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ABSTRACT

Chronic kidney disease (CKD) is set to become the fifth-leading global cause of death by 2040. This illustrates the many
unknowns regarding its pathogenesis and therapy. A key unknown relates to the therapeutic impact of the interaction
between CKD and the gut microbiome. The normal gut microbiome is essential for body homeostasis. There is evidence
for multiple interactions between the microbiota and CKD—its causes, comorbidities and therapeutic
interventions—that are only starting to be unraveled. Thus uremic retention products, such as urea itself, modify the gut
microbiota biology and both dietary and drug prescriptions modify the composition and function of the microbiota.
Conversely, the microbiota may influence the progression and manifestations of CKD through the production of
biologically active compounds (e.g. short-chain fatty acids such as butyrate and crotonate) and precursors of uremic
toxins. The present review addresses these issues and their relevance for novel therapeutic approaches ranging from
dietary interventions to prebiotics, probiotics, synbiotics and postbiotics, to the prevention of the absorption of microbial
metabolites and to increased clearance of uremic toxins of bacterial origin through optimized dialysis techniques or
blockade of tubular cell transporters.
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INTRODUCTION

Human microbiota plays a major role in host homeostasis, in-
cluding micronutrient production, energy metabolism, immune
regulation and host defense against pathogens [1, 2]. Addition-
ally, gut microbiota enzymes contribute to the fermentation
of ingested nutrients and to bile acid metabolism [2]. In turn,
host characteristics, diseases and alimentary habits can have
a marked impact on the gut microbiota composition and func-
tion. Microbiota changes may affect intestinal transit time and

permeability, pH, nutrient assimilation, availability of metabo-
lites that are substrates for the microbiota and produced by the
microbiota, including precursors of uremic toxin and potentially
chronic kidney disease (CKD) progression or complications [2, 3].
The systemic nature of CKDmeans that it can alsomodulate the
gut microenvironment and potentially the microbiota [4, 5]. Ad-
ditionally, spontaneous or prescribed dietary changes and med-
ications can have a profound effect on the microbiome compo-
sition in CKD patients [1–3, 5–7]. We now provide an overview
of how CKD and its environment (causes, comorbidities, drugs
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and diet) can influence the microbiota, how the microbiota can
modulate CKD and its complications through the production of
protective metabolites and uremic toxin precursors and how
this knowledge may inform the design of novel therapeu-
tic strategies involving dietary interventions; prebiotics, probi-
otics and synbiotics; prevention of the absorption of microbial
metabolites and increased clearance of uremic toxins of bacte-
rial origin through optimized dialysis techniques or blockade of
tubular cell transporters.

CKD INFLUENCE ON THE GUT MICROBIOTA

There are multiple interactions between CKD and its causes, co-
morbidities and therapeutic interventions and the microbiota
that are only starting to be unraveled.

Accumulation of metabolites in uremia

The deranged ‘milieu interieur’ in uremia may spill into the gut
microbiome environment. High serum urea levels secondary to
decreased glomerular filtration increase gastrointestinal tract
urea availability. There, microbial urease metabolizes urea into
ammonia, which is converted into ammonium hydroxide, in-
creasing the pH of intestinal luminal fluid [1–3]. Ammonia and
ammonium hydroxide may promote intestinal epithelial bar-
rier disruption, amplifying systemic inflammation [8]. In ad-
dition, ammonia is absorbed and converted back to urea in
the liver, explaining the lack of impact on serum urea levels
[1, 5]. Consequently, metabolites accumulated in uremia facili-
tate the growth of microbes that can use these substrates over
fiber-consuming bacteria [1]. Constipation (prevalence 29–63%
in the CKD population) may increase the growth and replica-
tion of these microbes [1, 3]. The net effect is an increased
number of bacteria that possess urease, uricase, p-cresol and
indole-forming enzymes that boost the production of toxic, pro-
inflammatory uremic substances [5]. This potential impact is in-
creased by duodenum and jejunum colonization by aerobic and
anaerobic bacteria in uremic patients, as opposed to scarce mi-
crobiota in these regions in healthy individuals [5, 9].

Uremic retention solutes may also negatively disrupt the lo-
cal intestinalmucosal barrier structure. This enables the leakage
of bacteria and theirmetabolites into the endovascular compart-
ment, which is thought to promote systemic inflammation, ox-
idative stress, and CKD and cardiovascular disease progression
[1, 2, 5, 6, 10].

