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Abstract

Recent advances in microbiome research have informed the potential role of the gut microbiota

in the regulation of metabolic, cardiovascular and renal systems and, when altered, in the
pathogenesis of various cardiometabolic disorders, including chronic kidney disease (CKD).

The improved understanding of gut dysbiosis in cardiometabolic pathologies in turn has led

to a vigorous quest for developing therapeutic strategies. These therapeutic strategies aim to
investigate whether interventions targeting gut dyshiosis can shift the microbiota towards eubiosis
and if these shifts, in turn, translate into improvements in (or prevention of) CKD and its

related complications, such as premature cardiovascular disease. Existing evidence suggests that
multiple interventions (e.g., plant-based diets, prebiotic, probiotic, and synbiotic supplementation,
constipation treatment, fecal microbiota transplantation, and intestinal dialysis) might result

in favorable modulation of the gut microbiota in patients with CKD, and thereby potentially
contribute to improving clinical outcomes in these patients. In this review, we summarize the
current understanding of the characteristics and roles of the gut microbiota in CKD and discuss the
potential of emerging gut microbiota-targeted interventions in the management of CKD.
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INTRODUCTION

Chronic kidney disease (CKD) has been a significant global public health problem due

to its increasing prevalence and association with poor clinical outcomes, particularly

with premature cardiovascular morbidity and mortality.12 The accumulation of various
gut-derived toxic metabolites (a.k.a. uremic toxins) associated with reduced kidney function
has been implicated in the pathogenesis of premature cardiovascular disease in CKD,
mediated in part by chronic low-grade systemic inflammation.3 Accumulating evidence
indicates that alterations of gut microbiota and intestinal barrier integrity, which are a
common phenomenon in patients with CKD, play a key role in the mechanisms underlying
complex pathophysiological interactions between the gut, kidney and cardiovascular
systems, often referred to as the “gut-kidney-heart axis”.# Improved understanding of the
disease pathologies associated with the gut microbiota has spurred the development of
novel gut microbiota-targeted interventions as a means to prevent and treat CKD and

its related complications, including premature cardiovascular disease.” In this review, we
provide current evidence on the characteristics and roles of the gut microbiota in patients
with CKD. We further discuss potential therapeutic strategies targeting the gut microbiota
in the management of CKD that require rigorous investigation in both observational and
interventional settings to confirm or refute their benefit.

COMPOSITION OF GUT MICROBIOTA

In the human gastrointestinal tract, there is a complex community of ~30 trillion diverse
microorganisms.® These microorganisms, collectively referred to as the gut microbiota,
include bacteria, archaea, fungi, bacteriophages, and eukaryotic viruses, which collectively
encode at least 150 times more genes than the human genome alone.” The numbers of
microbes generally increase in the lower gastrointestinal tract, with the colon harboring

up to 1012 microorganisms per gram.8 With recent advances in ‘-omics’ technologies,
bioinformatics, and modelling approaches, evidence is accumulating that shows significant
variations in the overall composition and abundance of the gut microbiota, primarily by
two broad classes of factors, namely heritable (e.g., genetic component of the host immune
system) and external (e.g., diet, lifestyle, and environmental) factors.>-11 In general, high
taxonomic diversity, high microbial gene richness, and stable microbiome functional cores
characterize healthy gut microbial communities.12 In metabolically healthy adults, the gut
microbiota is generally dominated by bacteria, with >90% of the species belonging to two
bacterial phyla, Firmicutes and Bacteroidetes, out of over 50 bacterial phyla found in the
environment.13 However, the composition of the gut microbiota can be affected by myriad
factors, and currently a healthy human gut microbiota has not been well-defined at any
taxonomic resolution.14
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GUT DYSBIOSIS IN CKD

A growing body of evidence has indicated that patients with CKD display significant
quantitative, compositional and functional alterations of the gut microbiota (a.k.a. gut
dysbiosis), frequently characterized by an overgrowth of microbes with pathogenic potential
(e.g., Enterobacteriaceae family) and a depletion in commensal or symbiotic microbes (e.g.,
Lactobacillus, Bifidobacterium, Roseburia, and Faecalibacterium genera).1>-18 In previous
studies comparing the composition of the gut microbiota between patients with end-stage
kidney disease (ESKD) and healthy individuals, the number of Enterobacteriaceae family
(especially Escherichia, Klebsiella, and Enterobacter genera), Clostridium perfringens and
Enterococci species were significantly higher in patients with ESKD than in healthy
individuals.19-20 In another study, researchers compared the composition of the gut
microbiota between rats with CKD and control rats and demonstrated a notable decrease

in Prevotellaceae and Lactobacillaceae families in the CKD rats.2! Using the stools of 24
patients with ESKD and 12 healthy individuals, the same group of researchers found that
there was a significant difference in the abundance of 190 bacterial operational taxonomic
units (OTUs) between patients with ESKD and healthy individuals.? According to a

recent meta-analysis of rodent repository data, an increased abundance of certain families
from class Clostridia (including Peptostreptococcaceae, Peptococcaceae, Clostridiaceae, and
Christenellaceae) was linked to uremia, although no universal trends in microbial population
dynamics were found.22 These findings in turn led to an ongoing quest for strategies aimed
at restoring symbiotic or commensal gut microbiota as a possible means to improve health
outcomes in patients with CKD and ESKD.>

