0.2-0.4 mm diameter) that adsorb various
compounds, including indole, p-cresol and other toxins in
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Table 3. Current studies testing the effects of probiotics, prebiotics or synbiotics on CKD/ESRD patients

Probiotic

Study
Hida et al. [67]

Takayama et al.

Primary endpoint  Design Treatment

Indican, p-cresol ~ Notan RCT; n=20; Lebenin (Bifidobacterium infantis, Lactobacillus
HD 1 month acidophilus and Enterococcus faecalis); 2 times/
day

Bifidobacterialongum: gastro-resistant seamless

Indoxyl sulphate ~ Non-randomized

[68] CT; n=22; HD capsule (Bifina) versus powder formulation
5 weeks (Lac B)

Ranghanathan ~ BUN, creatinine, ~ RCT, double- KibowBiotics® (L. acidophilus KB27, B.

et al. [69] uric acid blinded, crossover; longumKB31 and S. thermophilus KB19);
CKD stages 3-4; 90 billion colony-forming units [CFUs]/day
n=13; 6 months

Ranghanathan BUN, creatinine, RCT, double- Kibow Biotics® (L. acidophilus KB27, B. longum

et al. [70] uric acid blinded, crossover; KB31 and S. thermophiles KB19); 90 billion
CKD stages 3-4; colony-forming units [CFUs]/day
n = 46; 6 months

Prebiotic  Bliss et al. [72] =~ BUN, faecal RCT single- Treatment: 25 g arabic gum in 150 mL of juice;

nitrogen excretion blinded, crossover;
and faecal bacterial n = 16; CKD;
mass 8 weeks

Placebo: 0.5 g pectin in 150 mL of juice;
2 times/day

REJI

Reduction of serum p-cresol and
indican; reduction of faecal
p-cresol and indicant

Decrease of serum indoxyl
sulphate in the Bifina group.

Reduction of BUN and uric acid
during treatment period

Reduction of BUN

Decrease of BUN, increase of
faecal nitrogen excretion and
faecal bacterial mass during
arabic gum treatment

Meijers et al. p-Cresyl sulphate ~ Not an RCT; Escalating dose of ORAFITI Synergy 1 Decrease of serum p-cresyl
[41] n=22; HD (oligofructose + linear fructans); 10 g/day— sulphate; decrease on of p-cresyl
1 month Week 1, 20 g/day from Week 2 sulphate generation rate
Salmean et al. BUN and Not an RCT, single- Regular food (cereal, cookies and bars) Decrease of BUN and serum
[74] creatinine blinded, crossover;  providing 1.6 g/day of fibre for 2 weeks; enriched creatinine; improve of eGFR
n=13; CKD; food providing 23 g/day of fibre for 4 weeks.
6 weeks Foods were incorporated into patient usual diets.
Symbiotic Nakabayashi p-Cresol Not an RCT; SYN (Lactobacillus casei strain Shirota and Decrease of p-cresol levels;
et al. [75] n=9; HD; Bifidobacterium breve and galacto- normalization of quantity and
4 weeks oligosaccharides); consistency of stools

2 times/day/2 weeks

Cruz-Mora et al. Faecal bacterial RCT;
[76] mass n=18; HD;
2 months

Treatment: probiotics (Lactobacillus acidophilus Increase of Bifidobacterium
and Bifidobacterium bifidum), 2.0 x 10"* colony- counts
forming units; 2.31 g of inulin; 1.5 g of omega-3

fatty acids and vitamins (complex B, folic acid,
ascorbic acid and vitamin E);

Placebo: a gel without prebiotic fibre, probiotics,
omega-3 fatty acids and vitamins

BUN, blood urea nitrogen; CKD, chronic kidney disease; CT, controlled trial; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; HD, haemodialysis; RCT, randomized

controlled trial.

the GI tract [80]. Recently, in an animal model of CKD, AST-
120 was able to attenuate uraemia-induced disruption of colon-
ic epithelial tight junction, endotoxaemia, oxidative stress and
inflammation [81]. An RCT has demonstrated that AST-120
was associated with a decrease in the rate of loss of kidney func-
tion in patients with mild-to-moderate CKD [82, 83]. In add-
ition, in a phase II study, AST-120 decreased serum indoxyl
sulphate levels in a dose-dependent fashion, with an improve-
ment of the uraemic syndrome [84]. In a retrospective study of
192 ESRD patients, the initiation of AST-120 before the first dia-
lysis was associated with reduced risk of all-cause mortality com-
pared with controls [85]. Sevelamer hydrochloride, a well-known
phosphate binder, has been studied due to its adsorbent effects.
An observational study in 20 patients receiving sevelamer hydro-
chloride has demonstrated a reduction of serum ultra-high-sen-
sitive C-reactive protein and endotoxin levels after 6 months of
treatment [86]. However, in animal models [87] and in dialysis
patients [88], sevelamer failed to decrease serum concentrations
of indoxyl sulphate and p-cresyl.