Causes of CKD and comorbidities

In addition to CKD itself, causes of CKD, such as diabetes, and co-
morbidities may also be associated with a disrupted microbiota
[11].

Dietary intervention for CKD

In CKD patients, prescribed dietary restriction of potassium
can decrease, unintentionally, insoluble fiber consumption, as
fruits and vegetables are the main sources of dietary fiber and
are frequently limited in low potassium diets [3]. Fiber con-
stitutes the main nutrient for normal colonic bacteria, and
decreased fiber availability and fermentation decreases short-
chain fatty acids (SCFAs) production [12]. SCFAs are the pri-
mary energy sources for colorectal tissues and symbiotic mi-
crobes [1, 5, 6, 9, 13]. Additionally, SCFAs (e.g. acetate, butyrate,
crotonate) are biologically active by activating specific receptors

(e.g. GPR41 and GPR43) and are also involved in posttranslational
protein modifications, including histone modifications (e.g. bu-
tyrate is an inhibitor of histone deacetylases while crotonate
facilitates histone crotonylation), as in epigenetic regulation of
gene expression [14–17]. These functions of SCFAs result in anti-
inflammatory and nephroprotective functions and may impact
embryonic development and future risk of metabolic disease
[14–17]. Other dietary interventions prescribed for CKD, such as
dietary protein or phosphate restriction, may also modify the
microbiota [18].

Drugs

Antibiotics,which are frequently used in patientswith advanced
CKD, disrupt the microbiota and this may have long-term con-
sequences for health, especially if recovery of the microbiota is
abnormal [19, 20]. Additionally, the interaction of multiple drugs
with the microbiota is just beginning to be understood, and in-
cludes decreased or increased proliferation of certain bacteria,
interference with bacterial enzymatic activities and accumula-
tion and biotransformation of drugs by bacteria, among others
[21, 22]. CKD patients are frequently polymedicated and the re-
sulting impact on the healthy gut microbiota as well as the im-
pact of an altered microbiota on prescription drug modification
and availability are poorly understood [23].

INFLUENCE OF MICROBIOTA ON CKD

The gut microbiota processes dietary compounds to generate
both metabolites required for human body homeostasis, as ex-
emplified by SCFAs or vitamin K, thatmay improve CKD and pre-
vent its complications, and precursors of uremic toxins, which
may aggravate CKD and its complications [24]. Thus the inter-
action of diet and microbiota has the potential to both improve
and impair the progression and manifestations of CKD. A de-
tailed understanding of these interactions is required to opti-
mize CKD care from the point of view of dietary prescription and
of interventions aimed at optimizing the benefit–risk balance of
the microbiota–host interaction as it relates to CKD.

Examples of the positive impact of SCFAs were discussed
above. Additionally, vitamin K has emerged as a key factor in-
fluencing the risk of vascular calcification and death in uremia
[25, 26].

Examples of uremic toxins originated from precursors gener-
ated by intestinal microbes include indoxyl sulfate (IS), p-cresyl
sulfate (pCS), amines, ammonia and trimethylamine N-oxide
(TMAO) [10, 27]. IS and pCS are the most studied colon-derived
uremic retention solutes, and both have been associated with
overall mortality and cardiovascular disease in CKD [6]. More re-
cently, TMAO was shown to contribute to atherosclerosis and
CKD progression [2, 28, 29]. As for SCFA production, the amount
and types of uremic toxin precursors produced by the micro-
biota depend on the diet. Thus ingestion of certain metabo-
lites promotes both the growth of bacteria that process them
and the generation of uremic toxin precursors. Sources of these
metabolites include dietary supplements and red meat or other
protein-rich foods, as exemplified by phosphatidylcholine and
carnitine for TMA, the precursor of TMAO; tyrosine for p-cresol,
the precursor of pCS; and tryptophan for indole, the precursor
of IS [24]. Once absorbed, these precursors are metabolized to
toxic compounds, mainly by liver cells. Interestingly, the com-
position of the microbiota may determine the generation of al-
ternative beneficial metabolites from the same precursors. Thus
tryptophan may also generate kynurenine pathway metabolites
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FIGURE 1: Vicious circle of uremic toxins of intestinal origin and CKD.

involved in the generation of kidney-protective compounds
related to nicotinamide (NAM) adenine dinucleotide (NAD+)
synthesis [30].