Potential Drivers of Gut Dysbiosis in CKD

The causes of gut dysbiosis in patients with CKD are multifactorial and involve interactions
of various etiological factors. One of the major contributing factors to the gut dysbiosis

in CKD is a restricted intake of high-fiber diets. Due to the high potassium content of

fruits and vegetables, patients with CKD are often advised to restrict the dietary intake

of these fiber-rich foods.23 Similarly, the dietary intake of cheese and yogurts is often
restricted in patients with CKD because of their high phosphorus content. These dietary
habits not only limit the intake of foods with prebiotic and probiotic properties but also

lead to reduced gut motility, together contributing to the gut dysbiosis and altered metabolic
profiles in patients with CKD.24 Changes in the biochemical environment inside the gut
lumen is another important factor affecting the composition of the gut microbiota in CKD.
With declining kidney function, metabolic waste products, such as urea, that are normally
secreted in the urine accumulate in the blood.2> The accumulated blood urea diffuses into
the gut lumen and is then hydrolyzed by bacterial urease to large quantities of ammonia
and ammonium hydroxide, which raises luminal pH and alters the gut microbiota.26:27 Other
possible etiological factors for the gut dysbiosis in CKD include metabolic acidosis and
medication use (e.g., phosphate binders, iron, and antibiotics).28-34

Gut Dysbiosis and Its Consequences in CKD

The selection pressure on the gut microbiota exerted by all the aforementioned factors
contributes to the shift of the gut microbiota from a saccharolytic or carbohydrate
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fermenting bacterial phenotype to a more proteolytic phenotype that generates so-called
gut-derived uremic toxins (e.g., p-cresyl sulfate, indoxyl sulfate, phenyl sulfate, and
trimethylamine-N-oxide [TMAQ]) through amino acid catabolism.3°:36 At the same time,
the alteration of gut microbiota leads to a reduced production of short-chain fatty acids
(SCFAS), such as acetate, butyrate, and propionate, which are bacterial fermentation
products of plant-derived carbohydrates primarily by Bacteroidetes and Firmicutes phyla.3’
SCFAs are essential energy sources for colonic epithelial cells and have receptor mediated
signaling on tight junction proteins, such as claudin-1, occludin, and zonula occludens-1,
to regulate the integrity of gut epithelial barrier function.38 They can also protect the gut
epithelial barrier by modulating the host immune responses.3® Hence, combined with the
increased production of ammonium hydroxide that drives breakdown of the gut epithelial
tight junctions,*0 the reduced production of SCFAs associated with the gut dysbiosis

in CKD contributes to the impairment of intestinal barrier integrity in patients with
CKD.*! Of interest, a recent cross-sectional study showed that the relative abundance of
Faecalibacterium prausnitzii, a butyrate-producing bacterial species, was markedly reduced
in hemodialysis patients with (vs. without) protein-energy wasting (PEW), providing novel
insights into the possible involvement of gut dysbiosis in the pathophysiology of PEW in
the context of CKD, presumably mediated in part by impaired gut barrier.42 Importantly, the
impaired gut barrier integrity, in turn, allows the translocation of gut-derived toxic products
into the systemic circulation,20:27:41.43-53 and this so-called “leaky gut” phenomenon has
been considered a key pathological mechanism underlying the gut-kidney-heart axis in
CKD.*

Gut-Derived Toxic Products and Outcomes in CKD

The gut-derived toxic products that can translocate from the gut into the systemic circulation
include bacterial endotoxins (i.e., lipopolysaccharide), uremic toxins (e.g., p-cresyl sulfate,
indoxyl sulfate, and TMAO), bacterial DNA fragments, and intact bacteria,.20:27:41.43-53
These gut-derived toxic products have been shown to be associated with various adverse
clinical outcomes in patients with CKD.%4-60

Bacterial endotoxins—Among possible gut-derived products identifiable in the systemic
circulation in patients with CKD, bacterial endotoxin, which is a major component of the
outer membrane of the cell wall of Gram-negative bacteria (a.k.a. lipopolysaccharide),%!
has been most extensively studied for its immunostimulatory and atherogenic properties.52
Circulating bacterial endotoxins bind to toll-like receptor 4 (TLR-4) expressed on various
cells, such as endothelial cells, smooth muscle cells, and innate immune cells, and
contribute to inflammatory processes.®3 The endotoxin-mediated signaling through TLR-4
stimulates interleukin-1 (IL-1) receptor-associated kinase (IRAK) via mutant myeloid
differentiation primary response 88 (MyD88) and myeloid differentiation protein 2 (MD2),
and the subsequent recruitment of tumor necrosis factor (TNF) receptor-associated factor