Finally, a third strategy is aimed at improving the efficiency
of removal of protein-bound compounds from plasma by RRT,

930

by either adsorption of these compounds on resin cartridges
[89, 90], or by lowering their binding to plasma proteins [91].
A recent study used Hemo-Filtrate-Reinfusion (HFR), an RRT
modality that combines diffusion, convection and adsorption
through a resin cartridge with binding properties towards
many medium- to high-molecular-weight solutes and pro-in-
flammatory cytokines [92]. In this study, total plasma p-cresol
level was significantly reduced by HFR, a technique more effect-
ive than conventional HD in clearing p-cresol from plasma (re-
duction ratio of 56.6 +12.5% versus 37.1 £20.2%, P <0.05)
[92].

CONCLUSION

Cardiovascular disease is the leading cause of death among CKD/
ESRD patients and is closely associated with an inflammatory sta-
tus typical of this clinical setting. Chronic inflammation in CKD/
ESRD patients, even in the absence of active infection, has been
related at least in part to the passage of bacterial components and
live bacteria into the bloodstream (translocation) through a
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damaged intestinal barrier and to the accumulation of uraemic
solutes generated as end-products of deranged microbiota selec-
tion/metabolism in the gut. In fact, CKD/ESRD is associated with
a prevalence of protein-fermenting microbial flora and increased
production of protein-bound uraemic toxins. The coexistence of
impaired kidney function leads to the accumulation of these tox-
ins, worsening the uraemic state and maintaining the inflamma-
tion. Modulating the gut microbiota by probiotics or prebiotics
could positively modify the gut bacterial composition and metab-
olism, likely decreasing the production of uraemic solutes and re-
ducing chronic inflammation. However, more RCT's are needed
to assess a putative causal relationship between probiotics/prebio-
tics use and uraemic/inflammatory/CVD risk status in CKD/
ESRD patients, as well as to better define the optimal intake of
fibre in this clinical setting, and to increase dietary fibre intake
despite the well-known restrictions on fruits and vegetables of
the renal diets.

FUNDING

A.S. is supported by “Parma per il Rene ONLUS”, Parma, Italy,
a non-profit Foundation for Kidney Research.

CONFLICT OF INTEREST

None declared.

REFERENCES

1. Jha V, Garcia-Garcia G, Iseki K et al. Chronic kidney disease: global dimen-
sion and perspectives. Lancet 2013; 382: 260-272
2. Gansevoort RT, Correa-Rotter R, Hemmelgam B et al. Chronic kidney dis-
ease and cardiovascular risk: epidemiology, mechanism and prevention.
Lancet 2013; 382: 339-352
3. Carrero JJ, Stenvinkel P. Persistent inflammation as a catalyst for other risk
factors in chronic kidney disease. Clin ] Am Soc Nephrol 2009; 4: S49-S55
4. Szeto CC, Kwan BC, Chow KM et al. Endotoxemia is related to systemic
inflammation and atherosclerosis in peritoneal dialysis patients. Clin J
Am Soc Nephrol 2008; 3: 431-436
5. Anders HJ, Andersen K, Stecher B. The intestinal microbiota, a leaky gut and
abnormal immunity in kidney disease. Kidney Int 2013; 83: 1010-1016
6. Baumgart DC, Dignass AU. Intestinal barrier function. Curr Opin Clin
Nutr Metab Care 2002; 5: 685-694
7. Vaziri ND, Yuan ], Rahimi A et al. Disintegration of colonic epithelial tight
junction in uremia: a likely cause of CKD-associated inflammation. Ne-
phrol Dial Transplant 2012; 27: 2686-2693
8. Vaziri ND, Goshtasbi N, Yuan ] et al. Uremic plasma impairs barrier func-
tion and depletes the tight junction protein constituents of intestinal epithe-
lium. Am J Nephrol 2012; 36: 438-433
9. Vaziri ND, Yuan J, Norris K. Role of urea in intestinal barrier dysfunction
and disruption of epithelial tight junction in CKD. Am ] Nephrol 2013; 37:
1-6
10. Vaziri ND, Yuan J, Nazertehrani S et al. Chronic kidney disease causes dis-
ruption of gastric and small intestinal epithelial tight junction. Am J Ne-
phrol 2013; 38: 99-103
11. Sekirov I, Russell SL, Caetano L et al. Gut microbiota in health and disease.
Physiol Rev 2010; 90: 859-904
12. Arumugan N, Raes ], Pelletier E et al. Enterotypes of the human gut micro-
biome. Nature 2011; 473: 174-180