The impact of the microbiota composition may be both lo-
cal, contributing to dampen or promote local inflammation that
may further disrupt the intestinalmucosal barrier, and systemic,
through the generation of circulatingmetabolites that protect or
damage the kidneys and cardiovascular system (Fig. 1) [5].

FROM UNDERSTANDING
DIET–MICROBIOTA–HOST INTERACTIONS TO
OPTIMIZING THERAPY FOR CKD

An improving understanding of the role of an altered gut mi-
crobiome in the pathogenesis of systemic inflammation in CKD
may lead to the design of novel therapeutic approaches to im-
prove CKD outcomes. These novel approaches aim to restore a
healthy gut microbiome to increase the generation of beneficial
metabolites and decrease colon-derived uremic solutes. As an
alternative, other therapeutic approaches focus on decreasing
the absorption or increasing the excretion of microbiota-derived
toxins. These interventions include dietary interventions; pre-
biotics, probiotics and synbiotics; and approaches to decrease
metabolite absorption in the gut (e.g. AST-120), to increase dial-
ysis clearance of uremic toxins and to increase the kidney clear-
ance of toxins.

DIETARY INTERVENTION

Dietary interventions greatly influence the microbiota compo-
sition [13, 31]. Diet represents the source of food for both indi-
viduals and their microbiota and different bacteria flourish un-
der different food sources. Dietary fiber promotes the growth of
bacteria that ferment fiber, which are a source of SCFAs. In con-
trast, as discussed above, meat-rich diets promote the grow of
a different set of bacteria. For example, carnitine-rich diets in-
crease the amount of carnitine-metabolizing bacteria, resulting
in lower carnitine bioavailability [32].

Dietary interventions have been tested to reduce the gener-
ation of IS and pCS. In another study of 15 vegetarians and 11
omnivores with no prior kidney disease, vegetarians had a 69%
higher fiber intake, 25% lower protein intake andmarkedly lower
excretion of pCS and IS (62% and 58%, respectively) [33]. This
raises the issue of the relative contribution of low protein ver-
sus high fiber to the observation and it is likely that both con-
tribute, low protein by decreasing substrate availability and high
fiber by modifying the microbiota and its ability to process the
dietary precursors. Fiber consumption, decreasing colonic tran-
sit time, may presumably also allow less time for the microbes
to break down colonic amino acids to uremic solutes [10, 13, 31].
Thus serum IS but not pCS was significantly reduced within 6
weeks by resistant starch (amylose, a form of digestion resis-
tant fiber) supplementation as compared with digestible starch
(amylopectin) in patients on hemodialysis [34]. However, in
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patients undergoing dialysis, nondigestible carbohydrate sup-
plementation of 10–20 g/day decreased pCS serum levels [10]. In
rats, a diet rich in resistant starch (close to 50%) decreased in-
flammation and oxidative stress and delayed CKD progression
compared with rats fed a low fiber diet [35].

Dietary protein restriction has been proposed in CKD to
prevent CKD progression and in renal failure to delay the need
for dialysis, especially in situations where dialysis access is
limited. The aim of the intervention is to reduce the production
of nitrogenous waste solutes while also preventing protein
malnutrition. It is thought that 0.6–0.8 g/kg/day of protein may
achieve this goal, but there is still debate on this [13]. A low
protein diet also reduced serum IS levels in predialysis CKD
patients [5, 27]. The use of ketoanalogues of amino acids allows
a further reduction of dietary protein intake while limiting the
negative impact on nitrogen balance. In a controlled crossover
study, 32 nondialysis CKD patients (21 males and 11 females)
were randomized to either a very low protein diet (0.3 g/kg/day)
supplemented with ketoanalogues during the first week and a
low protein diet during the second week (n = 16) or a low protein
diet during the first week and a very low protein diet supple-
mented with ketoanalogues during the second week (n = 16).
The very low protein diet supplemented with ketoanalogues
was associated with a significant reduction of serum IS [36].