6 (TRAF®6) leads to the activation of nuclear factor kappa B (NF-xB) and the release

of various proinflammatory cytokines.%* These inflammatory responses can promote
procoagulant activity, transformation of macrophages to foam cells, and endothelial cell
injury, consequently contributing to the development and progression of atherosclerosis.%°
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Characteristically, patients with CKD, especially those with ESKD on dialysis, are likely
to have a higher chance of being exposed to bacterial endotoxins due to dialysis-related
procedures (e.g., through contaminated dialysate, use of peritoneal dialysis catheters or
central venous catheters, and needle placement during hemodialysis therapy) and high
susceptibility to infections.56:87 However, endogenous endotoxemia of intestinal origin is
not a rare complication in patients with CKD and ESKD,49:53.66 although endotoxin can
come from body sites other than the gut, such as the mouth.%2 In a cross-sectional study
examining the levels of endotoxin and bacterial DNA in the blood, gut, and dialysate of
hemodialysis patients, researchers demonstrated that plasma endotoxin concentrations were
far greater than those in the dialysate, and the bacteria detected in the blood of hemodialysis
patients were similar to those in the gut of these patients.>3 They also showed that plasma
levels of D-lactate, a marker of gut permeability, were higher in hemodialysis patients who
had bacterial DNA detected in the blood (along with higher endotoxin levels) compared

to those who had no detectable bacterial DNA in the blood (along with lower endotoxin
levels).53 In another cross-sectional study of 74 patients with CKD (a mean eGFR of 34
mL/min), researchers showed that endotoxin was detected in the blood of all CKD patients,
with its higher levels seen in those with (vs. without) signs of fluid overload.®® Similarly,

in a retrospective study examining the levels of circulating bacterial endotoxin across the
spectrum of CKD, there was a graded increase in the levels of circulating endotoxin with
advancing CKD stages, with the highest levels observed in patients receiving dialysis.®8
Additionally, a recent experimental study showed that CKD mice displayed increased serum
levels of bacterial endotoxin, along with translocation of living bacteria across impaired
gut barrier and systemic inflammation, and the eradication of gut microbiota significantly
reduced the serum levels of bacterial endotoxin, prevented bacterial translocation from the
gut, and fully reversed all markers of systemic inflammation to the level of nonuremic
controls.5% Furthermore, increased circulating endotoxin levels have been reported in
patients with heart failure, a disease that, similarly to CKD, is also characterized by fluid
overload, systemic congestion and altered gut barrier function.5® These findings strongly
suggest that endotoxemia in patients with CKD and ESKD is attributable more (and most
likely) to a continuous endotoxin translocation from the gut into the systemic circulation
across impaired gut barriers due in part to gut dysbiosis, rather than to exposure to
non-gastrointestinal bacterial sources, such as contaminated dialysate. In terms of clinical
outcomes associated with circulating endotoxin in CKD, the levels of circulating endotoxin
have been shown to be associated with systemic inflammation, markers of malnutrition,
cardiac injury, and reduced survival.58 In line with these observations, the associations of
endotoxemia with poor survival have been reported in a few epidemiological studies.8.70

Uremic toxins—The phenotypic shift of the gut microbiota (i.e., from saccharolytic
to proteolytic bacteria) seen in patients with CKD accelerates the fermentation

of dietary protein, particularly animal-derived protein, and contributes the excessive
production of precursors of gut-derived toxic metabolites, such as p-cresyl sulfate,
indoxyl sulfate, and TMAO.’! p-Cresyl sulfate is a 188-Da protein-bound solute

that originates from sulfation of p-cresol, which is a colonic fermentation product

of the dietary amino acid phenylalanine and tyrosine.”> Meanwhile, certain intestinal
bacteria that have tryptophanase (e.g., Escherichia coli) can convert dietary tryptophan
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to indole, which is subsequently absorbed into the blood and metabolized by

the liver to indoxyl sulfate.”3 TMAQ is a circulating organic compound derived

from the metabolism of dietary choline and L-carnitine into trimethylamine (TMA)

by intestinal bacteria which becomes oxidized by the liver.”* Reported microbiota
species producing TMA include Deferribacteraceae, Anaeroplasmataceae, Prevotellaceae,
Enterobacteriaceae, Anaerococcushydrogenalis, Clostridium asparagiforme, Clostiridium
hathewayi, Clostridium sporogenes, Escherichiafergusonii Proteuspenneri, Providencia
rettgeri, and Edwardsiella tarda. > 78

As kidney function declines, these gut-derived toxic metabolites progressively accumulate
in the blood and exert various deleterious effects on tissues and organs (Figure 1).7°

For example, p-cresyl sulfate induces epithelial-to-mesenchymal transition-like changes

in mouse proximal renal tubular cells through activation of the renal renin angiotensin
aldosterone system (RAAS)/transforming growth factor-beta (TGF-p) pathway, contributing
to kidney fibrosis and injury.89 It also induces nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase activity and reactive oxygen species (ROS) production in
cardiomyocytes, enhancing their apoptosis.81 TMAO, on the other hand, is shown to

induce an alteration of cholesterol and sterol metabolism and promote pro-atherogenic
foam cell formation in the arterial wall.”® It is also shown that exposure of platelets to
TMAO enhances sub-maximal stimulus-dependent platelet activation from multiple agonists
(e.g., thrombin, adenosine diphosphate, and collagen) through augmented intracellular
calcium release, leading to platelet hyperreactivity and thrombosis risk.82 In line with these
mechanistic observations, epidemiological studies have shown the significant associations
of circulating levels of these uremic toxins with adverse clinical outcomes in patients with
CKD.55:56:83 For example, elevated levels of TMAO have been independently associated
with subsequent risk of cardiovascular events and mortality in patients with CKD,>7:84
although this association has not yet been well confirmed in the ESKD population receiving
hemodialysis.>®:8% In a recent study including both animal diabetic models and a cohort