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Vaziri ND. CKD impairs barrier function and alters microbial flora of the
intestine: a major link to inflammation and uremic toxicity. Curr Opin Ne-
phrol Hypert 2012; 21: 587-592

Cummings JH, Macfarlane GT. Role of intestinal bacteria in nutrient me-
tabolism. JPEN ] Parenter Enteral Nutr 1997; 21: 357-365

Scott KP, Gratz SW, Sheridan PO et al. The influence of diet in gut micro-
biota. Pharmacol Res 2012; 69: 52-60

Bickhed F, Ley RE, Sonnenburg JL et al. Host-bacterial mutualism in the
human intestine. Science 2005; 307: 1915-1920

Evenepoel P, Meijers BKI, Bammens BRM et al. Uremic toxins originating
from colonic microbial metabolism. Kidney Int 2009; 76: S12-S19
Hawrelak JA, Myers SP. The causes of intestinal dysbiosis: a review. Altern
Med Rev 2004; 9: 180-197

Ramezani A, Raj DS. The gut microbiome, kidney disease, and targeted in-
terventions. ] Am Soc Nephrol 2014; 25: 657-670

Geuking MB, McCoy KD, Macpherson AJ. The function of secretory IgA in
the context of the intestinal continuum of adaptive immune responses in
host-microbial mutualism. Semin Immunol 2012; 24: 36-42

Swiatczak B, Rescigno M. How the interplay between antigen presenting
cells and microbiota tunes host immune responses in the gut. Semin Immu-
nol 2012; 24: 43-49

Khader SA, Gaffen SL, Kolls JK. Th17 cells at the crossroads of innate and
adaptive immunity against infectious diseases at the mucosa. Mucosal Im-
munol 2009; 2: 403-411

Krishnamurthy VMR, Wei G, Baird BC et al. High dietary fiber intake is
associated with decreased inflammation and all-cause mortality in patients
with chronic kidney disease. Kidney Int 2012; 81: 300-306

Bammens B, Verbeke K, Vanrenterghem Y et al. Evidence for impaired as-
similation of protein in chronic renal failure. Kidney Int 2003; 64: 2196-2203
Mafra D, Barros AF, Fouque D. Dietary protein metabolism by gut micro-
biota and its consequences for chronic kidney disease patients. Future
Microbiol 2013; 8: 1317-1323

Nyangale EP, Mottram DS, Gibson GR. Gut microbial activity, implications
for health and disease: the potential role of metabolite analysis. ] Proteome
Res 2012; 11: 5573-5585

Bammens B, Evenepoel P, Verbeke K et al. Impairment of small intestinal
assimilation in patients with end-stage renal disease: extending the malnu-
trition-inflammation-atherosclerosis concept. Am ] Clin Nutr 2004; 80:
1536-1543

Vaziri ND, Wong ], Pahl MV et al. Chronic kidney disease alters the com-
position of intestinal microbial flora. Kidney Int 2013; 83: 308-315

Wong ], Piceno YM, De Santis TZ et al. Expansion of urease and uricase-
containing, indole- and p-cresol-forming and contraction of short chain
fatty acid-producing intestinal bacteria in ESRD. Am ] Nephrol 2014; 39:
230-237

Ritz E. Intestinal-renal syndrome: mirage or reality? Blood Purif 2011; 31:
70-76

KangJY. The gastrointestinal tract in uremia. Dig Dis Sci 1993; 38: 257-268
Vaziri ND, Freel RW, Hatch M. Effect of chronic experimental renal
insufficiency on urate metabolism. ] Am Soc Nephrol 1995; 6:
1313-1317