Despite these promising results, it remains unclear to what
extent dietary interventions aimed at modulating the micro-
biota and its production of SCFAs or uremic toxin precursor re-
sults in improved long-term outcomes. The recent availability of
safer and better-tolerated potassium binders such as patiromer
and sodium zirconium cyclosilicate will allow us to test the hy-
pothesis that increasing potassium (and fiber) intake will con-
tribute to a higher fiber content of the diet and improved mi-
crobiota profile [37, 38]. While clinical trials are under way to
test the feasibility of the approach and also to test the im-
pact on CKD progression or other outcomes (e.g. NCT05056727,
NCT04207203), the design should be very precise to differenti-
ate any impact on the microbiota from the impact of more pro-
longed use or a higher dose of renin–angiotensin system block-
ers or mineralocorticoid receptor antagonists.

PREBIOTICS, PROBIOTICS, SYNBIOTICS AND
POSTBIOTICS

Prebiotics and probiotics may influence the composition of in-
testinal microbiota. Prebiotics are compounds in food that in-
duce the growth or activity of beneficial microorganisms while
probiotics refer to livingmicroorganisms that, if ingested in ade-
quate amounts,will increase favorable bacteria by improving the
intestinal microbiota profile. Synbiotics are a mixture of probi-
otics and prebiotics that beneficially affect the host by promot-
ing the survival and activity of beneficial microorganisms. Post-
biotics are inanimate microorganisms and/or their components
that confer a health benefit on the host. Postbiotics must con-
tain inactivatedmicrobial cells or cell components,with orwith-
out metabolites, that contribute to observed health benefits [39].
However, isolated metabolites are not considered postbiotics.

Therapeutic approaches based on prebiotics, probiotics or
synbiotics may be helpful for CKD, but there is much less infor-
mation on postbiotics, given the recent development of a con-
sensus definition and the fact that older literature on postbi-
otic may not actually refer to the current concept of postbiotics
[39]. A recent meta-analysis evaluated the effects of probiotic,
prebiotic and synbiotic supplements on systemic inflammatory

biomarkers [i.e. C-reactive protein (CRP)], oxidative stress status
[i.e. malondialdehyde (MDA)], total antioxidant capacity (TAC),
total glutathione (GSH)] and on the lipid profile [i.e. triglycerides
(TG), total cholesterol (TC), low-density lipoprotein (LDL) choles-
terol and high-density lipoprotein (HDL) cholesterol] among pa-
tients with CKD. The study found that prebiotics, probiotics and
synbiotics reduced CRP levels, increased antioxidant enzymes
(TAC, GSH) while decreasing oxidative (MDA) activity and ame-
liorated the lipid profile (TC, HDL and LDL) among individuals
with CKD compared with control groups. The use of synbiotics
had a larger effect on these indicators compared with the iso-
lated use of probiotics or prebiotics [40].

Probiotics

Lactobacillus,Streptococcus and Bifidobacterium are themostwidely
used probiotics [3]. Recently, Lactobacillus casei Zhang was shown
to prevent kidney injury in experimental animals, a pilot hu-
man study showed promising results and was shown to have
antiobesity effects [41, 42]. Lebenin, an antibiotic-resistant lac-
tic acid bacteria oral preparation or Bifidobacterium oral cap-
sules reduced serum IS levels in hemodialysis patients [43, 44].
Lactobacillus in hemodialysis patients has demonstrated a re-
duction in small intestine toxins levels (dimethylamine and
nitrosodimethylamine) while bifidobacteria, along with a reduc-
tion in serum IS levels, have also exhibited a decrease in homo-
cysteine and TG. Studies have shown improvements in symp-
toms and quality of life in patients with advanced CKD after 6
months of probiotic supplementation [2]. It has been proposed
that toxic microbial metabolite production can be modulated by
increasing saccharolytic and reducing proteolytic bacteria in the
colon [6]. However, the mere addition of probiotics to the diet, in
the absence of other dietary changes that promote the survival
of ingested probiotics, is unlikely to restore normal composition,
structure and function of gut microbiota in CKD, and negative
results have also been reported [1, 5].

Prebiotics

Only bifidogenic, nondigestible oligosaccharides such as inulin,
oligofructose and galacto-oligosaccharides fulfil all the prebi-
otic criteria [2, 3, 6]. Fermentable carbohydrates shifted nitro-
gen excretion from the urinary tract to fecal excretion, reducing
serum urea concentrations in patients with CKD [3]. The pre-
biotic arabino-xylo-oligosaccharide improved insulin resistance
and dyslipidemia in mice with CKD [45]. In chronic hemodial-
ysis patients, an increasing dose of oligofructose-enriched in-
ulin reduced serum pCS levels and generation rates at 1 month
but serum IS levels and IS generation rates remained unchanged
[46].