of diabetic patients, phenyl sulfate, another gut microbiota-derived metabolite, was shown
to be associated with progression of albuminuria through podocyte damage, and the
inhibition of bacterial enzyme responsible for the synthesis of phenol from dietary tyrosine
(tyrosine phenol-lyase, which was reported to be expressed only in a minor population

of Enterobacteriaceae)®® reduced albuminuria in diabetic mice, suggesting the potential of
phenyl sulfate as a future therapeutic target in diabetic kidney disease.36

Microbial DNA fragments—The translocation of microbial DNA fragments (and intact
bacteria) from the gut into the systemic circulation in CKD and ESKD has been supported
by several studies.2043:49.52.53 | an experimental study, for example, researchers compared
bacterial DNA fragments in the blood, liver, spleen, mesenteric lymph nodes, and gut of
uremic rats using an amplification of species-specific fragments of bacterial 16S ribosomal
DNA and found identical bacteria both in the extraintestinal sites and in the gut.>2 They also
showed that plasma high sensitivity C-reactive protein and IL-6 were significantly higher

in uremic rats with bacterial DNA in their blood than in those without.52 Among various
microbial components, bacterial DNA fragments are the most consistently detectable and
easily discerned from human DNA due to their highly conserved unique 16S ribosomal
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RNA (rRNA) subunit.>® Because of this nature of bacterial DNA fragments, they have
recently been recognized as a better quantitative marker of circulating bacterial load
compared with bacterial endotoxin which enables the detection of only Gram-negative
bacteria.>® Further, emerging evidence suggests the unique pathogenic roles of circulating
bacterial DNA in host immune and cardiovascular systems through recognition as pathogen-
associated molecular pattern ligands (PAMPs).87-90

Bacterial DNA contains unmethylated cytosine-guanine dinucleotide (CpG) flanked by
two purine 5” and two pyrimidine 3’.% These structures are recognized by endogenous
TLR-9 as a bacterial DNA receptor, which triggers cell signaling pathways including

the activation of mitogen-activated protein kinases and nuclear factor kappa B.%2 In
inflammatory cells such as polymorphonuclear leukocytes, bacterial DNA fragments can
exert several biological effects on cellular functions through regulation of chemokine
expression, cellular trafficking, adhesion molecules, and phagocyte activity.93 They also
rescue polymorphonuclear lymphocytes from constitutive apoptosis and promote the
survival of mononuclear cells by inducing I1L-6.94

The inflammatory responses induced by bacterial DNA fragments can in turn induce
various pathological pathways, including endothelial injury (e.g., through induction of
endothelial cell apoptosis), metabolic dysfunction (e.g., through insulin resistance), and
cardiac dysfunction (e.g., through suppression of cardiac myocyte contraction).®>-97 In
fact, in peritoneal dialysis patients without evidence of systemic infection, elevated levels
of circulating bacterial DNA have been shown to be independently associated with
subsequent risk of cardiovascular events, although the origin of circulating bacterial DNA
was undetermined.?8 Of interest, the risk of cardiovascular events in this study was more
pronounced for bacterial DNA levels than for bacterial endotoxin levels,?8 suggesting that
circulating bacterial DNA (vs. bacterial endotoxin) could play a more dominant role in the
development of cardiovascular disease in patients with ESKD.

Circulating microbiota—The existence of microbial communities in an otherwise
classically sterile milieu, such as the blood, is traditionally interpreted as an indication

of infection; however, recent advances in amplification and sequencing technologies

of microbial DNA have revealed the presence of blood microbial communities (a.k.a.
circulating microbiota) in various patient populations without overt infections.%? Evidence
is steadily accumulating to suggest the translocation of gut microbiota into the systemic
circulation and its roles in kidney and cardiovascular disease pathologies.89:9%-105 However,
the number of studies reporting the association between compositional alterations of
circulating microbiota and clinical outcomes are still extremely limited, and the source of
circulating microbiota remains a topic of considerable deliberation.

Gut Dysbiosis and Gastrointestinal Dysmotility in CKD

With advances in microbiome research, studies have uncovered the roles of the commensal
or symbiotic gut microbiota in maintaining normal gastrointestinal motility.106:107 The
dysbiotic changes in the gut microbiota may result in gastrointestinal dysmotility, which
may manifest as constipation, diarrhea, or bloating symptoms.198 In fact, alterations of gut
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microbiota have been reported in patients with these gastrointestinal manifestations,109 and
gut dysbiosis in constipation, for example, has been characterized by a relative decrease in
obligate anaerobic bacteria (e.g. Bifidobacterium and Lactobacillus genera) and a parallel
increase in microbes with pathogenic potential (e.q., Enterobacteriaceae family).110-112
The pathophysiological mechanisms linking gut dysbiosis and gastrointestinal dysmotility
remain to be clarified but may include reduced production of SCFAs,113 increased
production of hydrogen sulfide and methane gases,14 and dysregulation of enteric neurons
mediated in part by serotonin metabolism06 and by aryl hydrocarbon receptors.197 As

an example, the decrease in relative abundance of anaerobic bacteria associated with
constipation could result in reduced production of SCFAs that normally stimulate ileal and
colonic smooth muscle contractility, thereby contributing to slowing intestinal transit and
further worsening of constipation.11® The increase in relative abundance of methanogenic
archaea has also be involved in prolonging intestinal transit time through increased methane
production.116