Koeth RA, Kalantar-Zadeh K, Wang Z et al. Protein carbamylation predicts
mortality in ESRD. ] Am Soc Nephrol 2013; 24: 853-861

Apostolov EO, Basnakian AG, Ok E et al. Carbamylated low-density lipo-
protein: nontraditional risk factor for cardiovascular events in patients with
chronic kidney disease. ] Ren Nutr 2012; 22: 134-138

Hatch M, Vaziri ND. Enhanced enteric excretion of urate in rats with
chronic renal failure. Clin Sci 1994; 86: 511-516

Hatch M, Freel RW, Vaziri ND. Intestinal excretion of oxalate in chronic
renal failure. ] Am Soc Nephrol 1994; 5: 1339-1343

Neirynck N, Vanholder R, Schepers E et al. An update on uremic toxins. Int
Urol Nephrol 2013; 45: 139-150

Sirich TL, Funk BA, Plummer NS et al. Prominent accumulation in hemo-
dialysis patients of solutes normally cleared by tubular secretion. ] Am Soc
Nephrol 2014; 25: 615-622

Viaene L, Meijers BK, Bammens B et al. Serum concentrations of p-cresyl
sulfate and indoxyl sulfate, but not inflammatory markers, increase in inci-
dent peritoneal dialysis patients in parallel with loss of residual renal func-
tion. Perit Dial Int 2014; 34: 71-78

Intestinal barrier and microbiotain chronic kidney disease 931

MITATYT TIAAd

9T0Z ‘9 Joquedaq uo 1senb Aq /H1o'sfeulnolploixosipuy/:dny wolj papeojumoq


http://ndt.oxfordjournals.org/

FULL REVIEW

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

Dobre M, Meyer TW, Hostetter TH. Searching for uremic toxins. Clin ] Am
Soc Nephrol 2013; 8: 322-327

Meijers BK, Claes K, Bammens B et al. p-Cresol and cardiovascular risk in
mild-to moderate kidney disease. Clin ] Am Soc Nephrol 2010; 5:
1182-1189

Liabeuf'S, Barreto DV, Barreto FC et al. Free p-cresyl sulfate is a predictor of
mortality in patients in different stages of chronic kidney disease. Nephrol
Dial Transplant 2010; 25: 1183-1191

Jourde-Chiche N, Dou L, Cerini C et al. Vascular incompetence in dialysis
patients—protein-bound uremic toxins and endothelial dysfunction.
Semin Dial 2011; 24: 327-337

Shunsuke I, Masayuki Y. Protein-bound uremic toxins: new culprits of car-
diovascular events in chronic kidney disease patients. Toxins 2014; 6:
665-678

Dou L, Jourde-Chiche N, Faure V et al. The uremic solute indoxyl sulfate
induces oxidative stress in endothelial cells. ] Thromb Haemost 2007; 5:
1302-1308

Yu M, Kim YJ, Kang DH. Indoxyl sulfate induced endothelial dysfunction
in patients with chronic kidney disease via an induction of oxidative stress.
Clin ] Am Soc Nephrol 2011; 6: 30-39

Barreto FC, Barreto DV, Liabeuf S et al. Serum indoxyl sulfate is associated
with vascular disease and mortality in chronic kidney disease patients. Clin
J Am Soc Nephrol 2009; 4: 1551-1558

Rossi M, Campbell KL, Johnson DW 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
Cerf-Bensussan N, Eberi G. The dialog between microbiota and the im-
mune system: shaping the partners through development and evolution.
Semin Immunol 2012; 24: 1-2

Molloy MJ, Bouladoux N, Belkaid Y. Intestinal microbiota: shaping local
and systemic immune responses. Sem Immunol 2012; 24: 58-66
Mazmanian SK, Liu CH, Tzianabos AO et al. An immunomodulatory mol-
ecule of symbiotic bacteria directs maturation of the host immune system.
Cell 2005; 122: 107-118

Lotz M, Guthe D, Walther S et al. Postnatal acquisition of endotoxin toler-
ance in intestinal epithelial cells. ] Exp Med 2006; 203: 973-984
Dubuquoi L, Jansson EA. Impaired expression of peroxisome proliferator-
activated receptor gamma in ulcerative colitis. Gastroenterology 2003; 124:
1265-1276