Synbiotics

Synbiotics have been reported to normalize bowel habits in CKD
patients while reducing pCS and IS serum concentrations [1, 2,
47]. In a randomized,double-blind,placebo-controlled, crossover
trial in 37 predialysis CKD patients over 6 weeks, symbiotic ther-
apy (prebiotic component: inulin, fructo-oligosaccharides, and
galacto-oligosaccharides; probiotic component: nine different
strains across the Lactobacillus, Bifidobacterium, and Streptococcus
genera) decreased serum pCS and favorably modified the stool
microbiome but did not modify serum IS. Interestingly, serum
pCS and IS decreased more in patients who did not receive an-
tibiotics during the study [48].
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PREVENTING THE ABSORPTION OF
MICROBIAL METABOLITES

AST-120 is an oral sorbent composed of spherical porous carbon
particles. It adsorbs small organic molecules that may accumu-
late in CKD patients [27]. In CKD patients and rats, AST-120 re-
duced serum and urine IS through adsorption of its precursor in-
dole in the gut, resulting in a shifting from absorption in the gut
to excretion in feces [27, 31, 47]. It is currently in clinical use in
Japan to decrease the absorption of uremic toxins such as indols
and retard CKD. However, two large multinational trials (EPPIC-1
and EPPIC-2) failed to show a benefit on CKD progression [49].
Potential reasons for the failure to demonstrate efficacy outside
Japan include the large pill burden.

OPTIMIZED EXTRACORPOREAL CLEARANCE

Hemodialysis fails to optimally clear many uremic toxins orig-
inated in the gut microbiota, as they are protein bound. Exam-
ples include IS and pCS, among others [2, 6, 27, 31, 36]. Strate-
gies are being developed focused on increasing removal of these
metabolites, however, none are used routinely in the clinic.
These strategies include combining high-volume ultrafiltration
with hemodialysis and the use of sorbents [10, 31, 50], in addi-
tion to the arterial bloodline molecules that compete with ure-
mic toxins for protein binding [27, 51].

INTERFERENCE WITH TUBULAR CELL
TRANSPORTERS

Active renal tubular secretion through cell membrane trans-
porters is the main route for excretion of protein-bound toxins
excretion. Multiple transporters contribute to this task, but or-
ganic anion transporters 1 and 3 (OAT1 and OAT3) have been
studied in most detail. OAT1 and OAT3 are located on the ba-
solateral membrane of tubular cells and transport toxins such
as IS into tubular cells. OAT1 is present in proximal tubular cells
and OAT3 is also present in distal tubular cells. OAT4 in the api-
cal membrane of tubular cells secretes IS into the urinary space
[52]. In vitro studies performed in rats showed that inhibiting
the influx of IS into proximal tubular cells by blocking OAT1 by
probenecid increased cell viability.According to the authors, this
suggests that accumulation of IS within tubular cells may accel-
erate tubulointerstitial damage, resulting in nephrotoxicity [53].
Another in vivo experiment performed in mice concluded that
both transporters (OAT1 and OAT3) contribute to the uptake and
elimination of uremic toxins.While inhibiting themmay poten-
tially diminish CKD progression, it may lead to a significant level
of uremic toxins accumulation in the plasma, increasing sys-
temic exposure to them [53]. No study to date has tested the ef-
fect of OAT1 andOAT3 transporters in uremic toxins clearance in
humans. Further research is needed to understand the potential
benefits of inhibiting the transporters to delay CKD progression
or the consequences of doing so.

CONCLUSION

There is a growing certainty that the interaction of diet, micro-
biota and CKD contributes to CKD progression and to CKD com-
plications. This has led to the development of therapeutic ap-
proaches aimed at optimizing the diet–microbiota interaction to
modulate the gut microbiota towards a healthy phenotype that
decreases CKD progression and its cardiovascular impact. As al-
ternatives, preventing the absorption of microbiota-generated
toxin precursors or increasing the excretion of these toxins is

being explored. So far, steps have been taken in the right direc-
tion but have not yet permeated to general clinical practice. Be-
fore novel therapeutic interventions reach clinical practice, clin-
ical trials should demonstrate that the approach is feasible, safe
and effective in improving key outcomes in the long term. This
will need a considerable investment in terms of funding and
research efforts.
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