Regarding the causal relationship between gut dysbiosis and gut dysmotility in patients with
CKD, it is often difficult to determine the causality in these patients who typically share
many risk factors for both of these conditions (Figure 2).24 In this context, a recent animal
study showed that CKD-related gut dysbiosis was causally linked to suppressed colonic
muscle responses,117 suggesting that the gut dysbiosis in CKD may at least in part be
causally associated with constipation symptoms in this population. Importantly, the presence
of constipation has been shown to be associated with adverse clinical outcomes, such as
ESRD, CVD, and mortality, in recent epidemiological studies.118.119

GUT MICROBIOTA-TARGETED INTERVENTIONS IN CKD

An improved understanding of the involvement of gut dysbiosis in cardiometabolic
pathologies has triggered enormous scientific interest and a vigorous quest for the
development of novel therapeutic strategies targeting the gut microbiota as a means to
prevent and treat CKD and its related complications, such as premature cardiovascular
morbidity and mortality.® Potential strategies include dietary modifications (e.g., plant-based
diets)120, dietary supplementation of prebiotics (i.e., nondigestible food ingredients that
favorably modifies the composition and/or activity of the gut microbiota),}21 probiotics (i.e.,
live microorganisms that when administered in adequate amounts confer health benefits to
the host),122 and synbiotics (i.e., combination of probiotics and prebiotics),123 constipation

treatment,24 fecal microbiota transplantation, 124 intestinal dialysis, and exercise (Figure
3)'125

Dietary Modifications: Plant-Based Diets

Plant-based diets focus primarily on plant-dominant products such as seeds, whole grains,
legumes, nuts, fruits, and vegetables, while minimizing animal-based products such as

fish, meat, eggs, and dairy.128 These diets, often represented by the Mediterranean and
Dietary Approaches to Stop Hypertension (DASH) diets, have gained a wide popularity for
the treatment of various lifestyle diseases, including hypertension, diabetes, cardiovascular
disease, and CKD.127 In the context of gut microbiota modulation, dietary fibers are a major
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component of plant-based diets that confer potential health benefits through their favorable
influence on the gut microbiota.128

Dietary fibers in edible plants comprise insoluble and soluble carbohydrates (e.g.,
nonstarch polysaccharides, cellulose, and lignin) and non-digestible resistant starch

and oligosaccharides.12° The non-digestible fiber components pass intact through the
gastrointestinal tract into the large intestine where they increase viscosity and bulking

of the fecal matter, contributing to a faster intestinal transit time.130 In addition, the non-
digestible dietary fibers undergo fermentation by the resident anaerobic microbes (mostly
by Firmicutes and Bacteroidetes phyla) to form intestinal gaseous products and SCFASs
that play an essential role in maintaining the homeostasis of human health (as detailed
above).198 |n animal studies using CKD rats, dietary intake of foods enriched with amylose
resistant starch, which is a fermentable and nondigestible carbohydrate, has been shown to
improve gut dysbiosis, attenuate oxidative stress and inflammation, ameliorate metabolic
disorders, and even retard the progression of CKD.131.132 Besides fiber components of plant-
based diets, fractions of unabsorbed dietary fat can differentially influence the microbial
metabolic activities.133 Linoleic acid, which is a polyunsaturated fat that mainly comes
from plant sources, is utilized by intestinal bacteria to produce conjugated linoleic acid
that has multifaceted beneficial properties, such as anti-inflammatory, anti-adipogenic, and
anti-carcinogenic properties.134 Other potential salutary effects of plant-based diets include
mitigation of metabolic acidosis and reductions in oxidative stress, uremic toxins and
glomerular hyperfiltration.135.136 Meanwhile, animal-based diets that are rich in saturated
fats and low in phytochemicals have been shown to shift the composition of gut microbiota
toward that favoring a pro-inflammatory state, such as an increase in the abundance and
activity of Bilophila wadsworthia, a bacterial species known to contribute to intestinal
inflammation,137.138