Kumar A, Wu H, Collier-Hyams LS. Commensal bacteria modulate cullin-
dependent signaling via generation of reactive oxygen species. EMBO J
2007; 26: 4457-4466

Cario E, Gerken G, Podolsky DK. Toll-like receptor 2 controls mucosal in-
flammation by regulating epithelial barrier function. Gastroenterology
2007; 132: 1359-1374

Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F et al. Recognition of com-
mensal microflora by toll-like receptors is required for intestinal homeosta-
sis. Cell 2004; 118: 229-241

Bode JG, Ehlting C, Haussinger D. The macrophage response towards LPS
and its control through the p38 (MAPK)-STAT3 axis. Cell Signal 2012; 24:
1185-1194

Kieche S, Lorenz E, Reindl M et al. Toll-like receptor 4 polymorphisms and
atherogenesis. N Engl ] Med 2002; 347: 185-192

Ryu M, Kulkarni OP, Radomska E. Bacterial CpG-DNA accelerates
Alport glomerulosclerosis by inducing an M1 macrophage phenotype
and tumor necrosis factor-o-mediated podocyte loss. Kidney Int 2011;
79: 189-198

Hauser AB, Stinghen AEM, Kato S et al. Characteristics and causes of im-
mune dysfunction related to uremia and dialysis. Perit Dial Int 2008; 28:
$183-5187

Eleftheriadis T, Antoniadi G, Liakopoulos V et al. Disturbances of acquired
immunity in hemodialysis patients. Semin Dial 2007; 20: 440-451

Janus N, Vacher LV, Karie S et al. Vaccination and chronic kidney disease.
Nephrol Dial Transplant 2008; 23: 800-807

Girndt M, Sester M, Sester U et al. Molecular aspects of T- and B-cell func-
tion in uremia. Kidney Int Suppl 2001; 78: S206-S201

Chow J. Probiotics and prebiotics: a brief overview. ] Ren Nutr 2002; 12: 76-86
de Vrese M, Schrezenmeir J. Probiotics, prebiotics, and synbiotics. Adv Bio-
chem Eng Biotechnol 2008; 111: 1-66

932

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Griffiths EA, Duffy LC, Schanbacher FL et al. In vivo effects of bifidobacter-
ia and lactoferrin on gut endotoxin concentration and mucosal immunity
in Balb/c mice. Dig Dis Sci 2004; 49: 579-589

Hida M, Aiba Y, Sawamura S et al. Inhibition of the accumulation of uremic
toxins in the blood and their precursors in the feces after oral
administration of Lebenin, a lactic acid bacteria preparation, to uremic
patients undergoing hemodialysis. Nephron 1996; 74: 349-355

Takayama F, Taki K, Niwa T. Bifidobacterium in gastro-resistant seamless
capsule reduces serum levels of indoxyl sulfate in patients on hemodialysis.
Am J Kidney Dis 2003; 41: S142-S145

Ranganathan N, Friedman EA, Tam P et al. Probiotic dietary supplemen-
tation in patients with stage 3 and 4 chronic kidney disease: a 6 months pilot
scale trial in Canada. Curr Med Res Opin 2009; 25: 1919-1930
Ranganathan N, Ranganathan P, Friedman EA. Pilot study of probiotic
dietary supplementation for promoting healthy kidney function in patients
with chronic kidney disease. Adv Ther 2010; 27: 634-647

Alatriste PVM, Arronte RU, Espinosa COG et al. Effect of probiotics on
human blood urea levels in patients with chronic renal failure. Nutr
Hosp 2014; 29: 582-590

Bliss DZ, Stein TP, Schleifer CR et al. Supplementation with gum Arabic
fiber increases fecal nitrogen excretion and lowers serum urea nitrogen con-
centration in chronic renal failure patients consuming a low-protein-diet. Am
J Clin Nutr 1996; 63: 392-398

Meyjers BK, Preter VD, Verbeke K et al. p-Cresyl sulfate serum
concentrations in hemodialysis patients are reduced by the prebiotic
oligofructose-enriched inulin. Nephrol Dial Transplant 2010; 25:
219-224

Salmean YA, Segal MS, Langkamp-Henken B et al. Foods with added fiber
lower serum creatinine levels in patients with chronic kidney disease. ] Ren
Nutr 2013; 23: €29-e32

Nakabayashi I, Nakamura M, Kawakami K et al. Effects of synbiotic treat-
ment on serum level of p-cresol in hemodialysis patients: a preliminary
study. Nephrol Dial Transplant 2011; 26: 1094-1098