Currently, the clinical utility of plant-based diets as a gut microbiota-targeted intervention
in CKD has been supported by a number of observational studies.23%-141 |n a recent
cross-sectional study of 22 patients on hemodialysis, researchers examined the associations
between plant-based diet quality, serum uremic toxins, and gut microbiota profile, and
demonstrated that higher (vs. lower) adherence to plant-based diets was significantly
associated with lower levels of serum indoxyl sulfate and lower relative abundances

of Haemophilus parainfluenzae and genus Haemophilus that were related to elevated
serum indoxyl sulfate levels.141 They also showed that an increased intake of food items
considered unhealthy, such as animal fats, sweets and desserts, were associated with higher
relative abundance of gut bacteria linked to higher serum concentrations of indoxyl sulfate
and p-cresyl sulfate.141 In terms of clinical outcomes associated with plant-based diets,

a recent meta-analysis of cohort studies has shown that healthy dietary intake of fruits

and vegetables was consistently associated with better survival in patients with CKD.142
The association of a healthy dietary pattern with lower risk of incident CKD has also

been reported in recent meta-analyses of cohort studies in individuals without preexisting
CKD.143.144 Nevertheless, it may be worth noting that a recent large multinational,
prospective cohort study (not included in the aforementioned meta-analysis) did not find

a significant association of the DASH and Mediterranean diets with cardiovascular or all-
cause mortality in patients on hemodialysis.1*®> These mixed findings from observational
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studies may be partly due to changes in dietary patterns over time (and possible resultant
misclassification). To address the knowledge gap in dietary interventions toward gut
microbiota modulation and better outcomes in CKD, well-designed clinical trials will need
to use standardized diets with cost considerations, enhance compliance to proposed diets,
and better understand the time necessary to induce sustainable change in the gut microbiota.

One of the most frequently stated concerns about fostering plant-based diets in patients
with CKD is the perceived risk of hyperkalemia, which however has not been supported by
current scientific evidence, presumably due to the enhanced fecal potassium excretion and
alkalization associated with the intake of plant-based food sources.146 In a series of clinical
trials examining the effect of fruit and vegetable intake on kidney- and cardiovascular-
related biochemical parameters in patients with CKD, researchers have demonstrated that
an intervention of approximately 2 to 4 cups of fruits and vegetables did not cause
hyperkalemia.147-149 A similar finding was also reported in a trial of 22 patients with CKD
stages G3-4 who consumed a pure vegan diet for 3 months,150

Prebiotic, Probiotic, and Synbiotic Supplementation

The dietary supplementation of prebiotics, probiotics, and synbiotics has been increasingly
recognized as a potential gut microbiota-targeted intervention for patients with CKD.

In a recent systematic review and meta-analysis of 16 randomized controlled trials
investigating the effects of prebiotic, probiotic, and synbiotic supplementation (ranging

in sample size and duration of the individual trials from 9 to 124 patients and 1 to

24 weeks, respectively) on uremic toxins, microbiota profile, and clinical and patient-
centered outcomes in patients with CKD, the prebiotic supplementation (consisting
respectively of gum arabic, fermentable carbohydrate, hi-maize 260, soluble dietary fiber,
and arabinoxylan oligosaccharides) led to a slight but significant reduction in serum urea
concentration (mean difference —2.23 mmol/L, 95% CI —-3.83 to —0.64, £=0.006), and the
synbiotic supplementation led to significantly higher relative abundances of Bifidobacterium
and Lachnospiraceae and a lower abundance of Ruminococcaceae.l>! However, these
compositional changes in the gut microbiota were investigated in two studies, with the
changes in Lachnospiraceae and Ruminococcaceae reported in only one study. It has been
suggested that a prebiotic dose of >5 g/day can influence the gut microbiota diversity, while
a threshold dose of 15-20 g/day may be required to reduce uremic toxin concentrations.152
Hence, despite possible downstream benefits of these microbial compositional changes (e.g.,
reduced production of indoxyl sulfate and p-cresyl sulfate),123 their clinical significance
need to be confirmed in further studies. More recently, a similar systematic review and
meta-analysis from 18 randomized controlled trials in a total of 791 patients on dialysis
(ranging in sample size and duration of the individual trials from 15 to 98 patients and

4 to 24 weeks, respectively) reported that probiotic, prebiotic, and synbiotic supplements
significantly reduced serum levels of C-reactive protein, IL-6, and indoxyl sulfate and
increased serum high-density lipoprotein cholesterol levels.1>* It is important to note that
the probiotic studies contained various strains and dosages, and this heterogeneity of
interventional supplements may still leave a question about the optimal formulation and
dosage of these supplements for patients with CKD. Currently, there is insufficient evidence
to support the overall treatment effect of prebiotic, probiotic, and synbiotic supplementation
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on hard clinical outcomes, nor to conclude the superiority of one type of supplementation

to another. Well-designed controlled trials are therefore needed to establish an optimal
formulation (e.g., strains) and dosages of prebiotic, probiotic, and synbiotic supplementation
that effectively and cost-efficiently mitigate the gut dysbiosis and improve its related clinical
outcomes in patients with CKD.

Constipation Treatment

Constipation is one of the most common gastrointestinal disorders among patients with
CKD, partly because of their sedentary lifestyle, low fiber and fluid intake, multiple
comorbidities, and concomitant medications.24 Although constipation is usually perceived
as a benign self-limited condition, emerging evidence indicates its independent association
with adverse clinical outcomes, such as ESKD, cardiovascular disease, and mortality,118.119
suggesting a greater importance of the adequate management of constipation than previously
considered. Potential mechanisms underlying these associations include, among others, an
altered gut microbiota (as detailed above), increased accumulation of fecal metabolites
(e.g., p-cresyl sulfate), and protein energy wasting associated with constipation,24155 which
appears to make the gut microbiota-targeted interventions a reasonable strategy for the
management of constipation in CKD.

In patients with constipation, dietary modification with increased dietary or supplemental
fiber intake is traditionally considered a first-line non-pharmacological therapeutic
option.1%6 Although dietary counseling for patients with CKD typically emphasize the
restrictions of fiber-rich plant-based diets to prevent hyperkalemia, the aforementioned
gastrointestinal and health benefits of plant-based diets may justify consideration of
increased intake of these fiber-rich foods as a non-pharmacological approach to the
management of constipation in CKD. Nonetheless, pharmacological interventions with
laxatives are often required to treat constipation in patients with CKD, particularly in its
advanced stages.24157

Among various types of laxatives currently available for treating constipation, there are

a few types of laxative agents (i.e., lactulose, a chloride channel activator [lubiprostone],
and a guanylate cyclase C agonist [linaclotide]) that have been shown in animal studies to
exert additional therapeutic benefits beyond conventional defecation controls. These include
modifications of gut microbiota and intestinal metabolites, improvement of gut barrier
integrity, suppression of local inflammatory responses, and even amelioration of CKD
progression.158-160 |n addition to these favorable effects, the lower cost, wider availability,
and more established long-term safety profile of lactulose (vs. two other newer laxatives)
might make it a more relevant choice of laxative for the treatment of constipation in the
CKD population. In a recent small randomized controlled trial comparing the effect of
lactulose (n=16) vs. placebo (n=16) on numbers of fecal Bifidobacteriumand Lactobacillus
colonies in patients with stage G3 and G4, treatment with lactulose (but not placebo) led to
significant increase in numbers of fecal Bifidobacteriumand Lactobacillus genera over an
8-week study period.161 However, due to the culture-based assessment of only two bacterial
genera and the lack of assessment of uremic toxins and clinical outcomes in this trial, it
remains unclear whether lactulose treatment of constipation will confer beneficial effects
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on the gut microbial community, clinically relevant biochemical parameters, and clinical
outcomes in patients with CKD.

Laxative therapy for constipation in CKD may also be beneficial for potassium homeostasis
in this population. In patients with CKD whose gut plays an important role in maintaining
potassium homeostasis through increased intestinal potassium wasting (as an adaptive
mechanism), the slow intestinal transit time and impaction of feces associated with
constipation is a likely contributor to the risk of hyperkalemia.?* In a recent observational
cohort study of 33,116 patients with advanced CKD, the use (vs. non-use) of laxatives was
shown to be independently associated with lower risk of hyperkalemia but not with risk

of hypokalemia.162 The finding of this study may be of particular relevance when treating
hyperkalemic patients with CKD in the settings of limited availability of potassium-lowering
agents or for those refractory to conventional anti-hyperkalemic therapies. Although the
risk-benefit profiles of the use of laxatives for potassium management in CKD remain to

be clarified, the theoretical safety concern about the use of laxatives, such as progressive
loss of kidney function due to drug-induced diarrhea and dehydration, may be alleviated

by the reported negligible association of laxative use with change in eGFR in patients with
advanced CKD.163 Nevertheless, it may also be important to note that frequent laxative use
can lead to undesirable consequences, including lower nutrient absorption.164 The effect of
active interventions with laxatives on total body balance of nutrients and electrolytes and
their risk-benefit profiles in advanced CKD may deserve future investigations, including
clinical trials.

Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) is a method of transferring the gut microbiota from
healthy individuals to patients with gut dysbiosis (typically through an oral administration of
encapsulated formulations).16° For years, FMT has been an effective second-line treatment
for Clostridium difficile infection, but recently it has been applied to a wide range of
diseases including CKD toward the restoration of normal gut homeostasis and the mitigation
of heightened risk of the diseases.15° In a recent animal study using mice with adenine-
induced CKD, the CKD mice treated with (vs. without) FMT displayed a significant
increase in alpha diversity of the gut microbiota, along with significant reduction in

p-cresyl sulfate and improvement in glucose tolerance.186 The beneficial effects of FMT

on glomerular and tubulointerstitial injuries in diabetic kidney disease have also been
reported in a few animal studies.167-168 According to two case reports of patients with
membranous nephropathy and IgA nephropathy, FMT therapy was shown to exert favorable
effects on kidney function and albuminuria without causing serious adverse events,124.169

In terms of actual procedures of FMT, a case of IgA nephropathy received a total of

40 applications (200 mL daily, 5 days/week) of FMT according to the protocol reported

by Paramsothy et al.,170 followed by 57 applications (200 mL daily, 10-15 days/month)
over the next 5 months using fresh feces from two healthy young donors.124After the
completion of FMT, partial clinical remission of IgA nephropathy was obtained with a

37% decrease in 24-h urinary protein compared to baseline.124 Although there is currently
no trial evidence that supports the clinical utility of FMT in the CKD population, the
successful clinical application of FMT in treating patients with constipation may support the
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continued exploration of this therapeutic potential for relevant diseases including CKD,17
with a careful consideration on possible risks of this intervention (e.g., diarrhea, abdominal
pain, bacteremia, and fever).172 Future clinical trials are needed to confirm the preliminary
findings of FMT and its risk-benefit profiles in patients with CKD.