Cruz-Mora ], Martinez-Herndndez NE, del Campo-Lopez FM et al. Effects
of a symbiotic on gut microbiota in mexican patients with end-stage renal
disease. ] Ren Nutr 2014; 24: 330-335

Bass NM, Mullen KD, Sanyal A. Rifaximin treatment in hepatic encephal-
opathy. N Engl ] Med 2010; 362: 1071-1081

Poesen R, Meijers B, Evenepoel P. The colon: an overlooked site for thera-
peutics in dialysis patients. Sem Dial 2013; 26: 323-332

Evenepoel P, Bammens B, Verbeke K et al. Acarbose treatment lowers gen-
eration and serum concentrations of the protein-bound solute p-cresol: a
pilot study. Kidney Int 2006; 70: 192-198

Goto S, Yoshiya K, Kita T et al. Uremic toxins and oral adsorbents. Ther
Apher Dial 2011; 15: 132-134

Vaziri ND, Yuan ], Khazaeli M et al. Oral activated charcoal adsorbent
(AST-120) ameliorates CKD-induced intestinal epithelial barrier
disruption and systemic inflammation. Am ] Nephrol 2013; 37:
518-525

Akizawa T, Asano Y, Morita S et al. Effect of a carbonaceous oral adsorbent
on the progression of CKD: a multicenter, randomized, controlled trial. Am
J Kidney Dis 2009; 54: 459-467

Shoji T, Wada A, Inoue K et al. Prospective randomized study evaluating
the efficacy of the spherical adsorptive carbon AST-120 in chronic kidney
disease patients with moderate decrease in renal function. Nephron Clin
Pract 2007; 105: ¢99-c107

Schulman G, Agarwal R, Acharya M et al. A multicenter, randomized, dou-
ble-blind, placebo-controlled, dose-ranging study of AST-120 (Kremezin)
in patients with moderate to severe CKD. Am ] Kidney Dis 2006; 47:
565-577

Ueda J, Shibahara N, Takagi S et al. AST-120 treatment in pre-dialysis per-
iods affects the prognosis in patients on hemodialysis. Ren Fail 2008; 30:
856-860

Stinghen AEM, Gongalves SM, Bucharles S et al. Sevelamer decreases sys-
temic inflammation in parallel to a reduction in endotoxemia. Blood Purif
20105 29: 352-356

Phan O, Ivanovski O, Nguyen-Khoa T et al. Sevelamer prevents uremia-en-
hanced atherosclerosis progression in apolipoprotein E-deficient mice. Cir-
culation 2005; 112: 2875-2882

A. Sabatino et al.

9T0Z ‘9 Jequeaq uo 1senb Aq /Blo'sfeulnolployxo-ipuy/:dny wody papeojumoqd


http://ndt.oxfordjournals.org/

88.

89.

90.

Brandenburg VM, Schlieper G, Heussen N et al. Serological cardio-vascular
and mortality risk predictors in dialysis patients receiving sevelamer: a
prospective study. Nephrol Dial Transplant 2010; 25: 2672-2679
Meyer TW, Peattie JW, Miller JD et al. Increasing the clearance of protein-
bound solutes by addition of a sorbent to the dialysis. ] Am Soc Nephrol
2007; 18: 868-874

Meijers BK, Weber V, Bammens B et al. Removal of the uremic retention
solute p-cresol using fractionated plasma separation and adsorption. Artif
Organs 2007; 32: 214-219

91.

92.

Krieter DH, Hackl A, Rodriguez A et al. Protein-bound uremic toxin re-
moval in hemodialysis and post-dilution hemodiafiltration. Nephrol Dial
Transplant 2010; 25: 212-218

Riccio E, Cataldi M, Minco M et al. Evidence that p-cresol and IL-6 are ad-
sorbed by the HFR cartridge: towards a new strategy to decrease systemic
inflammation in dialyzed patients? PLoS One 2014; 9: €95811

Received for publication: 10.4.2014; Accepted in revised form: 4.8.2014

Intestinal barrier and microbiotain chronic kidney disease

933

MITATYE TIOd

9T0Z ‘9 Joquedaq uo 1senb Aq /H1o'sfeulnolploixosipuy/:dny wolj papeojumoq


http://ndt.oxfordjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