Intestinal Dialysis

Exercise

The first recorded application of bowel elimination as a means to treat kidney disease dates
back to 40 B.C.173 Until the mid to late 1900s when the modern kidney replacement therapy
(e.g., hemodialysis) was introduced, numerous attempts had been made to treat uremic
symptoms by utilizing intestinal or colonic lavage/perfusion/irrigation (a.k.a. intestinal
dialysis) showing some clinical benefits.174175 Nowadays, the practice of intestinal dialysis
is limited mainly to beauty centers where the procedure is called “colon hydrotherapy” or
“colon cleansing”,17 and the application of this therapy has never been approved to treat
any diseases, largely due to the lack of sufficient scientific evidence to support the clinical
benefits over potential harm. However, the beneficial effects of intestinal dialysis in CKD
have been sporadically reported in basic and clinical studies.}77-179 In a recent observational
study of 178 patients with CKD stages G3-G5, researchers investigated the association of
the use of colonic irrigation with CKD progression and showed that the use (vs. non-use)

of colonic irrigation was significantly associated with lower risk of CKD progression,
which was evident in subgroups of patients with more advanced CKD.17? Of interest, the
same group of researchers reported in a follow-up study that the use of colonic irrigation
mitigated the CKD-related gut dysbiosis, with species richness in treated patients being
more similar to healthy individuals.18% These results may suggest the therapeutic potential
of intestinal dialysis as a supplementary therapy to mitigate the risk of CKD progression
and its related complications, possibly mediated in part by the gut microbiota modulation.
However, given the uncertainty of safety profiles of intestinal dialysis (e.g., possible risks of
bowel perforation, nutrient malabsorption, hypokalemia, and massive depletion of beneficial
microbes), future larger prospective studies including clinical trials are needed to confirm
the safety and efficacy of this therapy in patients with CKD.

Accumulating evidence indicates that exercise can enrich gut microbial diversity, enhance
the number of beneficial gut microbes, and promote the development of symbiotic or
commensal gut bacteria in experimental models and in the non-CKD populations.181.182
In an animal study examining the effect of controlled exercise training on the gut
microbiome of obese, non-obese, and hypertensive rats, researchers demonstrated that
nonobese and hypertensive rats displayed a different composition of the gut microbiota
compared with the obese rats, and exercise enhanced the relative abundance of three
genera (Allobaculum, Pseudomonas, and Lactobacillus), with Lactobacillus being the
most abundant, while three different genera were shown to be more abundant before
exercise training (Streptococcus, Aggregatibacter, and Sutterells).183 In a cross-sectional
study of 41 healthy young adults, physical fitness levels were correlated with higher gut
microbial diversity regardless of diet.184 The study also showed that fit individuals had
the gut microbiota enriched in butyrate-producing taxa, such as Clostridiales, Roseburia,
Lachnospiraceae, and Erysipelotrichaceae, resulting in increased production of fecal
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butyrate, a SCFA associated with improved gut health, suggesting that exercise could be
used as an adjuvant therapy for dyshiosis-associated diseases.1®* Importantly, despite these
observations and putative benefits of exercise on chronic inflammatory diseases through gut
microbiota modulation, 18 to our knowledge, the effects of exercise on the gut microbiota
composition in patients with CKD have not been documented to date. In this context, an
ongoing clinical trial (ClinicalTrials.gov identifier: NCT03689569) testing the additive effect
of exercise training and high amylose maize resistant starch type 2 supplementation on
relevant blood parameters (e.g., indoxyl sulphate and p-cresyl sulfate) may provide novel
insights into this field.

CONCLUSIONS

With a growing understanding of the complex involvement of altered gut microbiota in
various cardiometabolic pathologies, evidence is accumulating that supports the therapeutic
potential of gut microbiota-targeted interventions in the conservative management of CKD.
Although many questions and challenges remain to be addressed, given the limited ability
of conventional treatments to effectively alleviate the burden of CKD and its complications,
perhaps it is now time to further advance our understanding of the risk-benefit profiles of
the above discussed gut microbiota-targeted interventions and fully explore their clinical
application in patients with CKD through in-depth clinical research, including well-designed
small proof-of-principal clinical trials. Concurrently, in addition to existing small-scale
interventional studies examining longitudinal changes in the gut microbiota profiles in
CKD,153.166,186,187 |arger observational studies are necessary to demonstrate whether one-
time microbiota assessments can predict clinically meaningful outcomes. These studies, in
conjunction, will help identify mechanisms, treatment targets, and the subgroups of patients
most likely to benefit from the gut microbiota-targeted interventions.
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Figure 1.

Uremic toxins and their systemic effects in CKD
Abbreviations: CKD = chronic kidney disease; CV = cardiovascular; NH4,OH = ammonium
hydroxide; TMA = trimethylamine
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Figure 2.
Factors associated with gut dyshiosis and gastrointestinal manifestations in CKD

Abbreviations: CKD = chronic kidney disease; Gl = gastrointestinal; H2S = hydrogen
sulphide
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Figure 3.
Potential gut microbiota-targeted interventions for the gut-kidney-heart axis

Abbreviation: TMAO = trimethylamine-N-oxide
Part of the figure reprinted with permission from Sumida et al.*
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